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Resumo

SARAIVA, Juliane Torchelsen. Extrato hidroalcodlico de Butia odorata sobre
linhagens de glioma C6 e U87MG: explorando possiveis mecanismos
antioxidantes e anti-inflamatérios. Orientadora: Francieli Moro Stefanello. 2024. 79 f.
Dissertacdo (Mestrado) — Programa de Poés-Graduacdo em Bioquimica e
Bioprospeccéao, Universidade Federal de Pelotas.

O fruto de Butia odorata (BO), uma planta nativa da América do Sul, vem ganhando
destaque por conta de sua elevada constituicdo bioativa, que inclui flavonoides, acidos
fendlicos e carotenoides. Esses compostos sdo amplamente relatados na literatura por
exercerem propriedades benéficas a saide humana, incluindo efeitos anti-inflamatorios,
antioxidantes e antitumorais. Aliado a isso, os gliomas sao tumores heterogéneos que
afetam o sistema nervoso central, sendo o glioblastoma (GBM) o tipo de glioma que
apresenta o maior grau de malignidade. O tratamento dessa patologia consiste em
cirurgia, radioterapia e quimioterapia, entretanto a sobrevida média dos pacientes
permanece apenas entre 14 e 18 meses. Dessa forma, enfatiza-se a pesquisa por
alternativas terapéuticas a fim de melhorar o progndstico dos pacientes. Assim, 0
objetivo deste trabalho foi explorar o efeito antiglioma in vitro do extrato hidroalcodlico
padronizado de BO sobre as linhagens de glioma de rato (C6) e humano (US87MG).
Para isso, as células foram expostas a diferentes concentracdes do extrato (125 a 2000
Mg/mL) nos tempos de 0, 2, 4, 6, 24, 48 e/ou 72 h. Em seguida, avaliou-se a viabilidade,
proliferacdo celular, formacdo de colbnias, parametros redox nas linhagens C6 e
U87MG, bem como a migracdo celular e expressdo relativa de mRNA de genes
relacionados a gliomagénese na linhagem C6. Primeiramente, o extrato de BO reduziu
significativamente a viabilidade e proliferacdo celular nos periodos de 24, 48 e 72 h,
bem como a formacéo de colbénias no tempo de 72 h, tanto na linhagem C6 como na
U87MG. Em sequéncia, o extrato ndo promoveu alteracdes significativas em astrécitos
em 72 h de tratamento, sugerindo um efeito citotéxico seletivo. Com relacdo aos
parametros redox, apés 72 h de tratamento com o extrato, em ambas as linhagens foi
observada uma reducao das espécies reativas de oxigénio e de nitritos, uma elevacéo
da atividade das enzimas superédxido dismutase e catalase, bem como um aumento no
conteudo de sulfidrilas. Ademais, com relacdo a linhagem C6, o0 extrato na
concentragdo de 750 ug/mL reduziu a migracao celular, bem como modulou de forma
mais relevante na concentracdo de 2000 ug/mL a expressao de genes envolvidos no
contexto do GBM, como metaloproteinase de matriz 2, O6-metilguanina-DNA-
metiltransferase, caspase 3, fator nuclear kappa B e interleucina 6. Esses resultados
sugerem que o extrato de BO exerce um potencial efeito antitumoral sobre modelo in
vitro de glioma, atuando principalmente em vias relacionadas ao estado redox e
inflamacé&o.

Palavras-chave: cancer; antiglioma; glioblastoma; frutos.



Abstract

SARAIVA, Juliane Torchelsen. Hydroalcoholic extract of Butia odorata on C6 and
U87MG glioma cell lines: exploring possible antioxidant and anti-inflammatory
mechanisms. Advisor: Francieli Moro Stefanello. 2024. 79 f. Dissertation (Master
degree) — Post-graduation Program in Biochemistry and Bioprospecting, Federal
University of Pelotas.

The fruit of Butia odorata (BO), a plant native to South America, has been gaining
attention due to its high bioactive composition, which includes flavonoids, phenolic
acids, and carotenoids. These compounds are widely reported in the literature for their
beneficial properties for human health, including anti-inflammatory, antioxidant, and
antitumor effects. Additionally, gliomas are heterogeneous tumors that affect the central
nervous system, with glioblastoma (GBM) being the type of glioma that presents the
highest degree of malignancy. The treatment of this pathology typically involves surgery,
radiotherapy, and chemotherapy; however, the average patient survival remains only
between 14 and 18 months. Therefore, emphasis is placed on the search for therapeutic
alternatives to improve the prognosis of patients. This study aimed to investigate the in
vitro antiglioma effect of a standardized hydroalcoholic extract of BO on rat (C6) and
human (U87MG) glioma cell lines. For this purpose, the cells were exposed to different
concentrations of the extract (125 to 2000 pg/mL) at times of 0, 2, 4, 6, 24, 48, and/or 72
h. Then, cell viability, proliferation, colony formation, and redox balance parameters
were evaluated on the C6 and U87MG cell lines, as well as cell migration and the
relative mMRNA expression of genes related to gliomagenesis in the C6 cell line only.
First, the BO extract significantly reduced cell viability and proliferation at 24, 48, and 72
h, as well as colony formation at 72 h, in both C6 and U87MG cell lines. Additionally, the
extract did not promote significant changes in astrocytes at 72 h of treatment,
suggesting a selective cytotoxic effect. Regarding the redox balance parameters, after
72 h of treatment with the extract, a reduction in reactive oxygen species and nitrites, an
increase in the activity of superoxide dismutase and catalase enzymes, and an increase
in sulfhydryl content were observed in both cell lines. Furthermore, in the C6 cell line,
the extract at a concentration of 750 ug/mL reduced cell migration, and, more
significantly, at a concentration of 2000 ug/mL modulated the expression of genes
involved in the context of GBM, such as matrix metalloproteinase 2, O6-methylguanine-
DNA-methyltransferase, caspase 3, nuclear factor kappa B, and interleukin 6. These
results suggest that the BO extract exerts a potential antitumor effect in an in vitro
glioma model, primarily through mechanisms involving redox regulation and
inflammation.

Keywords: cancer; antiglioma; glioblastoma; fruits.
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Figura 1 — Diferencas entre um cérebro saudavel e com GBM
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1 INTRODUCAO

A busca por compostos naturais, incluindo de agentes antineoplasicos derivados
de plantas, vem sendo realizada ha décadas (Asma et al., 2022). Estudos destacam os
efeitos antitumorais desses compostos, que atuam por diferentes mecanismos de acéo,
como a inducao de apoptose, a inibicdo da angiogénese e a supressao do crescimento
tumoral (Persano et al., 2023). Além disso, extratos vegetais tém demonstrado efeitos
promissores contra tumores, mais especificamente em modelos in vivo e in vitro de
glioma (Da Silveira et al., 2022; Bona et al., 2024).

Nesse contexto, os frutos amarelos se destacam por suas altas concentracoes
de compostos fendlicos totais, vitaminas e carotenoides (Irias-Mata et al., 2018). Mais
especificamente, os frutos da espécie Butia odorata (BO) possuem uma ampla
composicdo de moléculas bioativas, que proporcionam beneficios a saude humana
(Barbosa et al., 2021). Estudos anteriores com extratos de frutos amarelos
demonstraram propriedades biologicas, como a reducéo da viabilidade celular, ativacéo
de caspases e inducao de parada de ciclo celular (Medina et al., 2011; Campos et al.,
2017).

Aliado a isso, o cancer refere-se a um grupo de enfermidades marcadas pelo
crescimento descontrolado de células, resultando na formacéo de tumores que podem
se espalhar para outras regiées do corpo (Inca, 2022). Essa doenca é a principal causa
de Obitos em paises desenvolvidos e estd diretamente ligada a combinacdo dos
impactos gerados pela exposicdo a multiplos fatores de risco, como o tabagismo, o
consumo excessivo de bebidas alcodlicas e a ingestdo de alimentos ultraprocessados
(Sun et al.,, 2020). Atualmente, o cancer é considerado um dos desafios mais
complexos enfrentados pelo sistema de salude brasileiro, devido a sua abrangéncia
epidemioldgica, além de seu impacto social e econémico (Inca, 2019).

Dentre os tipos de canceres existentes, os gliomas sdo os tumores mais comuns
gue acometem o sistema nervoso central (SNC). O glioblastoma (GBM), classificado

como um glioma do tipo-adulto de maior grau de malignidade, € reconhecido como o

D

tumor cerebral mais mortal (Biserova et al., 2021). A tumorigénese dos gliomas

considerada complexa devido ao envolvimento de diferentes vias relacionadas com o



14

estresse oxidativo, inflamacéo, entre outras (Fan et al., 2020; Ostrowski; Pucko, 2022).
O tratamento para os gliomas geralmente envolve resseccao cirirgica quando viavel,
seguida de radioterapia e quimioterapia com temozolomida (TMZ). No entanto, apesar
dessas intervencdes, 0 prognostico desses pacientes continua sendo desanimador,
com uma sobrevida que varia de 14 a 18 meses (Biserova et al.,, 2021). Portanto, é
essencial explorar alternativas terapéuticas a fim de melhorar as perspectivas desses
pacientes. Dessa forma, considerando a problematica do prognéstico sombrio dos
pacientes associado ao tratamento insatisfatorio do glioma, o extrato de BO se torna um

alvo promissor de pesquisa nesse ambito.
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2 OBJETIVO

2.1 Objetivo geral

Avaliar o efeito antiglioma in vitro do extrato hidroalcodlico de BO.

2.20bjetivos especificos

Avaliar a atividade antitumoral do extrato de BO em linhagem de glioma de rato
(C6) e humano (U87MG) através dos ensaios de viabilidade celular, proliferacao
celular e clonogénico;

Avaliar a atividade citotdxica do extrato de BO em cultivo priméario de astrocitos
atraveés dos ensaios de viabilidade e proliferacéo celular;

Avaliar o efeito do extrato de BO sobre parametros redox nas linhagens C6 e
U87MG;

Avaliar o efeito do extrato de BO sobre a migracao celular na linhagem C6;
Avaliar o efeito do extrato de BO sobre a expressdo de genes relacionados a
tumorigénese do glioma na linhagem C6.
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3 REFERENCIAL TEORICO
3.1 Produtos naturais

A investigacdo de agentes antineoplasicos originarios de fontes naturais data de
muitas décadas, entretanto a pesquisa cientifica nessa area comecou por volta de
1950. Entre os primeiros quimioterapicos derivados de plantas, destacam-se o0s
alcaloides da vinca, derivados da camptotecina, da podofilotoxina e analogos do taxol
(Asma et al., 2022). Mais especificamente, a arvore da espécie Taxus brevifolia produz
o0 metabdlito secundario paclitaxel, considerado um potente agente antineoplasico, que
teve seu uso aprovado para o tratamento de diferentes tipos de cancer, incluindo de
mama, ovario, pulmao e sarcoma de Kaposi (Gallego-Jara et al., 2020).

Além disso, a espécie Catharanthus roseus € uma das plantas terapéuticas mais
investigada mundialmente; extratos dessa planta sdo ricos em compostos que exercem
diversas atividades biolégicas, como antioxidante, antimicrobiana, antidiabética e
antitumoral. As moléculas vincristina e vimblastina sédo alcaloides originarios das folhas
de C. roseus, sendo comumente usadas no tratamento de diferentes tipos de cancer,
como cancer testicular, linfoma de Hodgkin e leucemia (Kumar; Singh; Singh, 2022).
Com base nisso, evidencia-se a importancia da investigacdo de compostos naturais

com potencial antitumoral.

3.2 Frutos amarelos e Butia odorata

Os frutos amarelos se destacam devido as suas altas concentracbes de
compostos fendlicos totais, vitaminas e carotenoides (Irias-Mata et al., 2018). Os
carotenoides, particularmente, sdo responsaveis pela coloracdo amarelo-alaranjada
desses frutos e podem atuar na protecdo das células contra danos causados por
radicais livres (Xavier; Pérez-Galvez, 2016). Ressalta-se que a América do Sul
apresenta uma gama de frutas nativas, que vém se popularizando por conta de suas
caracteristicas bioativas e nutricionais. Dentre as espécies nativas existentes, os frutos

denominados de butias pertencem a familia Arecaceae e consistem em palmeiras do
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género Butia spp. que podem atingir cerca de 10 metros de altura (Antunes et al.,
2024).

Os frutos de butia apresentam algumas caracteristicas especificas, como
formatos ovoides a globulares com didmetros na faixa de 1,7 a 4,2 centimetros, bem
como coloracdo variavel de amarelo claro a laranja-avermelhado (Morais et al., 2022;
Antunes et al., 2024). Tendo em vista suas caracteristicas organolépticas, os frutos de
butia sdo comumente utilizados na indUstria para o preparo de sucos, licores, geleias e
polpas (Hoffmann et al., 2017; Barbosa et al., 2021). Ainda, esses frutos despertam o
interesse industrial por conta da sua rica composicéo nutricional de moléculas bioativas,
como fendlicos totais, carotenoides, vitaminas e minerais, nos quais possuem alta
capacidade antioxidante e, consequentemente, exercem beneficios a salde humana
(Barbosa et al., 2021).

O género Butia spp. € composto por 20 espécies que se encontram na América
do Sul, mais especificamente no Brasil e Uruguai (Hoffmann et al., 2017). Dentre essas,
Hoffmann et al. (2017) demonstraram que a espécie de BO possui uma rica composicao
de compostos fendlicos, incluindo os acidos galico, cafeico, clorogénico,
hidroxibenzoico e cuméarico, bem como flavonoides: catequina, epicatequina, quercetina
e oleturina. Ja os principais carotenoides encontrados sao a B-criptoxantina, (-caroteno
e luteina. Esses compostos sdo amplamente relatados na literatura por conta de suas
propriedades bioldgicas, incluindo efeitos antioxidantes e neuroprotetores, bem como
auxilio na prevencdo de doencas cardiovasculares e de canceres (Hoffmann et al.,
2017; Boeing et al., 2020).

Além disso, cabe salientar que Boeing et al. (2020) analisaram o extrato
hidroalcodlico de BO (80:20 v/v) detectando 13 compostos fendlicos, especialmente a
(+) catequina (259 + 18 mg kg™), (-) epicatequina (211 £ 12 mg kg™) e rutina (161 + 2
mg kg™') em maior concentracdo. Esses compostos fendlicos sdo da classe dos
flavonoides, provenientes do metabolismo secundario de plantas que atuam como
mecanismo de defesa contra agentes estressores, como radiacdo UV e infecc¢des (Liu
et al.,, 2021), e exercem diferentes efeitos bioldgicos benéficos, incluindo acao
antitumoral (Sharifi-Rad et al., 2020; Farhan, 2022).
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Ainda, Boeing et al. (2020) relataram que o extrato hidroalcodlico de BO exerce
efeitos antineoplasicos sobre diferentes linhagens tumorais, entretanto ndo promove
alteragcdo na viabilidade de linhagens saudaveis, demonstrando efeito citotoxico
seletivo. Ainda, Ramos et al. (2020) observaram que o extrato de BO promove efeitos
hipolipemiantes e anti-inflamatorios em ratos submetidos ao modelo de hiperlipidemia
induzido por tiloxapol, porém ndo exerce alteracfes significativas sobre as enzimas
aspartato aminotransferase e alanina aminotransferase, indicando que este tratamento
nao promove toxicidade in vivo.

Outros extratos de plantas com frutos amarelos sdo conhecidos por sua rica
composicao bioativa e por exercerem alguns efeitos biolégicos. Dentre eles, o0 extrato
dos frutos amarelos de Psidium cattleianum, popularmente conhecido por araca, possui
uma maior concentracdo de fendis totais e flavonoides em comparacdo ao fruto
vermelho dessa espécie (Munieweg et al., 2023). Medina et al. (2011) demonstraram
gue o extrato de aracd amarelo reduziu seletivamente a viabilidade de linhagens de
cancer de colon (Caco-2) e de mama (MCF-7), sem causar alteracdes significativas em
fibroblastos (3T3) (Medina et al., 2011). Além disso, os extratos aquosos das folhas e
raizes de Campomanesia adamantium (guabiroba) séo ricos em flavondis glicosilados e
acido elagico, respectivamente, e apresentam atividade antileucémica in vitro através
da ativacdo de caspases 3 (casp-3) e 9, induzindo a parada do ciclo celular na fase S
(Campos et al., 2017).

Diante do panorama dos tumores cerebrais, para que 0s compostos naturais
atinjam o cérebro e exercam sua acdo neuroprotetora € indispensavel que sejam
capazes de ultrapassar a BHE (Sanchez-Martinez et al., 2022). Dessa forma, 0s
compostos fendlicos ja foram descritos por sua capacidade de permear a BHE e, com
isso, desempenhar atividades biolégicas em modelos in vivo de doencas
neurodegenerativas, bem como no GBM (Zhai et al.,, 2021; Najera-Maldonado et al.,
2024). Além disso, outras caracteristicas cruciais para que as substancias naturais
sejam apropriadas para o consumo humano incluem a baixa toxicidade e um perfil

favoravel de efeitos colaterais (Zhai et al., 2021). Assim, o emprego de plantas e frutos
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no ambito medicinal torna-se uma alternativa promissora de tratamento tendo em vista

sua baixa toxicidade (Morais et al., 2022).

3.3 Cancer e dados epidemiolégicos

Atualmente, o cancer pode ser definido como uma doencga caracterizada pela
proliferacdo incontrolavel de células transformadas (Brown et al., 2023). As células
tumorais possuem capacidade de desprendimento do tumor e, quando atingem algum
vaso sanguineo ou linfatico, podem deslocarem-se para o restante do organismo,
formando as metastases (Inca, 2022). Quando se observa tumores sélidos
microscopicamente, evidencia-se a presenca do microambiente tumoral, que pode ser
dito como um sistema complexo composto por células tumorais cercadas por diferentes
tipos celulares ndo malignos, que estdo inseridos em uma matriz extravascular
modificada (De Visser; Joyce, 2022). Ressalta-se que essas células neoplasicas sao
capazes de alterar vias moleculares com o objetivo de contornar os mecanismos
protetores que atuam contra a formacao de tumores (Senga; Grose, 2021).

Ademais, o cancer é considerado um sério problema global, que contribui
significativamente para as mortes por doengas ndo transmissiveis em todo o mundo. E
uma das principais causas de morte em adultos entre 30 e 69 anos em grande parte
dos paises, e impde custos sociais e econdmicos (Bray et al., 2024). Mundialmente, em
2022 foram registrados cerca de 20 milhdes de novos casos de cancer, juntamente com
9,7 milhdes de mortes atribuidas a essa doenca. Estimativas indicam que
aproximadamente uma em cada cinco pessoas desenvolvera cancer ao longo da vida,
enguanto cerca de 1 em cada 9 homens e 1 em cada 12 mulheres morrem por conta
dessa doenca (Bray et al., 2024). No Brasil, para o triénio de 2023 a 2025 sao
esperados 704 mil novos casos de cancer (Santos et al., 2023).

Dentre os diferentes tipos de cancer existentes, os gliomas de alto grau, mais
especificamente o GBM, destaca-se no presente estudo. Dados epidemiologicos
mostraram que no Brasil os tumores do SNC ocupam a décima primeira posicdo entre
os tipos de cancer mais frequentes, com taxas mais elevadas observadas na Regiao

Sul (Inca, 2022). Embora os canceres que afetam o SNC nédo estejam entre os mais
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incidentes no Brasil, & estimado para cada ano do triénio de 2023 a 2025 que ocorram
11.490 casos, sendo 6.110 novos casos em homens e 5.380 novos casos em mulheres
(Inca, 2022; Santos et al., 2023). Especificamente na Regido Sul, as taxas de incidéncia
sao de 8,54 a cada 100 mil homens e de 7,12 a cada 100 mil mulheres (Inca, 2022).
Apesar dessa baixa frequéncia, esses tumores refletem um cenario desafiador no
contexto da neuro-oncologia devido ao seu prognoéstico grave e resposta insuficiente ao

tratamento convencional (Biserova et al., 2021).

3.4 Gliomas

Os gliomas séo descritos como uma classe heterogénea de tumores do SNC que
atingem o cérebro e a medula espinhal (Biserova et al., 2021). Salienta-se que a origem
do GBM ainda esta em investigacdo, entretanto uma das hipGteses sugere que essa
neoplasia pode se iniciar em diferentes tipos de células precursoras, incluindo as
neurais, as de oligodendrocitos e as astrocitarias (Ah-Pine et al., 2023). Além disso, ha
evidéncias de que mutacBes condutoras nas ceélulas-tronco neurais da zona
subventricular cerebral desempenham um papel importante no desenvolvimento de
GBM, inferindo-as como possiveis células originarias (Ah-Pine et al., 2023).

O atual sistema de classificacdo proposto pela Organizacdo Mundial da Saude
distingue os gliomas de acordo com o padrdo de crescimento, podendo ser do tipo
difuso ou circunscrito, bem como a faixa etaria (glioma difuso tipo-adulto ou tipo-
pediatrico) e grau de malignidade (1 a 4) com base nas alteragbes genéticas
apresentadas pelo paciente (Louis et al., 2021). Nessa classificacdo foi registrado o
estado mutacional da enzima isocitrato desidrogenase (IDH) como caracteristica
definidora de astrocitomas do tipo-adulto, mantendo o termo “glioblastoma”
especificamente para tumores IDH tipo-selvagem (Louis et al., 2021; Whitfield; Huse,
2022). Assim, os gliomas difusos do tipo-adulto de maior malignidade podem ser
diferenciados em astrocitoma de grau 4 (IDH mutante) e GBM (neoplasia de grau 4 que
apresenta IDH tipo-selvagem) (Louis et al., 2021). Ainda, o GBM pode ser categorizado
em primario, ou seja, sem lesédo precursora de tumores astrociticos, ou secundario,

proveniente de astrocitoma prée-existente (Biserova et al., 2021).
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O GBM é caracterizado por ser a forma mais agressiva e letal dentre os gliomas,

culminando em uma perspectiva extremamente desfavoravel dos pacientes (Louis et al.,

2021). De acordo com o Registro Central de Tumores Cerebrais dos Estados Unidos de

2016 a 2020, evidenciou-se que o GBM foi o tipo de tumor cerebral mais comum,

compreendendo a 50,9% dentre os tumores malignos do SNC (Ostrom et al., 2023).

Esse tipo tumoral possui uma alta capacidade de invasédo (Figura 1), onde as células

cancerosas sdo capazes de penetrar e/ou migrar para 0s vasos sanguineos para

favorecer o crescimento tumoral por meio da cooptacdo, bem como deslocar as

extremidades dos astrécitos e afetar a estabilidade dos pericitos, resultando em

capacidade de evasao celular (Guyon et al., 2021; Ah-Pine et al., 2023).

Figura 1 — Diferencas entre um cérebro saudavel e com GBM
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A natureza complexa do GBM envolve diversos marcadores moleculares e

cascatas de sinalizagdo (Biserova et al., 2022). O GBM possui como principais

caracteristicas a proliferacdo microvascular e/ou necrose, mutacdo do promotor do
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gene que codifica a transcriptase reversa da telomerase (TERT) e superexpressao do
gene do receptor do fator de crescimento epidérmico (EGFR) (Whitfield; Huse, 2022). A
mutacdo do gene TERT € responsavel por promover 0 crescimento tumoral, ao passo
que a amplificacdo de EGFR conduz a elevagdo da sinalizacdo pro-divisdo e pro-
sobrevivéncia celular (Whitfield; Huse, 2022). Ainda, a proliferacdo irrestrita do GBM é
promovida através da supressdo de mecanismos normais de controle celular, como a
proteina supressora tumoral p53, além da regulacdo de componentes relacionados a
morte celular por apoptose, como € o caso das casp-3 e 9 (Zhai et al., 2021).

3.4.1 Contribuicdo do estresse oxidativo e inflamacé&o nos gliomas

Em condicdes fisioldgicas, os compostos oxidantes se formam constantemente
como produtos do metabolismo, enquanto os antioxidantes controlam a producéao e
evitam a formacéo excessiva desses compostos (Ighodaro; Akinloye, 2018). Entretanto,
guando ha um desequilibrio entre a producdo das espécies oxidantes e a capacidade
de defesa antioxidante, ocorre o processo denominado de estresse oxidativo (Shi et al.,
2023). Dentre essas espécies oxidantes destacam-se as espécies reativas de oxigénio
(ERO), como o radical anion superoéxido (O2+"), perdxido de hidrogénio (H202) e radical
hidroxila (HO-), além de espécies reativas de nitrogénio (ERN), como o éxido nitrico
(NO), diéxido nitrico (NO2) e nitrila (HNO), nos quais influenciam na sinalizagdo de
funcdes fisioldgicas em condi¢cdes normais (Ramirez-Expdsito; Martinez-Martos, 2019).

A formacéo desses compostos pode ocorrer dentro das células de glioma, com a
produgédo de ERO como o Oz, HO- e H202 ocorrendo principalmente nas mitocondrias.
As células de glioma apresentam uma alta demanda por ferro e produzem H202 em
concentracOes elevadas. Essas espécies reativas podem danificar o DNA mitocondrial,
levando a disfuncdo da cadeia respiratoria e culminando em niveis ainda maiores
dessas espécies nas células (Ostrowski; Pucko, 2022).

Ainda, o desequilibrio do estado redox pode culminar em varios fatores
deletérios, como oxidacdo de proteinas, peroxidacdo de membranas celulares, bem
como mutacdes genéticas, nos quais favorecem a carcinogénese (Ramirez-Expésito;

Martinez-Martos, 2019). O estado de estresse oxidativo pode ativar a expressédo de
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fatores de transcricdo e, consequentemente, levar a ativacdo de vias associadas a
inflamacéo, bem como ao aumento da proliferacdo, invasdo e quimiorresisténcia de
células tumorais (Shi et al., 2023). Ainda, as ERO estédo envolvidas em diversas etapas
do desenvolvimento dos gliomas, incluindo na migragao celular (Ostrowski; Pucko,
2022).

Baseado no exposto, evidencia-se a importancia de regular os mecanismos de
defesa contra essas espécies reativas, visando proteger o organismo de danos
oxidativos. Dessa forma, as defesas antioxidantes auxiliam na neutralizacdo de
espécies reativas, e, dentre as defesas enzimaticas, incluem-se a superoxido dismutase
(SOD) e a catalase (CAT). Além disso, ha a contribuicdo das defesas antioxidantes néo-
enzimaticas, como a glutationa, vitamina C e E, que contribuem na reducéo dos niveis
de ERO (Ramirez-Exp0ésito; Martinez-Martos, 2019).

Somado a isso, a inflamacao pode ser descrita como uma resposta do organismo
frente a danos teciduais causados por lesdes fisicas, infec¢des, dentre outros tipos de
traumas. Essa resposta inflamatéria promove alteracdes celulares e respostas
imunoldgicas, resultando na reparacéo do tecido danificado e proliferagéo celular local.
Entretanto, quando a causa da inflamacéo persiste, essa pode se tornar crénica e
conduzir ao desenvolvimento de diferentes tipos de doencas, incluindo o cancer (Singh
et al., 2019).

Ressalta-se que a inflamacéao esta ligada a diversas etapas da tumorigénese dos
gliomas, como a proliferacéo celular, perda do controle do ciclo celular, metastase e
angiogénese, bem como os linfécitos que invadem o tecido cerebral secretam
diferentes tipos de citocinas pro-inflamatorias, como a interleucina 6 (IL-6) e interleucina
18 (Fan et al., 2020). Ademais, o estado inflamatério esta intimamente relacionado com
0 estresse oxidativo, uma vez que € responsavel por promover a geracédo de ERO e de
espécies reativas de nitrogénio (ERN) que causam danos ao DNA, aumentando as
chances de desenvolvimento de cancer (Fan et al., 2020). Diante disso, considerar 0s
parametros de equilibrio redox bem como a marcadores de inflamacdo no GBM é de

suma importancia como alvo para novas terapias.
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3.4.2 Sintomatologia, diagndstico e tratamento

A manifestacao clinica de individuos portadores de GBM varia de acordo com
algumas caracteristicas do tumor, como tamanho e localizacdo cerebral. Os gliomas
podem causar sintomas clinicos inespecificos, como dores de cabeca, nduseas e
vomitos, convulsBes, confusdo mental, desequilibrio e alteragBes cognitivas (Leo;
Frodey; Ruggieri, 2020; Schaff; Mellinghoff, 2023).

O diagnoéstico de gliomas pode ser realizado através de ressonancia magnética
com contraste de gadolinio e de tomografia computadorizada (Weninger et al., 2023;
Hosseini et al., 2023). Algumas técnicas avancadas de ressonancia magnética
permitem o fornecimento de informacdes fisiolégicas que ndo podem ser obtidas
através de uma ressonancia magnética convencional, como é o caso da imagem
ponderada em difusdo e imagem de perfusdo com contraste dinamico (Hosseini et al.,
2023).

Atualmente, o tratamento padrdo para o GBM constitui-se de uma terapia
multimodal, na qual a primeira abordagem consiste em resseccéo cirdrgica do tumor,
seguida de radioterapia combinada com o quimioterapico TMZ, sendo esse farmaco um
agente alquilante de DNA que ultrapassa a barreira hematoencefélica (BHE). O
mecanismo de acdo do TMZ é baseado na adicdo de grupos metil em guaninas e
adeninas, levando a interrupcdo do ciclo celular e inducdo de apoptose (Hotchkiss;
Sampson, 2022). No entanto, comumente 0s pacientes apresentam quimiorresisténcia,
resultando em uma resposta inadequada ao tratamento (Wu et al., 2021; Tiek et al.,
2022).

Apesar de avancos no campo da resseccdo cirlrgica, o prognostico de
portadores de gliomas ainda permanece ruim, uma vez que pacientes com gliomas de
baixo grau apresentam taxas de sobrevida de 5 anos de até 80%, porém no caso de
gliomas de alto grau as taxas de sobrevida de 5 anos permanecem abaixo de 5%
(Ostrom et al., 2019; Whitfield; Huse, 2022). Considerando isso, torna-se importante a

busca por alternativas terapéuticas a fim de contornar os problemas descritos.
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3.4.3 Importéancia do uso de linhagens celulares de glioma

Modelos in vitro séo eficazes na investigacao de vias relacionadas a progressao
tumoral, bem como no desenvolvimento preliminar de novos tratamentos e
diagnoésticos. As linhagens celulares sdo ferramentas fundamentais no ramo da
pesquisa oncoldgica basica, uma vez que expandiram o conhecimento sobre genes e
vias desreguladas de diferentes tipos de cancer, sendo importantes na avaliacdo de
agentes antineoplasicos, além de servir como uma alternativa ao uso de modelos
animais (Allen et al., 2016; Prasad et al., 2023).

Dentre as linhagens de glioma existentes, a linhagem de rato C6 €
frequentemente utilizada em pesquisas terapéuticas. Essa linhagem serve como alvo
molecular na investigacdo de novos agentes farmacologicos e em estudos sobre
crescimento, invasao, imunologia e angiogénese (Giakoumettis; Kritis; Foroglou, 2018).
E importante destacar que ¢ fidedigna aos padrdes dos gliomas e, quando utilizada em
modelos animais, reproduz o ambiente de glioma humano (Giakoumettis; Kritis;
Foroglou, 2018). Além disso, a linhagem U87MG de glioma humano é extensivamente
utiizada em modelos experimentais de gliomas, devido as suas elevadas
caracteristicas de proliferacdo, migracdo e invasao celular (Li et al.,, 2017). Uma
importante caracteristica do genoma da linhagem U87MG é o elevado nimero de
anormalidades cromossdmicas, frequentemente observadas em linhagens de células
cancerigenas e em tumores primarios (Clark et al., 2010).

Cabe destacar, ainda, que ambas as linhagens de glioma tém sido amplamente
empregadas em diversos estudos experimentais com enfoque nos potenciais efeitos
antitumorais de extratos ou compostos isolados de origem natural, tanto in vitro quanto
in vivo (Pedra et al., 2018; Da Silveira et al., 2022; Bona et al., 2024; Simdes et al.,
2024). Esses estudos ressaltam a relevancia e a necessidade continua de pesquisa
pré-clinica nesse contexto, considerando a agressividade dos gliomas e a insatisfacao
dos tratamentos atualmente disponiveis (Simdes et al., 2024).

Por fim, salienta-se que ainda ndo foram relatados estudos in vitro do extrato de
BO sobre linhagens de glioma. Considerando o exposto, evidencia-se a importancia de

investigar o potencial antiglioma do extrato desse fruto.
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4 MANUSCRITO

Os resultados incluidos nesta dissertacdo sdo apresentados na forma de
manuscrito. Os elementos Materiais e Métodos, Resultados, Discussédo, Concluséo e
Referéncias do manuscrito seguem a estrutura conforme as normas da revista ao qual

foi submetido.
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Abstract

Among the spectrum of gliomas, glioblastoma stands out as the most aggressive brain tumor
affecting the central nervous system. In addressing this urgent medical challenge, exploring therapeutic
alternatives becomes imperative to enhance the patient’s prognosis. In this regard, Butia odorata (BO)
fruit emerges as a promising candidate due to its array of bioactive compounds, including flavonoids,
phenolic acids, and carotenoids, known for their antioxidant, anti-inflammatory, and antitumor properties.
Thus, this study aimed to investigate the impact of standardized hydroalcoholic extract of BO on rat C6
and human U87MG glioma cell lines. Cells were exposed to varying extract concentrations (125-2000
ug/mL) for intervals of 0, 2, 4, 6, 24, 48, or 72 h. Then, cell viability, proliferation, colony formation,
redox equilibrium parameters, cell migration, and the relative mMRNA expression of genes related to
gliomagenesis were evaluated. Our findings revealed a reduction in viability and proliferation and colony
formation, reactive oxygen species, and nitrite levels in both glioma cell lines upon exposure to the
extract. Conversely, an increase in sulfhydryl content and the activity of superoxide dismutase and
catalase were observed in both glioma cell lines. No significant changes in viability and proliferation were
observed in astrocytes. Furthermore, in the C6 cells only, the extract reduced the migration and
downregulated the relative mMRNA expression of matrix metalloproteinase-2, O6-methylguanine-DNA
methyltransferase, nuclear factor-kappa B, interleukin-6 genes, and upregulated caspase-3 gene. These
results underscore the promising antiglioma potential of BO extract, attributed to its diverse bioactive

composition.

Keywords: Cancer; Glioblastoma; Fruits; Catechin; Antioxidant; Anti-inflammatory.
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1. Introduction

Gliomas, which account for approximately 25% of all primary brain tumors, are the most
prevalent tumors affecting the central nervous system (CNS), notorious for their high mortality rates and
propensity for recurrence [1, 2]. Among gliomas, glioblastoma (GBM) stands out as the most lethal type,
accounting for about 69% of diagnosed cases and providing patients with an average survival of only 14-
18 months [3]. Classified by the World Health Organization as a grade 4 neoplasm with IDH wild-type
characteristics, GBM exhibits distinct histopathological features including diffuse infiltration, vascular
proliferation, and necrosis [4, 5]. This brain tumor presents different genetic mutations, such as mutation
of the promoter of the gene encoding telomerase reverse transcriptase, which results in the promotion of
tumor growth, and overexpression of the epidermal growth factor receptor gene, which leads to increased
pro-survival and pro-cell division signaling [6]. Other biomarker found in GBM include amplification of
nuclear factor-kappa B (NF-xB) [7].

Currently, the gold standard treatment for GBM involves multimodal therapy. This approach
typically begins with surgical resection of the tumor, followed by a combination of radiotherapy and
chemotherapy using temozolomide (TMZ) [8]. Its mechanism of action involves the addition of methyl
groups to guanines and adenines, resulting in cell cycle arrest and apoptosis induction [8]. However, one
of the predominant challenges in TMZ treatment is the emergence of resistance, which significantly
compromises patient recovery [9]. It should be noted that the treatment of GBM is hindered by several
challenges, including tumor heterogeneity and its invasive nature in surrounding tissues [10, 11].
Additionally, the delivery of therapeutic agents to the CNS is impeded by the blood-brain barrier (BBB),
limiting drug access to the brain and hindering the development of new treatments [11, 12].

Moreover, oxidative stress plays a crucial role in the emergence of several brain malignancies,
including GBM [13]. It occurs when there is an imbalance between the levels of oxidizing agents and the
antioxidant defense system [14]. Damage from oxidative stress to cellular macromolecules can cause
genomic instability and DNA mutation, driving the formation of tumors [15]. Beyond that, reactive
species induce inflammatory cells to damage tissues, which can aid in cancer progression [15].
Continuous oxidative stress triggers inflammation by activating transcription factors such as NF-xB. This
activation modifies the expression of growth factors, pro-inflammatory cytokines, and tumor suppressor
genes, culminating in the survival of cancer cells [16]. Due to the brain's high metabolism and oxygen
consumption, it is particularly susceptible to oxidative stress and, consequently, the development of cancer
[13].

Alternative therapies have been extensively investigated. Phenolic compounds, abundant in many

fruit species, possess hydroxyl groups attached to an aromatic ring that act as scavengers of free radicals
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conferring antioxidant activity that is part of the health-beneficial potential [17]. In this sense, the fruit of
Butia odorata (BO) becomes a promising research target given its rich composition of phenolic
compounds, principally catechin, epicatechin, and rutin, such as carotenoids, and ascorbic acid [18, 19]. It
is worth noting that these compounds possess some bioactive properties, such as increased cellular
protection against damage caused by oxidation, as well as anti-inflammatory and antitumoral effects [18-
20]. However, no reports describe the possible effects of BO extract treatment against glioma cells.
Considering the challenges of the treatment of GBM associated with the high invasiveness of this tumor,
this study aimed to investigate the antitumoral potential of a hydroalcoholic BO extract against C6 rat
glioma cells and U87MG human glioma cells, focusing on the possible involvement of the antioxidant and

anti-inflammatory response in its mechanism.

2. Materials And Methods
2.1.  Extract Preparation
BO fruit was collected in Capao do Leao, Brazil (altitude of 13 m, 52°21'24" W, 31°52'00" S).
After the harvest, the fruits were immediately frozen at -20°C until the extract preparation. Unprocessed
frozen fruits were crushed, pits were removed, and the fruit pulp only (80 g) was sonicated for 30 min at
25 °C in 240 mL 70:30 v/v ethanol-water, after which the crude extract was filtered with cotton. This
process was repeated four more times. Posteriorly, ethanol was removed by rotary evaporation under

reduced pressure, the remaining extract was lyophilized, and stored at -80°C [19].

2.2.  Animals And Ethical Procedures

Three Wistar rats (1 to 2 days old) were provided by the Central Animal Facility of the Federal
University of Pelotas (UFPel) for the primary culture of astrocytes. This study was previously approved
by the Ethics Committee for Animal Experimentation of the institution (under protocol number 31292-
2018). The use of animals follows the Brazilian Guidelines for the Care and Use of Research Animals in
Sciences (DBCA) and the National Council for Animal Control and Experimentation (CONCEA).

2.3.  Cell culture

The C6 rat (CCL-107) and U87TMG (HTB-14) human glioma cell lines were obtained from the
American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing sodium bicarbonate (NaHCOs), 4-(2-Hydroxyethyl)

piperazine-1-ethanesulfonic acid (HEPES), penicillin/streptomycin, fungizone (0.1%) and supplemented
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with 10% (v/v) fetal bovine serum (FBS). The cells were maintained at 37°C containing 5% CO; under a

humidified atmosphere until adequate confluence was reached [21].

2.4.  Primary Astrocyte Cultures and Plating

The primary astrocyte cultures were performed as described by Gottfried et al. [22]. The cortex of
newborn rats was mechanically removed and dissociated in a balanced saline buffer free of calcium and
magnesium salts (CMF) pH 7.4. The tissue was homogenized, the cell pool was centrifuged at 1000 rpm
for 10 min and the pellet was resuspended in DMEM pH 7.6 supplemented with 10% FBS. Subsequently,
the cells were seeded in 96-well plates (at a density of 3x10* cells/wells). The cultures were maintained at
37°C containing 5% CO- under a humidified atmosphere for approximately 15 days. Periodic medium
changes were performed every 5 days until adequate confluence was reached.

2.5.  Treatment with BO Extract and Plating of C6 and U87TMG

A stock solution was made by dissolving 0.01 g of the lyophilized BO extract in 1 mL of sterile
water. The stock solution was diluted in DMEM with 10% FBS to obtain concentrations of 125, 250, 500,
750, 1000, 1500, and 2000 pg/mL, which were determined based on a prior concentration curve analysis.
Primary astrocyte cultures were prepared as described above and treated with BO extract (125-2000
pg/mL) for 72 h, and only 3(4,5-dimethylthiazole-2-yl)-2,5 diphenyl tetrazolium bromide (MTT) and
sulforhodamine B (SRB) assays were performed as described below. Cells exposed only in DMEM

medium with 10% FBS were used as controls.

2.6. MTT Assay

The MTT colorimetric test measures cell viability by assessing dehydrogenase activity in
metabolically active cells, converting MTT into formazan crystals [23]. After the treatment with BO
extract (125 to 2000 pug/mL) at 24, 48, and 72 h, the cells was gently washed with CMF. An MTT solution
(0.5 mg/mL) was added, and the plates were incubated for 90 min under standard cell culture conditions.
Finally, the precipitate formed was eluted with dimethylsulfoxide (DMSO), and absorbance at 492 nm
was determined in a microplate reader (SpectraMax 190, Molecular Devices, San Jose, CA, USA). The

results were expressed as percentages of the control value.

2.7. SRB Assay
Cell proliferation was determined using the Sulforhodamine B (SRB) assay, as described by
Pauwels et al. [24]. After treatment with BO extract (125-2000 ug/mL) for 24, 48, and 72 h, the medium
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was removed, the cells were fixed using trichloroacetic acid (TCA) (50%), and the cells were incubated at
4°C for 45 min. Subsequently, the cells were washed five times with distilled water to eliminate TCA. An
SRB solution (0.4% in 1% acetic acid) was applied, and plates were incubated for 30 min at room
temperature while shielded from light. The cells were washed five times with acetic acid (1%) until any
unincorporated dye was completely removed. Finally, the dye was dissolved using a Tris solution (10
mM), and absorbance at 530 nm was measured using a microplate reader (SpectraMax 190). The results

were expressed as percentages of the control value.

2.8.  Clonogenic Assay

Clonogenic assay was determined as described by Franken et al. [25]. C6 and U887MG cell lines
were treated with BO extract (1500 pg/mL and 750 pg/mL, respectively). After 72 h, the medium was
removed, the cells were seeded at low density (3x102 cells/wells), and incubated in an oven under standard
cell culture conditions for 10 days in the absence of treatment. After, the cells were fixed with cold
absolute methanol and stained with crystal violet (1%) to visualize the colonies. The number and length of
colonies were determined using an inverted microscope (40x) and ImageJ software (RRID:SCR_003070;
National Institutes of Health, USA). The results were expressed as percentages of the control value.

2.9. Redox Equilibrium Parameters
2.9.1. Sample Preparation and Protein Determination

The preparation of cell lysate was determined as described by Simdes et al. [26]. After 72 h of
treatment with BO extract (500-2000 ug/mL for C6; 125-2000 pg/mL for U87MG), the supernatant was
stored. The cells were subjected to two sterile water washes and cell lysis was accomplished using a cell
scraper and mechanical force. The lysate was centrifuged at 1000 rpm for 10 min, and the lysate was used
for a series of assays to redox equilibrium parameters. The quantification of protein levels was conducted
utilizing the method described by Lowry et al. [27] to assess redox equilibrium parameters in the C6 and
U87MG cell lysate.

2.9.2.  Reactive Oxygen Species (ROS) Levels Determination
Production of intracellular ROS is based on the oxidation of 2'-7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) to dichlorofluorescein (DCF) [28]. After 72 h of treatment with BO extract (500-
2000 pg/mL for C6; 125-2000 ug/mL for US7MG), the cells were incubated with 1 mM DCFH-DA for 30
min. Fluorescence was then measured at 488 and 525 nm in a microplate reader (SpectraMax190). ROS

levels were expressed as percentages of the control values.
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2.9.3.  Nitrites Levels Determination
Nitrite levels in C6 and U87MG cell supernatants were determined as stated by Stuehr and Nathan
[29]. Absorbance was measured in a microplate reader (SpectraMax190) at 540 nm. Nitrite levels were

expressed as percentages of the control values

2.9.4.  Total Sulfhydryl Content (SH) Determination
SH levels in C6 and U87MG cell lysate were determined according to the method described by
Aksenov and Markesbery [30]. Absorbance was measured in a microplate reader (SpectraMax190) at 412
nm. SH levels are presented as a percentage of the control values.

2.9.5.  Superoxide Dismutase (SOD) Activity
The SOD activity in C6 and U87MG cell lysate was determined as described previously by Misra
and Fridovich [31]. Absorbance was measured in a microplate reader (SpectraMax190) at 480 nm. SOD
activity was expressed as percentages of the control values.

2.9.6. Catalase (CAT) Activity
The CAT activity in C6 and U87MG cell lysate was measured following the method described by
Aebi [32]. Absorbance was measured in a microplate reader (SpectraMax190) at 240 nm. CAT activity

was expressed as percentages of the control values.

2.10.  Cell Migration Assay

This assay was conducted as described by Bona et al. [21]. After plating, slits were made in the
cell monolayer of each well with the aid of a P200 pipette tip. DMEM was removed, cells were washed
with CMF to remove cell debris, and C6 cells were treated with BO extract (750 pg/mL). Slit closure was
monitored under an inverted microscope (10x) at time intervals of 0, 2, 4, 6, and 24 h after scraping the
cell monolayer. The quantitative analysis of the cell-free slit was measured using ImageJ software and the
inhibition of cell migration was expressed in the percentage of closure. The results were expressed as

percentages of the control value.

2.11.  Quantitative Real-Time Polymerase Chain Reaction
After 72 h of treatment with BO extract (1000 and 2000 pg/mL), total MRNA was extracted from
1 mL of C6 cells (n = 5 for each experimental group) using TRI Reagent® (Sigma-Aldrich, St. Louis,
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MO, USA) for the determination of matrix metalloproteinase-2 (MMP-2), O6-methylguanine-DNA-
methyltransferase (MGMT), caspase-3 (Casp-3), NF-xB, and interleukin-6 (IL-6) genes. The isolated total
RNA was quantified, and its purity was assessed using a NanoVue spectrophotometer (GE, Fairfield, CT,
USA). The cDNA synthesis was carried out using the High-Capacity Reverse Transcription kit
(AppliedBiosystems™), following the manufacturer’s instructions. The primer sequences used are
described in Table 1. Gene expression fold changes were normalized using the 22T method [35] with

GAPDH as a housekeeping gene.

2.12.  Statistical Analysis

Statistical analysis was conducted utilizing GraphPad Prism 9.5.0 software. One-way analysis of
variance (ANOVA) followed by Tukey’s post-hoc test, two-way ANOVA followed by Bonferroni's post-
hoc test, or Student's t-test was employed for data analysis. Results are presented as means * standard
errors, with significance denoted by P<0.05.

3. Results
3.1.  BO Extract Selectively Decreases the Viability and Proliferation of C6 and U87TMG
Cell Lines

The treatment with BO extract (125-2000 pg/mL) reduced the viability of C6 cells after 24, 48,
and 72 h (Fig 1a-c). This decrease was more pronounced after 72 h of treatment, as there was a significant
reduction in viability at concentrations of 500, 750, 1000, 1500, and 2000 pg/mL by 30.54%, 44.45%,
46.27%, 53.45%, and 57.86%, respectively, compared to the control (P<0.05, Fig 1c). Similarly, it was
observed that extract significantly reduced the cell proliferation of the C6 cells at all treatment periods, but
this effect was more prominent after 72 h, with a reduction in proliferation at concentrations of 500-2000
pg/mL by 34.49%, 50.14%, 52.13%, 61.68%, and 73.64%, respectively, compared to the control
(P<0.001, Fig 1f).

Regarding U87MG cells, it was observed that the BO extract reduced cell viability after 24, 48,
and 72 h (Fig 2a-c). After 72 h of treatment was a reduction in viability at concentrations of 500-2000
ug/mL by 34.10%, 53.69%, 57.51%, 60.92%, and 60.68%, respectively, compared to the control (P<0.01,
Fig 2c). Regarding cell proliferation, it was observed that after 72 h of treatment with the extract, there
was a reduction in viability at concentrations of 125-2000 pg/mL by 23.10%, 28.23%, 44.01%, 61.48%,
67.23%, 73.86%, and 73.61%, respectively, compared to the control (P<0.05, Fig 2f).
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On the other hand, treatment with the extract (125-2000 ug/mL) for 72 h did not promote
significant changes in the viability and proliferation of primary astrocyte cultures compared to the control

(P>0.05, Fig 3a and 3b), suggesting a selective effect of the extract against glioma cells.

3.2.  BO Extract Reduces the Colony Number and Length of C6 and U87MG Cell Lines

The treatment with BO extract (1500 pug/mL) for 72 h significantly reduced both the colony
number and length of C6 cells by 75.34% (P<0.001, Fig 4b and c) and 61.60% (P<0.01, Fig 4b and d),
respectively, compared to control. Similarly, U87MG cells exposed to the extract (750 pug/mL) for 72 h
had a significant reduction in the number and length of colonies by 81.36% (P<0.01, Fig 5b and c¢) and
45.60% (P<0.01, Fig 5b and d), respectively, compared to the control.

3.3.  BO Extract Exerts Antioxidant Activity on C6 and U87MG Cell Lines

Since 125 and 250 pg/mL concentrations showed no significant effects in the MTT and SRB tests
of C6 cells after 72 h, they were not used in the oxidative stress parameters. Treatment with BO extract for
72 h significantly decreased the levels of ROS in cells at concentrations of 500, 750, 1000, 1500, and 2000
ug/mL by 67.46%, 62.69%, 60.38%, 61.82%, and 67.23%, respectively, compared to the control (P<0.01,
Fig 6a). Similarly, the extract significantly reduced the levels of nitrites at concentrations of 500-2000
pg/mL by 70.17%, 78.12%, 83.76%, 88.18%, and 91.59%, respectively, compared to the control (P<0.05,
Fig 6b). Regarding antioxidant enzyme activity, it was observed that the extract significantly increased
SOD activity at concentrations of 500-2000 pg/mL by 455.8%, 702.6%, 961.6%, 1193%, and 2317%,
respectively, compared to the control (P<0.001, Fig 6¢), as well as significantly increased CAT activity at
concentrations of 1000-2000 ug/mL by 1659%, 2031%, and 2741%, respectively, compared to the control
(P<0.01, Fig 6d). Additionally, there was a significant increase in SH content after treatment with the
extract at concentrations of 1000-2000 pg/mL by 643.8%, 1189%, and 1925%, respectively, compared to
the control (P<0.05, Fig 6e).

Regarding the U87MG cells, considering that concentrations of 125-2000 pg/mL exerted
significant changes in the MTT and SRB tests after 72 h, all of these were used for oxidative stress
analyses. Treatment with BO extract for 72 h significantly reduced the ROS levels in cells at
concentrations of 125-2000 pg/mL by 38.32%, 59.13%, 60.91%, 66.25%, 65.78%, 55.11%, and 68.77%,
respectively, compared to the control (P<0.001, Fig 7a). Similarly, it was observed that the extract
significantly decreased nitrite levels at concentrations of 125-2000 pug/mL by 54.61%, 61.62%, 60.89%,
57.95%, 59.36%, 60.57%, and 66.04%, respectively, compared to the control (P<0.001, Fig 7b). On the
other hand, extract significantly increased SOD activity at concentrations of 125-2000 pg/mL by 23.50%,
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22.21%, 35.48%, 75.64%, 260.9%, 668.5%, and 718.1%, respectively, compared to the control (P<0.05,
Fig 7c), as well as a significant increase in CAT activity at concentrations of 1000-2000 pg/mL by
677.5%, 1648% and 2222%, respectively, compared to the control (P<0.001, Fig 7d). Furthermore, there
was a significant increase in SH content after treatment with the extract, more prominently at
concentrations of 1000-2000 pg/mL at 92.63%, 146.9%, and 144.6%, respectively, compared to the
control (P<0.01, Fig 7e).

3.4. BO Extract Attenuates the Migratory Capacity of C6 Cells

Figures 8a and 8b show the closing percentages of C6 cells after treatment with BO extract at a
non-cytotoxic concentration (750 ug/mL) at 0, 2, 4, 6, and 24 h. It was possible to observe that the extract
inhibited C6 cell migration by 2.76%, 10.83%, 20.81%, and 44.49%, respectively, compared to the
control. Moreover, the extract significantly reduced the cell migration capacity of C6 at 4 h (P<0.01), 6 h
(P<0.001), and 24 h (P<0.001) compared to the control (Fig 8b), demonstrating alterations in wound
healing between the control and treatment groups.

3.5.  BO Extract Modulates the mRNA Expression of MMP-2, MGMT, Casp-3, NF-«B,
and IL-6 Genes in C6 Cells

In the C6 cells, BO extract treatment for 72 h significantly downregulated the relative mRNA
expression of the MMP-2 and MGMT genes at a concentration of 2000 pug/mL (0.54-fold and 0.45-fold,
respectively) compared to the control (P<0.01, Fig 9a and 9b). However, the extract increased the relative
MRNA expression of the Casp-3 gene in the same concentration by 1.56-fold when compared to untreated
cells (P<0.001, Fig 9c). The relative mRNA expression of the NF-«B and IL-6 genes was downregulated
in cells exposed to 2000 pug/mL of the extract (0.91-fold and 0.79-fold, respectively) compared to the
control (P<0.001, Fig 9d and 9e).

4.  Discussion
Considering the unfavorable prognosis of patients with GBM associated with the limited
therapeutic arsenal for the treatment of this disease, the search for therapeutic approaches capable of
overcoming these limitations becomes extremely relevant [26]. Therefore, in this study the in vitro
antiglioma effect of the hydroalcoholic extract of BO was investigated.
Firstly, the extract of BO, at all treatment periods, proved to be effective in reducing cell viability
and proliferation in the C6 and U887MG cell lines. This effect can be attributed, largely, to the rich

bioactive composition present in the fruit. It is worth mentioning that the composition of the extract used
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in this study was previously analyzed by Ramos et al. [19]. Phytochemical characterization revealed a
wide variety of phenolic compounds, especially from the flavonoid class, with catechin, epicatechin, and
rutin being the major compounds identified in the extract [19]. Flavonoids are recognized as secondary
metabolites that are present in plants and fruits, where they play important roles in protection and defense
against pathogens [36]. These compounds are widely studied in the literature due to their diverse
biological capabilities, including antioxidant, anti-inflammatory, and antitumor actions [37-39].

It is relevant to mention that flavonoids can cross the BBB and that these compounds exert
antiglioma effects through the modulation of different signaling pathways, such as the suppression of
phosphatidylinositol 3-kinase (PI3K) activity and inhibition of extracellular matrix and metalloproteinases
regulatory proteins [40]. Among flavonoids, catechins stand out for their ability to modulate cell growth
[41], and promote antimetastatic [42], both in vitro and in vivo. More specifically, catechin promoted an
antitumor effect on the human glioma cell line U87MG by modulating the MAPK/ERK signaling pathway
[43]. Further, rutin has been shown to suppress tumor progression in GL-15 human glioma cells through
modulating pro-tumorigenic STAT3 signaling [44]. Considering the abundant bioactive composition of
BO extract combined with the modulation of different signaling pathways promoted by these compounds,
it is possible to infer that this extract and the synergistic action of its compounds can exert effects on
multiple pathways.

It is important to highlight that the BO extract has already been shown to exert some biological
effects, such as reducing microbial activity, moreover, to exerting hypolipidemic and anti-inflammatory
effects in vivo [45, 19]. More specifically about antineoplastic activity, the ethanolic extract of BO (80:20
v/v) exerted antitumor effects against cervix cell lines (SiHa and C-33a), and did not affect the cell
viability of murine fibroblast lines (L929) and human keratinocytes (HaCaT), demonstrating the selective
cytotoxic capacity of the extract against tumor lines [20]. These findings are in line with the results
obtained in our study. Overall, the BO extract had a more pronounced effect on the viability and
proliferation of human glioma cells compared to rat glioma cells. This same effect, exerted by extracts or
isolated natural compounds, has been observed in previous studies [21, 26].

Our results demonstrated that the extract, at all concentrations tested, did not alter the viability and
cell proliferation of astrocytes, inferring a promising selective cytotoxic effect of the extract against
glioma cell lines. It is noteworthy that patients with GBM undergoing conventional treatments often
experience serious adverse effects, including post-surgical cognitive loss, inflammation due to
chemotherapy, and the development of secondary cancers after radiotherapy [46]. Additionally, the
adjuvant use of TMZ appears to increase hematological complications such as thrombocytopenia,

lymphopenia, and neutropenia [47]. Treatment with TMZ can be described as palliative since the



39

chemoresistance developed by tumors restricts its effectiveness, and approximately 90% of recurrent
GBMs do not respond to repeated treatment with this chemotherapy drug, consequently, GBM remains an
incurable tumor [46]. This demonstrates the importance of researching therapies that are more effective
against glioma cells and less toxic to healthy cells [21].

Furthermore, the clonogenic assay, fundamental in oncological research, aims to understand how
tumor cells respond and multiply under different treatment conditions [48]. Specifically, it consists of
counting cell clones from single cells to determine their ability to generate progeny under different
treatments, enabling the evaluation of the effectiveness of treatments [48]. Our results demonstrated that
the BO extract significantly reduced the number and length of colonies compared to the untreated group,
both in the C6 and U87MG cells. Consistent with this, Sheng [43] demonstrated that the catechin inhibits
colony formation in U87MG cells. Additionally, the extract of Vaccinium virgatum, a fruit abundant in
flavonoids, has been shown to reduce the size of C6 cell colonies [49].

Moreover, oxidative stress is widely recognized as playing a significant role in the tumorigenesis
of gliomas. It is also important to note that the development of cancer is frequently associated with
mitochondrial dysfunction or damage [50]. Increased production of ROS due to dysfunction of the
mitochondrial respiratory chain may be involved in different stages of tumorigenesis, such as
transformation, proliferation, angiogenesis, and metastasis [51, 50]. The overproduction of reactive
nitrogen species (RNS) is also related to cancer development [17]. Accordingly, controlling the production
of ROS and RNS in this context becomes of great value. Therefore, to more specifically investigate
possible mechanisms of action of BO extract, we investigated its effect on redox equilibrium parameters
in C6 and U87MG cells. The extract reduced the levels of ROS and nitrites, however, there was an
increase in SH content and in the activity of antioxidant enzymes, SOD and CAT, which may have
contributed to the decrease in ROS levels. It should be noted that the SOD enzyme is responsible for
converting the superoxide anion into hydrogen peroxide and oxygen through a catalytic reaction [50]. At
the same time, CAT prevents the accumulation of hydrogen peroxide, degrading it into water and oxygen
[50]. The superoxide anion can also interact with the nitric oxide radical, resulting in the formation of
other RNS, such as peroxynitrite [52]. It is noteworthy that thiol residues (SH) play a crucial role in
maintaining the homeostasis of the intracellular redox state [53].

In line with these results, the study described by Vinholes et al. [54] showed that BO extract has a
high antioxidant capacity, eliminating reactive species such as superoxide anion, hydroxyl, and nitric
oxide. Boeing et al. [20] evaluated the BO extract with different solvents, and it was observed that the
extract composed of ethanol-water (80:20 v/v) exhibited a high antioxidant activity when compared to

other types of extract used, with this bioactivity being mainly related to the compounds catechin,
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epicatechin and rutin. It should be emphasized that antioxidants are effective as free radical scavengers
due to their ability to donate hydrogen atoms to neutralize the deleterious effects of ROS [17]. Given the
results found, we suggest that the reduction in the levels of ROS and nitrites, as well as the increase in SH
levels and the activity of SOD and CAT enzymes, may be due to the antioxidant effects promoted by the
bioactive composition of the extract. Among the possible modulation of redox homeostasis by flavonoids,
it has been described that quercetin and fisetin can competitively bind to the Keapl protein at the nuclear
factor erythroid 2-related factor 2 (Nrf2) binding site, resulting in its translocation to the nucleus, which in
turn triggers positive regulation of antioxidant genes [55]. In addition, epigallocatechin-3-gallate (EGCG),
a type of major catechin present in green tea, has been shown to activate the Nrf2 pathway, resulting in a
decrease in ROS levels [56].

It is relevant to observe that tumor cell migration, invasion, and metastasis are mediated by
epithelial-mesenchymal transition (EMT). EMT influences cell adhesion and motility, increasing
migratory capacity [57]. Further, in gliomas, there is increased expression of MMP-2 and MMP-9, which
are membrane-associated enzymes involved in the degradation of the extracellular matrix. This contributes
to EMT and consequently tumor migration and glioma invasion [58, 57]. MMPs can promote
angiogenesis, through the expression of vascular endothelial growth factor, and contribute to the
development of metastasis [10]. Additionally, ROS plays a crucial role in various stages of glioma
development, including cell migration, by positively regulating MMPs 2 and 9 [59]. Considering these
points, in this study the effect of BO extract on the migration and the MMP-2 expression of the C6 cell
line was investigated. Our results demonstrated that the extract inhibited cell migration, and decreased the
MMP-2 mRNA expression. This is in line with previous studies demonstrating that extracts of natural
origin were able to inhibit cell migration in different glioma cell lines [21, 49]. It was demonstrated that
EGCG modulated the invasiveness of human glioma line U251 by inhibiting the expression of MMP-9
and MMP-2 [60]. Accordingly, EGCG downregulated the MMP-2 expression in nasopharyngeal
carcinoma cells [61].

It is important to emphasize that the increased activity of MGMT is a significant challenge in
treating gliomas. The overexpression of this enzyme activity promotes resistance by repairing DNA
lesions caused by TMZ, and it has been reported that patients with MGMT promoter methylation have a
longer survival rate compared to patients without this methylation [9]. This condition promotes the
silencing of MGMT gene expression, resulting in the reversal of chemoresistance [9]. Therefore, using
compounds that reduce the expression of this enzyme is a promising strategy to enhance the cytotoxic
effects of TMZ and improve the patient's prognosis [9, 62]. To explore the role of BO extract in the

resistance of glioma cells, we investigated its effects on MGMT expression in the C6 cells. Our results
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demonstrated that the extract downregulated the MGMT mRNA expression. This result agrees with a
previous study, where the combined treatment of quercetin and TMZ was able to reduce MGMT levels in
the C6 cell line [63]. Furthermore, it was observed that quercetin promoted a reduction in MGMT
expression in the T98G glioma cells [64].

Moreover, compounds capable of inducing antitumor effects through the activation of apoptosis
have received significant attention [65]. Among the various types of caspases, Casp-3 is known as an
apoptosis executor. It is responsible for facilitating chromatin condensation, DNA fragmentation, and the
cleavage of regulatory and structural proteins, ultimately leading to programmed cell death [65]. Research
has already demonstrated that different flavonoids can upregulate Casp-3 expression in glioma cells [66].
In our study, we investigated the expression of Casp-3 following treatment with BO extract and observed
an upregulation in the mRNA expression of this gene. In line with this finding, it was demonstrated that a
combination of EGCG and hydroxychavicol exerted apoptotic effects through Casp-3 activation in
1321N1 and SW1783 glioma cell lines [67].

Furthermore, NF-xB is a crucial transcription factor involved in various pathological and
physiological processes [68]. The NF-xB pathway can be activated in response to proliferation, cell
survival, and inflammation stimuli. Alterations in its expression are associated with cancer development
due to the stimulation of tumor cell invasion and the inhibition of apoptosis [68, 5]. Studies have identified
elevated NF-kB activity in the context of GBM and its role in chemoresistance through the transcription of
various genes, including MGMT [7, 62]. It is also important to note that inflammation within the
inflammatory tumor microenvironment is associated with oxidative stress, which is generally linked to the
production of ROS and RNS. Consequently, this increases the chances of mutations and, subsequently,
tumor initiation [68, 15]. Besides, NF-kB activation promotes the expression of pro-inflammatory
cytokines, such as tumor necrosis factor and IL-6, resulting in increased tumor cell proliferation [68]. In
this context, IL-6 is a cytokine responsible for regulating various functions, such as cell proliferation,
growth, differentiation, and migration. It also plays a role in inflammation and tumorigenesis [69]. Similar
to NF-xB, increased expression of IL-6 has been observed in patients with GBM [70]. Considering these
points, we investigated the effects of BO extract on the expression of NF-xB and IL-6 genes and observed
a decrease in MRNA expressions of both genes. These results corroborate the study by Da Silva et al. [71],
where the flavonoids quercetin and rutin reduced the IL-6 mRNA expression in human glioma cell lines
U251 and TG1. Additionally, Wang et al. [64] demonstrated that quercetin reduced the relative expression
of NF-«B, inducing apoptosis in T98G cells. Based on these findings, it can be postulated that BO extract

has promising anti-inflammatory effects.
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5. Conclusion
This study highlights BO extract’s selective antineoplastic effects on C6 and US7MG glioma cell
lines. BO extract was able to modulate different pathways, exerting principally antioxidant and anti-
inflammatory properties. These findings support the need to further explore the extract’s application in
glioma in vivo models to understand its biological effects better and elucidate the mechanisms underlying

its antiglioma action.
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Table 1 Primers for quantitative real-time polymerase chain reaction are listed below, including both the
forward and reverse primer sequences used to amplify each target gene

Primer Name Sequence Reference
MMP-2 Forward  5>-TTTGGTCGATGGGAGCATGG-3' NM_031054.2
MMP-2 Reverse  5’-AGTACTCGCCATCAGCGTTC-3’ NM_031054.2
MGMT Forward  5’-AAGATAGAGCTGTCCGGCTG-3’ NM_012861.1
MGMT Reverse  5’-GTCTGGTGAATGAATCTTGCTGG-3’ NM_012861.1
Casp-3 Forward 5’-GTGGAACTGACGATGATATGGC-3’ XM_006253130.5
Casp-3 Reverse 5’-CGCAAAGTGACTGGATGAACC-3’ XM_006253130.5
NF-xB Forward 5’-TTCAACATGGCAGACGACGA-3’ NM_001276711.2
NF-xB Reverse 5’-AGGTATGGGCCATCTGTTGAC-3’ NM_001276711.2
IL-6 Forward 5’-TGAAGAACAACTTACAAGATAAC-3’ [79]

IL-6 Reverse 5’-CATTAGGAGAGCATTGGAA-3’ [79]

GAPDH Forward  5’-TTCAACGGCACAGTCAAGG-3’ [80]

GAPDH Reverse  5’-CGGCATGTCAGATCCACAA-3’ [80]

MMP-2 matrix metalloproteinase-2, MGMT O6-methylguanine-DNA-methyltransferase, Casp-3 caspase-
3; NF-xB nuclear factor kappa B, IL-6: interleukin-6, GAPDH glyceraldehyde 3-phosphate dehydrogenase
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Figure captions

Fig. 1 Effect of Butia odorata (BO) extract on the cell viability (A-C) and cell proliferation (D-F) of
C6 rat glioma cells for 24 (A and D), 48 (B and E), and 72 h (C and F). lllustrative images on the
effect of BO extract for 72 h (G). Data were analyzed by one-way ANOVA followed by Tukey’s test
and were expressed as means + standard errors from at least three independent experiments (n=7-12).
*P<0.05, **P<0.01, ***P<0.001 significantly different from the control group

Fig. 2 Effect of Butia odorata (BO) extract on the cell viability (A-C) and cell proliferation (D-F) of
U87MG human glioma cells for 24 (A and D), 48 (B and E), and 72 h (C and F). Illustrative images on the
effect of BO extract for 72 h (G). Data were analyzed by one-way ANOVA followed by Tukey’s test and
were expressed as means + standard errors from at least three independent experiments (n=8-12).
*P<0.05, **P<0.01, ***P<0.001 significantly different from the control group

Fig. 3 Effect of Butia odorata (BO) extract on the cell viability (A) and cell proliferation (B) of primary
astrocyte culture for 72 h (A and B). Data were analyzed by one-way ANOVA followed by Tukey’s test
and expressed as means * standard errors from at least three independent experiments (n=10-12)

Fig. 4 Clonogenic assay of untreated C6 rat glioma cells (A) and treated (B) with Butia odorata (BO)
extract (1500 pg/mL) for 72 h. Graphic representation of colony number (C) and length (D). Data were
analyzed by Student's t-test and expressed as means + standard errors from at least three independent

experiments (n=3). **P<0.01, ***P<0.001 significantly different from the control group

Fig. 5 Clonogenic assay of untreated U87MG human glioma cells (A) and treated (B) with Butia odorata
(BO) extract (750 pg/mL) for 72 h. Graphic representation of colony number (C) and length (D). Data
were analyzed by Student's t-test and expressed as means + standard errors from at least three independent

experiments (n=3). **P<0.01 significantly different from the control group

Fig. 6 Redox equilibrium parameters in C6 rat glioma cells treated with Butia odorata (BO) extract for 72
h. (A) Reactive oxygen species levels (ROS); (B) Nitrite levels; (C) Superoxide dismutase activity (SOD);
(D) Catalase activity (CAT); (E) Sulfhydryl content. Results are expressed as a percentage of control
(control value of ROS: 7527.31 umol DCF/mg of protein; control value of Nitrites: 2.19 uM nitrites/mg of
protein; control value of SOD: 272.43 units/mg of protein; control value of CAT: 8.20 units/mg protein;
control value of SH: 56.07 nmol TNB/mg of protein). Data were analyzed by one-way ANOVA followed
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by Tukey’s test and expressed as means + standard errors from at least three independent experiments

(n=5). *P<0.05, **P<0.01, ***P<0.001 significantly different from the control group

Fig. 7 Redox equilibrium parameters in U87MG human glioma cells treated with Butia odorata (BO)
extract for 72 h. (A) Reactive oxygen species levels (ROS); (B) Nitrite levels; (C) Superoxide dismutase
activity (SOD); (D) Catalase activity (CAT); (E) Sulfhydryl content. Results are expressed as a percentage
of control (control value ROS, 250.57 pumol DCF/mg of protein; control value Nitrites, 0.1301 pmol
nitrites/mg of protein; control value SOD, 139.19 units/mg of protein; control value CAT, 3.56 units/mg
protein; control value SH, 50.19 nmol TNB/mg of protein). Data were analyzed by one-way ANOVA
followed by Tukey’s test and expressed as means + standard errors from at least three independent

experiments (n=5). *P<0.05, **P<0.01, ***P<0.001 significantly different from the control group

Fig. 8 Effect of Butia odorata (BO) extract (750 pg/mL) on the migration of C6 rat glioma cells at 0, 2, 4,
6, and 24 h (A and B). Data were analyzed by two-way ANOVA followed by Bonferroni’s test and
expressed as means + standard errors from at least three independent experiments (n=5-9). **P<0.01,
***P<0.001 significantly different from the control group

Fig. 9 Effect of Butia odorata (BO) extract on the mMRNA expression of C6 rat glioma cells for 72 h. (A)
Matrix metalloproteinase-2 (MMP-2); (B) 0O6-methylguanine-DNA-methyltransferase (MGMT); (C)
Caspase-3 (Casp-3); (D) Nuclear factor kappa B (NF-«B),; (E) Interleukin-6 (IL-6) genes. Data were
analyzed by one-way ANOVA followed by Tukey’s test and were expressed as means + standard errors
from at least three independent experiments (n=5). **P<0.01, ***P<0.001 significantly different from the

control group

Fig. 10 Overview of Butia odorata (BO) extract effects on glioma cell lines. In C6 and U87MG cell lines,
the extract reduced the cell viability, proliferation, and colony formation, as well as modulated redox
equilibrium parameters. In C6 cells, the extract reduced the cell migration and modulated the expression
of genes associated with glioma progression. The extract exhibited a selective cytotoxic effect on glioma

cell lines since it did not affect the viability and proliferation of healthy astrocytes
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Fig. 3
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5 DISCUSSAO

Dentre os tipos de gliomas existentes 0 GBM é considerado o tumor maligno
mais agressivo do SNC, e os tratamentos atualmente disponiveis promovem apenas
uma melhora limitada na qualidade de vida dos pacientes (Huang et al.,, 2021).
Considerando isso, a proposta deste estudo foi investigar o potencial efeito antitumoral
in vitro do extrato hidroalcodlico de BO frente a essa patologia.

Primeiramente, o extrato de BO reduziu significativamente a viabilidade e a
proliferacdo celular sobre as linhagens de glioma C6 e U87MG em todos os periodos de
tratamento, e estes resultados podem ser atribuidos a composi¢ao fendlica abundante
presente no extrato. Cabe salientar que a elaboracdo deste trabalho foi motivada por
um estudo prévio feito pelo nosso grupo de pesquisa, onde foi realizada a
caracterizacéo fitoquimica do extrato hidroalcodlico de BO, sendo a catequina (24,75 *
0,64 pg/g), a epicatequina (22,57 + 0,31 ug/g) e a rutina (1540 + 0,3 ug/g) os
compostos identificados de forma majoritaria (Ramos et al., 2020). Ainda, estudos
prévios relataram que esses flavonoides exercem diversas atividades biolégicas, tais
como atividades antioxidante e anti-inflamatoria, neuroprotetora e antitumoral (Caparica
et al., 2020; Jo et al., 2022; Munteanu; Apetrei, 2022; Josiah et al., 2022). Além disso,
uma caracteristica extremamente relevante dos flavonoides no contexto dos gliomas é a
sua capacidade de ultrapassar a BHE (Do Nascimento et al., 2022). Especificamente, a
catequina e a rutina jA demonstraram essa capacidade, além de apresentarem baixa
toxicidade, exercendo poucos efeitos adversos (Zhai et al., 2021).

Somado a isso, estudos prévios relataram que o extrato de BO exerce algumas
propriedades bioativas, como a reducdo da atividade microbiana, além de efeitos
hipolipemiantes e anti-inflamatérios in vivo (Maia et al., 2019; Ramos et al., 2020).
Quanto a atividade antitumoral, foi observado que o extrato etandlico de BO inibiu a
viabilidade celular das linhagens tumorais de colo de dutero (SiHa e C33a),
apresentando valores de concentragdo inibitoria média (ICso) de 528 e 411 ug/mL,
respectivamente (Boeing et al., 2020). Esses resultados estdo em consonancia com o0s

obtidos em nosso estudo. Entretanto, observa-se uma escassez de estudos
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relacionando os efeitos do extrato de BO frente a modelos de glioma, sendo esse mais
um motivo que impulsionou nossa investigacao.

Ainda, o extrato de BO demonstrou um efeito mais acentuado na reducdo da
viabilidade e proliferacdo da linhagem U87MG em comparagéo com as células C6. Esse
efeito pode ser atribuido as diferencas nas mutacbes que afetam as linhagens de
maneira distinta. Entre as mutacdes presentes, destaca-se que a linhagem U87MG
apresenta uma expressao reduzida dos genes Ataxia Telangiectasia Mutated, Breast
Cancer 2 e Exonuclease 1, os quais desempenham um importante papel de reparo do
DNA, tornando essa linhagem mais sensivel ao tratamento com TMZ (Sousa et al.,
2015). Dessa forma, caso o extrato de BO exerca sua atividade antitumoral de forma
semelhante ao TMZ, essas mutacdes presentes na linhagem U87MG podem estar
relacionadas a um efeito mais pronunciado do extrato sobre essas células.

Posteriormente, observamos que o extrato de BO em todas as concentracfes
testadas ndo promoveu alteracdes na viabilidade e proliferacdo celular em cultura
priméria de astrécitos, sugerindo que o extrato exerce um efeito seletivo sobre as
linhagens de glioma e mantém sua seguridade frente as células saudaveis. Esse
resultado merece destaque, tendo em vista que os tratamentos convencionais para o
GBM promovem efeitos adversos graves, que incluem perda cognitiva ap0s resseccao
cirirgica, inflamacdo decorrente da quimioterapia e desenvolvimento de cénceres
secundarios apdés a radioterapia (Delello et al., 2021). Boeing et al. (2020)
demonstraram que o extrato de BO ndo causou alteracbes citotdxicas sobre a
viabilidade de fibroblastos murinos (L929) e de queratinécitos humanos (HaCaT), o que
corrobora a seguranca no uso deste extrato como uma possivel ferramenta coadjuvante
ao tratamento usual (Boeing et al., 2020). Aliado a isso, foi relatado que o TMZ reduziu
a viabilidade de astrocitos primarios (Ziegler et al., 2017), destacando a importancia de
investigar compostos e extratos naturais com seletividade especifica para linhagens de
glioma.

Sequencialmente, o extrato de BO foi capaz de reduzir significativamente o
namero e o tamanho de colbnias, tanto na linhagem C6 como na U87MG. Destaca-se

gue o ensaio clonogénico é um teste fundamental em pesquisas oncoldgicas e consiste
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na contagem de clones celulares provenientes de células Unicas para determinar sua
capacidade de gerar progénies sob diferentes terapias, possibilitando a avaliacdo da
eficAcia de tratamentos (Qian et al., 2023). Indo ao encontro com nosso achado, o
extrato de mirtilo, um fruto abundante em flavonoides, demonstrou reduzir o tamanho
de colbnias de linhagem C6 (Da Silveira et al., 2022). Somado a isso, Sheng (2020)
demonstrou que a catequina foi capaz de inibir significativamente a formacdo de
colonias da linhagem U87MG (Sheng, 2020).

Ademais, cabe ressaltar que o estresse oxidativo esta amplamente envolvido na
tumorigénese de gliomas, tendo em vista que as espécies oxidantes podem ocasionar
danos e modificacbes em lipidios, proteinas, bem como inibem mecanismos
responsaveis pelo reparo do DNA (Olivier et al., 2021; Tong et al., 2023). Por conta
disso, investigamos os efeitos do extrato de BO sobre diferentes parémetros de
equilibrio redox frente as linhagens C6 e U87MG. O extrato reduziu os niveis de ERO e
de nitritos, por outro lado aumentou a atividade das enzimas antioxidantes SOD e CAT.
Ressalta-se que a enzima SOD é responsavel por converter o anion Oz¢ em H202 e
oxigénio, enquanto a CAT evita o acumulo de H202, degradando-o0 em agua e oxigénio
e, consequentemente, isso pode ter contribuido para a diminuicdo dos niveis de ERO
(Ramirez-Exposito; Martinez-Martos, 2019).

Em concordancia com os resultados encontrados, o estudo conduzido por
Boeing et al. (2020) demonstrou que o extrato hidroalcodlico de BO, quando comparado
a outros tipos de solventes utilizados, exibiu uma elevada atividade antioxidante no
teste de 2,2-difenil-1-picrilhidrazil, sendo essa bioatividade relacionada principalmente
aos compostos catequina, epicatequina e rutina (Boeing et al., 2020). Adicionalmente,
Bona et al. (2024) demonstraram que o extrato de Cecropia pachystachya, rico em
flavonoides, foi capaz de modular negativamente os niveis de ERO e de nitritos, bem
como aumentou a atividade da enzima SOD em um modelo de glioma in vivo,
evidenciando o potencial efeito antioxidante destes compostos (Bona et al.,, 2024).
Ainda, os antioxidantes exdgenos atuam como eliminadores de radicais livres atraves
da doacéao de atomos de hidrogénio e, com isso, neutralizar os efeitos deletérios de
ERO (Costa et al., 2021).
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Ademais, destaca-se que o fator nuclear eritroide 2 relacionado ao fator 2 (Nrf2)
estd relacionado com a producdo de antioxidantes. Sob condicbes de estresse
oxidativo, o Nrf2 interage com a proteina 1 associada a ECH semelhante a Kelch
(Keapl), esse complexo Nrf2-Keapl se dissocia e, consequentemente, o Nrf2 sofre
translocacdo para o ndcleo celular. Isso resulta na producdo e liberacdo de
antioxidantes como SOD e CAT (Clifford et al., 2021; Joma et al., 2023). Em
conformidade, um dos possiveis mecanismos antioxidantes dos flavonoides inclui a
ligacdo de forma competitiva com a proteina Keapl no sitio de ligacdo do Nrf2,
resultando em sua translocacdo para o nucleo que, por sua vez, desencadeia ha
regulacao positiva de genes antioxidantes (Joma et al., 2023). Assim, tendo em vista 0s
resultados encontrados, pode-se inferir que o efeito antioxidante promovido pelo extrato
de BO esteja relacionado com a via do Nrf2.

A fim de compreender mais profundamente os efeitos antitumorais do extrato de
BO, foi realizado o teste de migracdo celular e avaliada a expressdo de
metaloproteinase de matriz 2 (MMP-2) sobre a linhagem C6. Foi demonstrado que o
extrato inibiu a migracdo das células e regulou negativamente a expressao de MMP-2.
E valido ressaltar que a migracdo, invasdo e metastase de células tumorais estio
relacionadas com a transicdo epitelial-mesenquimal (EMT), na qual influencia na
adesao e mobilidade celular, aumentando a capacidade de migracao (Zhai et al., 2021).
Além disso, nos gliomas observa-se um aumento na expressdo das MMPs 2 e 9,
enzimas associadas a membrana que participam da degradacao da matriz extracelular.
Isso favorece a EMT, o que, por sua vez, contribui para a migracao e invasdo tumoral
do glioma (Beylerli et al., 2022; Zhai et al., 2021). Ademais, as ERO desempenham um
papel importante durante o desenvolvimento do glioma, incluindo a migracao celular, ao
regularem positivamente as MMPs 2 e 9 (Ostrowski; Pucko, 2022). Frente a isso,
extratos de origem natural demonstraram capacidade de inibir a migragao celular em
diferentes linhagens de glioma (Da Silveira et al., 2022; Bona et al., 2024). Ainda, foi
evidenciado que o epigalocatequina-galato (EGCG) modulou a invasividade da
linhagem de glioma humano U251 ao suprimir a expressao de MMP-9 e MMP-2 (Li et

al., 2014), o que esta em concordancia com 0s nossos resultados.
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Ainda, investigamos o efeito do extrato de BO sobre a expressdao de O6-
metilguanina-DNA-metiltransferase (MGMT) na linhagem C6, e os resultados revelaram
gue o extrato reduziu a expressao deste gene. Ressalta-se que um dos mecanismos de
resisténcia relacionado ao TMZ esta ligado ao aumento da atividade de MGMT, enzima
responsavel pelo reparo das lesdes de DNA provocadas pelo quimioterapico (Wu et al.,
2021; Tiek et al., 2022). Dessa forma, o uso de compostos capazes de reduzir a
expressao dessa enzima surge como uma estratégia promissora para potencializar os
efeitos citotoxicos de TMZ e melhorar o prognéstico dos pacientes (Wu et al., 2021; Li et
al., 2017). Corroborando com o resultado encontrado, estudos anteriores descreveram
gue o tratamento combinado de quercetina e TMZ reduziu os niveis de MGMT sobre a
linhagem C6 (Vibhavari et al., 2023), bem como foi observado que este mesmo
composto reduziu a expressdo de MGMT em células de glioma T98G (Wang et al.,
2023).

Ademais, avaliamos a expressdo de casp-3 apos o tratamento com o extrato de
BO, e foi observado uma elevacdo da expressdao deste gene. Cabe salientar que
compostos capazes de induzir efeitos antineoplasicos por meio da ativacdo de
apoptose tém recebido consideravel atencdo (Yadav et al.,, 2021). A casp-3 € uma
caspase do tipo executora de apoptose, e pesquisas ja mostraram que os flavonoides
podem elevar a expressdo de casp-3 em células de glioma (Yadav et al., 2021; Wong;
Kamarudin; Naidu, 2023). Indo ao encontro com o resultado achado, ja foi demonstrado
que a combinacdo de compostos bioativos de origem natural exerce efeitos apoptéticos
através da ativacao de casp-3 em diferentes linhagens de glioma (Abdul et al., 2022).

Ademais, o NF-kB é um fator de transcricdo cuja ativagdo esta associada ao
desenvolvimento de cancer, quimiorresisténcia e proliferacdo de células tumorais,
especialmente no contexto do GBM (Ji et al., 2021; Li et al., 2017). A ativagdo de NF-kB
também estimula a expresséo de citocinas pré-inflamatérias, como a IL-6, responsavel
por regular funcdes relacionadas a proliferacdo celular, crescimento, diferenciagéo e
migracdo (Yu et al., 2020). Dessa forma, considerando a relagdo entre o estresse
oxidativo e vias associadas a inflamacao (Shi et al., 2023), investigamos o efeito do

extrato sobre a expressdo de genes NF-kB e IL-6 a fim de elucidar possiveis efeitos
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anti-inflamatoérios do extrato. Foi observada uma diminuicdo na expressdo de ambos os
genes apos o tratamento com o extrato, sugerindo que o tratamento exerce potenciais
efeitos anti-inflamatérios. O resultado achado vai ao encontro com estudos prévios que
demonstram efeitos anti-inflamatérios de flavonoides, como a quercetina, rutina e o
EGCG, através da modulacao desses genes (Da Silva et al., 2020; Kim et al., 2022).

Por fim, é importante enfatizar que a escolha predominante da linhagem C6 nas
andlises de expressdo génica foi motivada pela intencdo de dar seguimento aos
estudos em modelos in vivo. Essa escolha foi justificada pelo fato de a linhagem C6 ser
amplamente utilizada em modelos pré-clinicos de glioma utilizando ratos Wistar (Bona
et al., 2019; Pedra et al., 2022).
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6 CONSIDERACOES FINAIS

Em nosso estudo foi possivel observar o potencial antiglioma do extrato
hidroalcoodlico de BO nas linhagens C6 e U87MG. O extrato foi eficaz na reducdo da
viabilidade e proliferagéo celular em ambas as linhagens, sendo este efeito observado
de forma seletiva, uma vez que o extrato ndo apresentou citotoxicidade na cultura
primaria de astrécitos.

Além disso, o tratamento com o extrato de BO reduziu a producédo de ERO e de
nitritos, aumentou a atividade das enzimas SOD e CAT, elevou o teor de sulfidrilas, e
inibiu o crescimento e a formacao de colbnias tumorais nas linhagens C6 e U87MG.
Especificamente na linhagem C6, o extrato de BO reduziu a capacidade migratéria das
células tumorais, diminuiu a expressdao de MMP-2, MGMT, NF-kB e IL-6, e aumentou a
expressao de casp-3, evidenciando possiveis efeitos antioxidantes e anti-inflamatorios.

Os resultados apresentados estdo em consonancia com estudos anteriores que
apontam potenciais atividades antitumorais de compostos bioativos e extratos vegetais.
Vale destacar que este é o primeiro trabalho que demonstrou o efeito do extrato de BO
em linhagens de glioma, uma area ainda pouco investigada. Assim, nossos achados
reforcam a importancia de estudos futuros para uma compreensdo mais aprofundada
dos mecanismos de acdo antiglioma deste extrato, almejando o possivel uso de BO

como uma terapia adjuvante em pacientes com GBM.
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