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RESUMO

O cancer de ovario (CO) é a segunda neoplasia ginecoldgica que mais afeta as mulheres e,
por possuir sintomas genéricos, tem altas taxas de recorréncia e rapida progressdo. A
proliferacdo celular descontrolada representa uma das principais caracteristicas da doenca
neoplasica e, para tal, as células tumorais ajustam o seu metabolismo energético para
promover o rapido crescimento e divisdo celular; esse padrdo metabdlico é muito diferente
daquele encontrado nas células saudaveis. A melatonina (Mel), € um horménio produzido e
secretado pela glandula pineal no periodo do escuro e, mais recentemente sua producdo tem
sido evidenciada nas mitocondrias das células. No CO a concentracdo de Mel esta bastante
reduzida. Experimentos envolvendo modelos animais e cultura celular de CO ja
documentaram as propriedades antitumorais da Mel. Portanto, o objetivo do presente estudo
foi avaliar a acdo da terapia com Mel sobre o metabolismo energético e estresse oxidativo em
células de carcinoma ovariano humano, linhagem SKOV-3 e CAISMOV-24. Os
experimentos envolveram grupos controle, tratamento com Mel nas concentragdes de 3,4 uM
para SKOV-3 e 7 UM para CAIMOV-24 com base no célculo da ICsp, tratamento com
Luzindole na concentragédo de 10 M para ambas as linhagens e Mel. Foram realizados os
ensaios de citotoxicidade celular por MTT, e de migracdo e invasdo com insertos. Para
verificacdo dos efeitos sobre o metabolismo energético celular foram quantificadas as
atividades de glicose-6 fosfato desidrogenase (G6PDH), fosfofrutoquinase 1 (PFK-1),
complexo piruvato desidrogenase (PDH), citrato sintase (CS) e lactato desidrogenase (LDH).
Também foram quantificados os niveis das proteinas HIF-10, G6PDH, GAPDH ¢ PDH por
Western blot. A concentracdo de lactato foi analisada, por espectrofotometria, bem como a da
glutamina. Em uma segunda abordagem, as enzimas ligadas ao estresse oxidativo como
superdéxido dismutase (SOD), catalase (CAT) e glutationa peroxidase (GSH-Px), bem como
as concentracOes de glutationa reduzida (GSH) e oxidada (GSSG), foram investigadas por
espectrofotometria. Também foram avaliados os perfis de moléculas de sinalizagao celular
envolvidas com agressividade tumoral através de ensaio multiplex e os niveis de Mel através
de ensaio ELISA. Houve uma diminui¢do significativa nos niveis de HIF-1o, G6PDH,
GAPDH e PDH ap6s o tratamento com Mel, mesmo na presenca de luzindole em ambas as
celulas de CO. O tratamento com Mel também reduziu a atividade das enzimas
metabolicamente relevantes como PFK-1, G6PDH, LDH e citrato sintase, enquanto a
atividade de PDH aumentou em ambas as células. Os niveis de lactato e glutamina foram
significativamente reduzidos apds o tratamento com Mel. A Mel promoveu ainda a reducédo
nas concentrages de CREB, JNK, NF-kB, p-38, ERK1/2, AKT, p70S6K e STAT em ambas
as linhagens celulares. Houve também uma redugdo nos potenciais de migracdo e invasdo
celular em ambas as linhagens. O tratamento com Mel atenuou a capacidade migratoria e
invasiva das células CO de maneira independente do receptor, a0 mesmo tempo que
estimulou sua sintese intracelular. Além disso, as defesas enziméticas antioxidantes foram
atenuadas pela Mel, especialmente nas células CAISMOV-24. Coletivamente, a Mel regula
0s processos relacionados ao metabolismo energético que sdo alterados nas células de CO,
revertendo o metabolismo do tipo Warburg e, potencialmente, reduzindo a glutamindlise.
Essa regulagdo contribui para atenuar varias moléculas oncogénicas associadas a progressao
e invasdo do CO.

Palavras chaves: Cancer de ovario; melatonina; processos metabdlicos; metabolismo
energético; estresse oxidativo.



ABSTRACT

Ovarian cancer (OC) is the second gynecological neoplasm that most affects women and, as it
has generic symptoms, it has high recurrence rates and rapid progression. Uncontrolled cell
proliferation represents one of the main characteristics of neoplastic disease and, to this end,
tumor cells adjust their energy metabolism to promote rapid cell growth and division; This
metabolic pattern is very different from that found in healthy cells. Melatonin (Mel) is a
hormone produced and secreted by the pineal gland during the dark period and, more recently,
its production has been demonstrated in the mitochondria of cells. In CO the concentration of
Mel is greatly reduced. Experiments involving animal models and CO cell culture have
already documented the antitumor properties of Mel. Therefore, the objective of the present
study was to evaluate the action of Mel therapy on energy metabolism and oxidative stress in
human ovarian carcinoma cells, lineage SKOV-3 and CAISMOV-24. The experiments
involved control groups, treatment with Mel at concentrations of 3.4 uM for SKOV-3 and 7
uM for CAIMOV-24 based on IC50 calculation, and treatment with Luzindole at a
concentration of 10-6 M for both strains and Mel. Cellular cytotoxicity assays using MTT,
and migration and invasion assays with inserts were carried out. To verify the effects on
cellular energy metabolism, the activities of glucose-6 phosphate dehydrogenase (G6PDH),
phosphofructokinase 1 (PFK-1), pyruvate dehydrogenase complex (PDH), citrate synthase
(CS), and lactate dehydrogenase (LDH) were quantified. The levels of HIF-1a, G6PDH,
GAPDH, and PDH proteins were also quantified by Western blot. The concentration of lactate
was analyzed by spectrophotometry, as well as that of glutamine. In a second approach,
enzymes linked to oxidative stress such as superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GSH-Px), as well as the concentrations of reduced (GSH) and
oxidized glutathione (GSSG), were investigated by spectrophotometry. The profiles of cell
signaling molecules involved in tumor aggressiveness were also evaluated using a multiplex
assay and Mel levels using an ELISA assay. There was a significant decrease in the levels of
HIF-1a, G6PDH, GAPDH, and PDH after Mel treatment, even in the presence of luzindole in
both CO cells. Mel treatment also reduced the activity of metabolically relevant enzymes such
as PFK-1, G6PDH, LDH, and citrate synthase, while PDH activity increased in both cells.
Lactate and glutamine levels were significantly reduced after Mel treatment. Mel also
promoted a reduction in the concentrations of CREB, JNK, NF-kB, p-38, ERK1/2, AKT,
p70S6K, and STAT in both cell lines. There was also a reduction in cell migration and
invasion potentials in both lineages. Mel treatment attenuated the migratory and invasive
capacity of OC cells in a receptor-independent manner, while also stimulating their
intracellular synthesis. Furthermore, antioxidant enzymatic defenses were attenuated by Mel,
especially in CAISMOV-24 cells. Collectively, Mel regulates processes related to energy
metabolism that are altered in CO cells, reversing Warburg-type metabolism and potentially
reducing glutaminolysis. This regulation contributes to attenuating several oncogenic
molecules associated with OC progression and invasion.

Keywords: Ovarian cancer; melatonin; cellular metabolism; energy metabolism; oxidative
stress.
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1. INTRODUCAO
1.1. Cancer de Ovario: fatores de risco e variedades

O cancer de ovério (CO) é classificado entre os oito tipos de cancer mais comuns em
mulheres e é 0 segundo mais fatal entre os tumores do sistema genital feminino, resultando em
Obito para mais da metade das mulheres afetadas (SIEGEL et al., 2022; SUNG et al., 2021). A
Tabela 1 apresenta um resumo da incidéncia e mortalidade do CO.

Tabela 1. Estimativas globais de incidéncia e mortalidade por cancer em mulheres,em
todas as faixas etarias, para o ano de 2020.

Tipos de cancer Incidéncia (nimeros Mortalidade
totais) (numeros totais)

Mama 2.088.849 626.679
Colorretal 823.303 396.568
Pulméo 725.352 576.060
Cérvix uterina 569.847 311.365
Tireoide 436.344 25.514
Corpo do Utero 382.069 89.929
Estdmago 349.947 269.130
Oviério 295.414 184.799
Figado 244.506 233.256
Linfoma ndo-Hodgkin 224.877 102.755

Fonte: Global Cancer Observatory, World Health Organization, 2020

No Brasil, entre os anos de 2020 e 2021, foram registrados 6.650 novos casos de CO,
representando uma incidéncia de 5,79 casos para cada 100 mil mulheres. Esses ndmeros
posicionam o CO como o oitavo tipo mais comum de cancer entre as mulheres e a terceira
principal causa de mortalidade por cancer (INCA, 2022). (Tabela 2)

Tabela 2. Distribuicdo proporcional dos dez tipos de cancer mais incidentes em mulheres,
estimados para o ano de 2020

Tipos de cancer Casos (nameros totais) %
Mama 59.700 29.5%
Colorretal 18.980 9.4%
Cérvix uterina 16.370 8.1%
Pulméo 12.530 6.2%
Tireoide 8.040 4.0%
Estdbmago 7.750 3.8%
Corpo do Utero 6.600 3.3%
Ovario 6.150 3.0%
Sistema Nervoso Central 5.510 2.7%
Leucemias 4.860 2.4%

Fonte: INCA, Instituto Nacional de Cancer, 2020
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Esse cenario pode ser atribuido ao desenvolvimento tumoral na cavidade peritoneal
(ARMSTRONG et al., 2006; LENGYEL, 2010), cuja deteccdo precoce € de dificil
diagndstico. Apesar das terapias existentes, incluindo cirurgia e quimioterapia, os estagios
iniciais da doenca (I e Il) apresentam uma taxa de cura que varia entre 70% e 90% dos casos
(MATHIEU et al., 2018). Por outro lado, os pacientes nos estagios Il ou IV da doenga
apresentam uma taxa de sobrevida de apenas cerca de 20% de (ARMSTRONG et al., 2006;
KURMAN; SHIH, 2016). A incidéncia do CO aumenta apds a menopausa, em parte, devido a
fatores associados a senescéncia ovariana como deplecdo de odcitos, reducdo dos esteroides
hormonais, e aumento dos niveis de gonadotrofinas circulantes (VANDERHYDEN, 2005). A
utilizacdo de contraceptivos orais, lagueadura tubaria e amamentacdo também podem
influenciar no desenvolvimento da doenca, assim como o acimulo de mutagdes nos genes
BRCA1/2 e TP53, inicialmente associadas ao aumento do risco de cancer de mama
(MAVADDAT et al., 2013; NAROD, 2010), e que ao longo do tempo podem aumentar o risco
de desenvolvimento do CO (KOTSOPOULOS et al., 2015, 2018). Além disso, 0 processo
ovulatorio incessante, associado a inflamacdo cronica e a exposicdo a carcin0genos
ambientais, contribuem para a oncogénese ovariana (NESS; COTTREAU, 1999; STEWART
et al., 2004). Os sintomas do CO sdo muitas vezes inespecificos e podem ser confundidos com
outras condicdes, incluindo dores na regido pélvica e abdominal, aumento na frequéncia
urinéria, indigestdo, sensacdo de inchaco e dores nas costas (GABRA, 2019). A identificacdo
diagndstica do CO pode ser -realizada pelo exame fisico, histérico médico da paciente,
ultrassonografia (pélvica ou transvaginal), hemograma completo, tomografia computadorizada
(TC), tomografia por emissdo de positrons (PET), ressonancia magnética (RM), radiografia de
torax. Além disso, os niveis do antigeno cancerigeno 125 (CA-125) e o0 exame histopatoldgico
sdo essenciais no diagnostico do CO (GABRA, 2019; PDQ ADULT TREATMENT
EDITORIAL BOARD, 2002). Com base na classificacdo das lesfes cancerosas originadas do
epitélio ovariano ou de cistos de inclusdo, sdo observadas as diferencas entre tumores
indolentes limitrofes (tipo I) e com potencial invasivo (tipo I1). Os tumores tipo | apresentam
baixo grau de malignidade e incluem o carcinoma seroso micropapilar, carcinoma mucinoso,
carcinoma endometrioide e carcinoma de células claras (LISIO et al., 2019; SHIH;
KURMAN, 2005). Ja os tumores do tipo Il, que apresentam alto grau de malignidade, séo
representados pelos subtipos: carcinoma seroso e carcinoma mesotelial misto indiferenciado
(KURMAN; SHIH, 2016; LISIO et al., 2019). A maioria dos CO serosos de alto grau tem
origem nas tubas uterinas e em outras areas de origem epitelial, com estudos apontando que

esses tipos Il podem surgir de leses nas fimbrias das tubas uterinas (DUBEAU; DRAPKIN,
13



2013). A proximidade anatbmica entre as fimbrias e o epitélio ovariano sugere a possibilidade
de formacdo de aderéncias tubo-ovarianas, podendo levar ao desenvolvimento de neoplasias
serosas intra-ovéricas (DUBEAU, 2008). Aproximadamente 90% dos carcinomas Serosos
ovarianos sdo de alto grau, caracterizados por uma marcante proliferacdo celular, intensa
atividade mitética, nacleos pleomorficos, e estruturas papiliformes (KURMAN; SHIH, 2008;
SMITH SEHDEV; SEHDEV; KURMAN, 2003). O CO responde bem a quimioterapia padrao
utilizando compostos derivados de platina e/ou taxol como a Cisplatina, Carboplatina,
Paclitaxel e o Topotecano, resultando em uma melhora significativa na sobrevida dos
pacientes (CLOVEN et al., 2004; HO et al., 2004; KIKKAWA et al., 2006). Terapias-alvo,
como inibidores de angiogénese (por exemplo, Bevacizumab) e inibidores de PARP (Poli ADP
ribose polimerase) tem sido cada vez mais utilizadas, embora sua eficicia precise ser mais
bem estabelecida (LISIO et al.,, 2019). Contudo, a maioria dos pacientes desenvolve
quimioresisténcia, levando a rapida recorréncia da doenga e as pacientes se tornam incuraveis
(BEREK et al., 1999). Os mecanismos subjacentes & quimioresisténcia ainda ndo estdo
completamente elucidados, mas incluem diminuicdo do acimulo de farmacos, aumento da
expulsdo celular das drogas e maior tolerancia aos tratamentos com taxol e platina
(ITAMOCHI; KIGAWA; TERAKAWA, 2008).

1.2. Melatonina: Aspectos gerais e a relacdo com o Cancer de Ovario

A melatonina (Mel) é uma indolamina lipofilica também denominada de N-acetil-
Smetoxitriptamina, que é convertida a partir da serotonina pelas enzimas arylalquilamina
Nacetiltransferase (AANAT) e acetilserotonina O-metiltransferase (ASMT). Sua principal
secrecdo ocorre no periodo do escuro pela glandula pineal, embora possa ser sintetizada por
outros tecidos em menor concentracdo (ZHAO et al.,, 2019). Embora sua funcdo mais
reconhecida seja a regulagéo do sono e do ritmo circadiano, a Mel desempenha importante
fungdo antioxidante, combatendo espécies reativas de oxigénio (ROS) e nitrogénio (RNS) no
organismo. Além de neutralizar essas espécies radicalares, a Mel também aumenta a atividade
de enzimas antioxidantes (GANDHI et al., 2015; REITER et al., 2016b; TAN et al., 2013;
TOSCHES et al., 2014). Em células normais, a Mel tem acao protetora frente a apoptose,
contudo, em células tumorais, ela tem demonstrado ter agdes antiangiogénicas,
antiproliferativas, pré-apoptéticas e imunomodulatérias (CHUFFA et al., 2015; REITER et
al., 2016a; ZONTA et al., 2017a). Os niveis plasméticos de Mel sdo baixos se comparados aos

encontrados no liquido folicular ovariano pre-ovulatorio e, quando ocorre uma suplementagéo
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de Mel em meio contendo o6citos ovulados ou vitrificados, a Mel auxilia no desenvolvimento
saudavel e maturacdo dos mesmos (PAN et al., 2018; TAMURA et al., 2008). Ja é conhecida a
producdo de Mel em diversas células, dentre elas, os oocitos (HE et al., 2016; TAN et al.,
2013). De acordo com He et al. (2016), em estudos realizados em camundongos, a localizacdo
da AANAT foi identificada por imuno-histoquimica, revelando sua presenca nas mitocéndrias
dos odcitos em todos os estagios de maturagdo. Quando ocorre a suplementacdo do meio de
cultura com serotonina, a concentracdo de Mel nos odcitos aumenta e isso ndo ocorre quando
0s odcitos sdo privados dessa suplementacdo (REITER; MA; SHARMA, 2020). A Mel ja foi
associada ao tratamento de diversos tipos de cancer, incluindo o de préstata, mama e ovaério, e
também tem sido considerada como um adjuvante terapéutico, aumentando a sensibilidade
aos tratamentos quimioterapicos e reduzindo os efeitos adversos decorrentes
(CALASTRETTI et al, 2018; GONZALEZ-GONZALEZ; MEDIAVILLA; SANCHEZ-
BARCELO, 2018; ZARE et al., 2019). Estudos mostraram que os niveis usualmente elevados
de Mel durante & noite ajudam na organizagdo dos ritmos metabdlicos homeostaticos do
organismo. A desregulagdo do ritmo circadiano foi identificada como um dos fatores que
contribuem para o desenvolvimento e progressdao do cancer (SLOMINSKI et al., 2012;
STEVENS et al., 2014). Os mecanismos moleculares associados aessas propriedades incluem
a inibicdo da proliferacdo celular, angiogénese, e inducdo do processo de apoptose
(MENENDEZ-MENENDEZ; MARTINEZ-CAMPA, 2018). A Mel ainda atua no controle da
iniciacdo dos tumores, podendo ser utilizada como agente quimiopreventivo; devido a sua
atividade de eliminacéo de radicais livres, exerce fungéo protetora para 0 DNA. Essas injurias
cumulativas causadas ao material genético levam a um aumento do nimero de mutacdes e,
consequentemente, podem resultar no surgimento de lesdes malignas (ASCHAUER;
MULLER, 2016; REITER et al., 2017). A propriedade de remocdo de radicais livres e
aumento da atividade de enzimas antioxidantes pela Mel foi observada no ovario. Estudos
revelaram que a elevada concentracdo de ROS durante o processo ovulatério pode
desencadear a transformacdo de células das fimbrias uterinas, podendo resultar no surgimento
inicial do CO. Nesse sentido, a Mel pode interromper o efeito tumorigénico induzido por
ROS e proteger o tecido original contra transformacdes moleculares malignas (HUANG et al.,
2015; ZARE et al., 2019). De acordo com Reiter et al. (2019), a Mel esta presente em maiores
concentracfes em células normais em comparacdo com células tumorais, e o tratamento de
certos tumores com Mel demonstrou impacto na reversdo do efeito Warburg, diminuindo a

proliferacdo celular, invasdo, migracdo e, consequentemente, a metastase. Em outro estudo, o
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tratamento com Mel utilizando concentraces de 400 a 600 pM, reduziu a taxa de
sobrevivéncia e proliferacdo das células tumorais ovarianas OVCAR-429 e PA-1, aumentando
0 namero de células na fase G1 do ciclo celular e diminuindo o nimero de células na fase S
(SHEN et al., 2016). Em algumas linhagens celulares de CO, a Mel demonstra efeitos
inibitérios na sobrevivéncia celular, e potencializa o tratamento combinado com a cisplatina
(ZEMLA et al., 2017). Estudos in vivo investigaram os efeitos a longo prazo da terapia com
Mel sobre proteinas anti-apoptoticas (Bcl-2 e survivina) e pro-apoptéticas (p53, BAX e
caspase-3) em modelos experimentais de CO papilifero seroso; a Mel demonstrou aumentar a
expressdo de BAX, p53 e caspase-3, além de induzir a fragmentacdo do DNA, conforme
observado no teste do TUNEL (CHUFFA et al., 2016). Recentemente, estudos in vitro e in
vivo evidenciaram o papel pré-apoptético da Mel em células tumorais, a0 mesmo tempo em
que promove a sobrevivéncia de células normais (CHUFFA; REITER; LUPI, 2017). Nosso
grupo de pesquisa ja investigou a interacdo entre a Mel e o metabolismo energético do CO em
um estudo in vivo, envolvendo analise protebmica global. A Mel diminuiu a expressdo de
proteinas envolvidas em processos metabolicos, como a producdo de energia celular e
proteinas associadas a mitocéndria, além de afetar vias associadas ao estresse do reticulo
endoplasmatico, ao processamento e apresentacdo de antigeno, e a proteoglicanos
relacionados ao CO. Assim, esses resultados destacam a Mel como uma terapia adjuvante
importante no tratamento do CO, controlando a proliferacdo de células malignas e auxiliando
na preservacdo e atividade de moléculas com efeitos antitumorais (Figura 1). E ESSA
REFERENCIA?
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Fonte: CHUFFA, L. G. DEA,; REITER, R. J.; LUPI, L. A (2017, p.948)

FIGURA 1 - Resumo dos Processos em que a Mel atua no CO.
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1.3. Cancer de ovario e metabolismo energético

No CO, ocorrem mudancgas metabolicas devido a presenca de células malignas que
alteram as condi¢fes normais, promovendo a carcinogénese. A fosfofrutoquinase 1 (PFK1) é
responsavel pela conversdo da frutose-6-fosfato em frutosel,6-bisfosfato, sendo o segundo
passo irreversivel da glicolise (YALCIN et al., 2014). MutacGes nessa enzima alteram o fluxo
glicolitico da célula tumoral, enquanto seu ativador mais potente, a frutose-2,6 bisfosfato, é
altamente expresso no CO (ATSUMI et al., 2002; WEBB et al.,, 2015). O aumento na
expressao de PFK-1 inativa o complexo piruvato desidrogenase (PDH), suprimindo o ciclo de
Krebs e, consequentemente, a fosforilacdo oxidativa. Esse mecanismo desvia a producdo de
ATP para a glicolise favorecendo o efeito Warburg (ASSAILY; BENCHIMOL, 2006). A
citrato sintase (CS) catalisa a primeira reacdo do ciclo do &cido tricarboxilico, que regula a
geracdo de energia na respiracdo mitocondrial e desempenha um papel importante no
metabolismo dos carboidratos (SCHLICHTHOLZ et al., 2005). Segundo Anderson et al.
(2013), a atividade da CS est4d aumentada durante a progressdo do CO induzido em modelo
experimental de cancer epitelial da superficie ovariana (MOSE). Em estudo que envolveu
experimento in vitro com linhagens SKOV-3 e A2780A, a expressdo desregulada de CS no
CO influenciou a invasao, migracdo, proliferacdo celular e quimiossensibilidade, sugerindo
que a inibicdo da CS pode melhorar o prognéstico das pacientes, reduzindo metéstases e
quimioresisténcia (CHEN et al., 2014). A lactato desidrogenase (LDH), por sua vez, catalisa a
conversao de piruvato em lactato. Quando sua atividade é estimulada na glicolise ocorre
acidificacdo excessiva no microambiente tumoral, favorecendo a invasdo e metéstase
(GATENBY; GILLIES, 2004). O aumento de LDH é observado no liquido peritoneal e soro
de pacientes com CO, e esta relacionado como um importante promotor da tumorigénese,
estimulando o efeito Warburg (HANAHAN; WEINBERG, 2011).

1.4. Melatonina, metabolismo energético e Cancer de Ovario: Interacdes e perspectivas

As células malignas passam por reprogramacdes metabolicas para atender suas
crescentes demandas de energia e controle dos niveis de ROS (DE BERARDINIS;
CHANDEL, 2016). Essas adapta¢des metabolicas, caracterizadas como “Hallmarks” do
cancer, incluem a capacidade de invasdo e metastizacdo, evasdo do controle do crescimento
celular, a proliferacdo descontroladaentre outros processos (HANAHAN; WEINBERG,
2011). Identificar quais dessas caracteristicas um tumor apresenta pode facilitar sua
classificacéo e orientar o tratamento de forma mais precisa (PAVLOVA; THOMPSON, 2016).

A Mel esta relacionada com essas assinaturas do cancer, pois suas propriedades antioxidantes
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protegem o material genético, seja removendo ROS ou estimulando os sistemas de reparo do
DNA, o que pode ajudar a prevenir a instabilidade genémica (TALIB, 2018) (Figura 2).

Desregulagdo metabdlica
Apoptose H
Sinalizagao
ti- i to t | a i i
Instabilidade

Inflamag&o tumoral gerada

Fonte: Imagem elaborada pelo autor
FIGURA 2 - Impacto da Mel em diferentes “Hallmarks” do cancer.

No entanto, a Mel exerce uma a¢do antagdnica nas células tumorais ao promover um
efeito pro-oxidante, contribuindo para a morte celular dessas células (ZHANG; ZHANG,
2014). Estudos realizados em linhagens celulares de cancer de mama (MCF-7) e célon (HCT-
15) demonstraram que a Mel aumenta a capacidade de reparo do DNA, afetando os genes
envolvidos nas vias de resposta a danos no DNA (LIU et al., 2013). Em relacdo as alteracoes
metabdlicas no céncer, o fendbmeno conhecido como efeito Warburg ocorre devido a
reprogramacao metabolica das células tumorais, que direcionam a oxidacdo da glicose para o
citoplasma pelo processo de glicolise aerdbica. A glicolise aerdbica resulta em producdo de
lactato e de ATP em menor quantidade, porém com maior velocidade de sintese se comparado
com a fosforilagdo oxidativa (KALYANARAMAN, 2017; SPENCER; STANTON, 2019).

A capacidade das células tumorais de alternar entre substratos energéticos e vias
metabolicas pode estar associada a um prognostico desfavoravel (HAN et al., 2018a). A
glicolise funciona como uma via precursora, com seus produtos sendo utilizados em diversas
vias, incluindo a fosforilagcdo oxidativa, a via das pentoses fosfato, a gliconeogénese e a
sintese de acidos graxos (HAY, 2016). Além da glicélise, a via das pentoses também se eleva
no céncer, favorecendo o crescimento tumoral e a sintese de intermediarios redutores, como o
NADPH, que sdo essenciais para a protecdo contra os danos oxidativos (CATANZARO et al.,
2015). Essas alteracdes no fornecimento de energia garantem as células tumorais mais
eficiéncia em termos de proliferacdo celular, protecdo contra apoptose e um processo de
metastase mais acelerado (REITER et al., 2020). O fator induzivel por hipdxia 1-alfa (HIF-
la) é um fator transcricional que estd envolvido no estabelecimento do efeito Warburg nas

células tumorais, aumentando a expressdo de enzimas glicoliticas e transportadores de glicose,
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como 0 GLUTL1. Sob baixas concentracGes de oxigénio, o HIF-1a estimula a transcrigdo de
genes responsaveis pela agressividade tumoral (VAUPEL; MAYER, 2007). O HIF-1a ainda
estimula a expressdo de piruvato desidrogenase quinase (PDK) que atua inativando o
complexo piruvato desidrogenase (PDC). A inibi¢do do PDC resulta na oxidacdo de piruvato
em acetil-CoA e eleva os niveis de lactato na célula (BENSINGER; CHRISTOFK, 2012).
Interessantemente, estudos in vivo demonstraram que células mamarias humanas malignas
liberam quantidades considerdveis de lactato durante o dia, mas o0s niveis sdo
significativamente mais baixos a noite, juntamente com outros parametros como sintese de
DNA e captacdo de glicose (BLASK et al., 2014). Esses resultados sugerem que as células
exibem o efeito Warburg durante o dia e revertem durante a noite, indicando uma associagao
entre a atividade metabodlica e o ciclo circadiano. Quando ocorre supressdo da Mel pela
exposicdo a luz durante o periodo noturno, as células tumorais mantém o efeito Warburg,
evidenciando a relacdo entre a Mel e a atividade metabdlica celular (BLASK et al., 2014).
Mais recentemente, observou-se que a Mel nas mitocondrias das células tumorais inibe a acdo
de PDK, permitindo que o piruvato seja convertido em acetil coa (REITER et al., 2020). Isso
potencializa a eficiéncia da cadeia de transporte de elétrons, aumentando a sintese de ATP e
eliminacdo de ERO na matriz mitocondrial (JOU et al., 2004; REITER et al., 2018). No
entanto, sdo necessarios mais estudos para entender completamente o mecanismo pelo qual a
Mel regula o PDC e como isso afeta o metabolismo celular. O acetil é fundamental para
sintese da enzima limitante na producdo de Mel, aril-alquilamina N-acetiltransferase
(AANAT). Estudos anteriores do nosso grupo demonstraram que o tratamento com Mel
reduziu os niveis de HIF-1a e fatores angiogénicos em um modelo de carcinoma ovariano
papilar seroso em ratas com preferéncia ao etanol (ZONTA et al., 2017b). Corroborando o
achado, Park et al. (2010) observaram que a Mel, devido as suas propriedades antioxidantes
contra ROS, inibiu a atividade do HIF-1a inibindo em células tumorais do célon humano
(linhagem HCT116). A glicose-6-fosfato desidrogenase (G6PDH) é uma enzima essencial
para 0 metabolismo energético que tem como produto o NADPH para manter os niveis de
GSH. Em células tumorais, essa enzima elimina ROS, protegendo as células contra danos
oxidativos (JU et al., 2017). S&o necessarias mais investigacdes sobre como o tratamento com
Mel pode afetar a via das pentoses, inibindo a producdo de G6PDH em células de CO. Mais
estudos sdo necessarios para compreender o papel da Mel em diferentes concentragdes na
interacdo com o metabolismo celular do CO, a fim de verificar se ocorre diminuicdo da

proliferacdo de células malignas e se a Mel exerce funcdo antitumoral no CO. Esses achados
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deverdo prover fundamentos que possam auxiliar na compreensdo dos seus efeitos

terapéuticos.

2. RELEVANCIA E JUSTIFICATIVA DO TEMA

Os efeitos da terapia com a Mel sobre as vias de regulagdo no CO, que interagem com
mecanismos envolvidos na proliferacdo, diferenciacdo, apoptose e resisténcia aos tratamentos
sdo bem conhecidos (DE ALMEIDA CHUFFA et al., 2018). No entanto, pouco se sabe sobre
os efeitos da Mel na mitocondria de células tumorais quanto a reprogramacao do metabolismo
energético. O presente estudo investigou moléculas associadas ao metabolismo celular em
duas linhagens de células de CO, bem como componentes do estresse oxidativo e sinalizacdo
celular frente ao tratamento com Mel. Assim, sera possivel obter um panorama de como a Mel
interage com esses componentes e se essa interacdo varia conforme o grau de malignidade
tumoral. Logo, sabendo que a Mel é uma molécula que pode atuar por varios mecanismos em
diversos tumores, a compreensdo desses efeitos podera trazer novas perspectivas para o
tratamento do CO, melhorando os resultados e abrindo novas perspectivas para serem

exploradas em combinacdo com outros tratamentos na prética clinica.
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3. HIPOTESE

Uma vez que a melatonina tem demonstrado resultados promissores como terapia em
diferentes classes de tumores, a hipotese do presente estudo é de que a melatonina redireciona
a glicose para ser oxidada na mitocondria das células de cancer de ovario, modulando a
assinatura metabolica da célula tumoral e controlando sua disseminagéo, enquanto estimula a

morte celular mediada pelo estresse oxidativo.

4. OBJETIVO GERAL

Investigar o efeito da terapia com melatonina sobre o metabolismo celular energético,
sinalizacdo celular e estresse oxidativo em células de carcinoma ovariano humano (SKOV-3)
e (CAISMOV-24).

4.1 OBJETIVOS ESPECIFICOS

1. Avaliar a viabilidade celular e citotoxicidade através do ensaio do MTT;

2. Realizar ensaio de migragéo e invasao celular;

3. Analisar o perfil das moléculas de sinalizagdo celular e mediadores: CREB, JNK, AKT,
NF-kB, p38, ERK1/2, STAT3, STAT5 e P70S6K relacionadas ao metabolismo
energético de ambas as linhagens;

4. Quantificar os niveis de lactato desidrogenase, lactato, GGPDH, PFK, PDH, PFK, citrato
sintase e glutamina através de analises bioquimicas para correlagdo com o tipo de

metabolismo desempenhado pelas células;

5. Quantificar os niveis de melatonina nas linhagens celulares através de kit ELISA para
validar a baixa producdo na célula tumoral;

6. Quantificar por Western Blot, os seguintes alvos moleculares: HIF-1a, G6PDH, GAPDH e
PDH relacionados com o metabolismo energético tumoral;

7. Analisar indiretamente o estresse oxidativo através dos niveis de moléculas antioxidantes
SOD, CAT, GSH-PX:

8. Avaliar a razdo GSH e GSSG
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Abstract: Ovarian cancer (OC) adjusts energy metabolism in favor of its progression and
dissemination. Given the myriad of antitumor actions attributed to melatonin (Mel), we sought to
explore its effects on energy metabolism and kinase signaling in human OC cells (SKOV-3 and
CAISMOV-24). Cells were divided into a control group and experimental groups. They were treated
with Mel in the presence or absence of the antagonist luzindole. Cell viability was reduced with Mel
concentrations at 3.4 uM for SKOV-3 and 7 uM for CAISMOV-24 cells. There was a significant
decrease in HIF-10, GBPDH, GAPDH, and PDH levels after Mel treatment even in the presence of
luzindole in both OC cells. Mel treatment also reduced the activity of OC-related enzymes such as
PFK-1, G6PDH, LDH, and citrate synthase, whereas PDH activity was increased in both cells. The
levels of lactate and glutamine significantly dropped after Mel treatment. Mel promoted a reduction in
the concentrations of CREB, JNK, NF-kB, p-38, ERK1/2, AKT, P70S6K, and STAT in both cell lines.
Collectively, Mel regulates energy-related processes that are altered in OC cells, thus reversing the
Warburg-type metabolism and possibly reducing glutaminolysis thereby attenuating various oncogenic
molecules associated with OC progression and invasion. Most of these changes were receptor
independent.

Keywords: Ovarian cancer; melatonin; cellular metabolism; Warburg effect; kinase signaling; tumor
progression; glutamine.

1. Introduction

Ovarian cancer (OC) is a common cancer of the female reproductive system and has
the highest mortality rate of any reproductive cancer [1]. This high death rate is especially due
to the generic and silent symptoms in addition to its recurrence rate and aggressiveness [2,3].

Among the risk factors associated with OC development are late menopause, high number of
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pregnancies, hormone replacement therapy, incessant number of ovulations, and genetic
factors [4]. The heterogeneity of OC subtypes makes conventional treatments with
chemotherapy and surgical removal difficult and contributes to disease recurrence and
chemoresistance [5,6]. Changes in cellular metabolism occur as tumors reprogram nutrient
acquisition and metabolism pathways to meet the demands for bioenergy, replication, and
regulation of reactive oxygen species (ROS) levels in these malignant cells [7]. These
alterations are considered hallmarks of cancer metabolism, having as main characteristics of
tissue invasion and metastasis, avoidance of cell growth suppression, proliferation, replicative
immortality, resistance to cell death, induction of the angiogenesis process, immune evasion,
and altered cellular energy [8,9].

Melatonin  (Mel) is a lipophilic indoleamine, also known as N-acetyl-5-
methoxytryptamine. It is synthesized from serotonin by the enzymes arylalkylamine N-
acetyltransferase (AANAT) and acetylserotonin O-methyltransferase (ASMT) [10]. Although
Mel production occurs in the pineal gland at night, many other tissues and cells (perhaps all)
also produce the indole for local actions [11,12]. In healthy cells, Mel protects the genetic
material by removing destructive ROS or by stimulating DNA repair systems, both of which
reduce genomic instability [13]. However, in tumor cells, Mel has an antagonist action by
promoting a prooxidant effect which contributes to cancer cell death [14].

Aerobic glycolysis (or the Warburg effect), which many tumor cells display, consists of
enhanced glucose uptake and lactate production, resulting in a rapid energy supply required to
support tumor growth and metastatic processes [15-18]. Because it reverses Warburg type
metabolism, Mel has been hypothesized to inhibit the activity of pyruvate dehydrogenase
kinase (PDK), which in turn normally activates the pyruvate dehydrogenase complex (PDH)
thereby allowing the conversion of pyruvate to acetyl-CoA and redirecting glucose for
oxidation in the mitochondria [19]. It has been recently reported that Mel, at pharmacological
concentrations, reduced the levels of lactate and lactate dehydrogenase in SKOV-3 cells,
corroborating the idea of an alternative route for pyruvate metabolism [20]. However, it has
not yet been documented which mechanisms and signaling pathways are involved with these
processes. Additional emphasis on different pathways related to glycolysis, pentose phosphate
pathway, and citric acid cycle will help reveal which biochemical intermediates are influenced
by Mel; many of these processes are examined in the current report.

Altered cell signaling is usually linked to the progression of different tumors. The

overexpression of CAMP response element-binding protein (CREB) induces apoptosis in T
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cells and stimulates cancer growth; in OC, CREB functions as an important regulator of tumor
initiation, progression, and metastasis [21,22]. The signal transducer and activator of
transcription 3 (STAT3) and 5 (STATS) activation play important roles in metastasis including
cell proliferation, invasion, migration, and angiogenesis [23]. Also, nuclear factor-kB (NF-kB)
promotes to the transcription of several genes involved in immune response, cell proliferation,
adhesion, and apoptosis [24]. Protein kinase B (PKB), also known as Akt, and extracellular
signal-regulated kinases 1 and 2 (ERK1/2) are signaling pathways associated with cell
motility which are also regulated by Mel [25]. Mel exerts an inhibitory effect on breast cancer
cell invasion through downregulation of the mammalian p38 mitogen-activated protein kinase
(p38) pathway [26]. Another factor to be investigated is the ribosomal protein S6 kinase
(P70S6K), which plays a pivotal role in regulating cell growth by stimulating the synthesis of
proteins associated with cancer progression [27].

As Mel exhibits diverse mechanisms of action in different tumor types, our study
aimed to elucidate its regulatory mechanisms in glycolysis-related energy metabolism and cell
signaling pathways in two OC cell lines, SKOV-3 and CAISMOV-24 cells. An understanding
of these mechanisms from a metabolic standpoint may bring new perspectives for patients
suffering with deadly OC.

2. Materials and Methods
2.1. Cell culture and reagents

SKOV-3 cell line (ATCC® HTB-77) was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA), and the CAISMOV-24 cell line was obtained from
the Hospital da Mulher Prof. Dr. José Aristodemo Pinotti Caism (UNICAMP, Campinas, SP,
BRAZIL). The CAISMOV-24 cell line was derived from ascites obtained from a 60-year-old
patient with recurrent disease. It is classified as a low-grade serous OC [28]. SKOV-3 cells
were grown in RPMI medium (Gibco, Paisley, UK) whereas CAISMOV-24 cells were grown
in DMEM HAM’S F12 (LGC, Cotia, BR). Both cell types were supplemented with 10% fetal
bovine serum (FBS; Gibco) and penicillin at 100 1U/ml and 100 pg/ml streptomycin (Gibco)
and incubated in a humidified atmosphere at 37°C with 5% CO2. The cells were expanded in
75 and 25 cm2 cell culture flasks (Costar, Cambridge, MA, USA) containing the basal culture
medium, which was changed periodically. Once the cells reached 90% confluence, the culture
supernatant was aspirated, and cells were washed twice with 10% phosphate-buffered saline
(PBS; Oxoid Limited, Hampshire, UK). Next, cells were incubated with trypsinf/EDTA
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(Gibco) to avoid any adherence to the flasks. After centrifugation, cells were washed in

culture medium, resuspended, and used in all experiments.

2.2. Experimental design and treatments
To assess the effects of Mel and its combination with luzindole, a Mel receptor
blocker, on OC cells, we initially determined effective concentrations using the 1Cso method
(MTT cytotoxicity assay). Concentrations of 3.4 uM and 7 uM of Melatonin (Mel, catalog
number M5250-1G, Sigma-Aldrich, Saint Louis, MO, USA) were effective in inhibiting
SKOV-3 and CAISMOV-24 cells over a period of 24 h. This time period corresponds to a
single circadian cycle of Mel action, influencing the choice for a 24-hour exposure. The
concentration of the Mel receptor antagonist luzindole (L2407, Sigma CO, Saint Louis, MO,
USA) was used at a concentration of 1 uM for both cell lines. Subsequently, to assess the
combined effect of Mel and luzindole on cancer cells, each cancer cell line was divided into
three experimental groups: Control: cells treated with culture medium containing 100 pL of
DMSO solution as vehicle; Melatonin: cells treated with Mel at concentrations of 3.4 for
SKOV-3 and 7 puM for CAISMOV-24, plus vehicle; Mel + luzindole: cells treated with a
combination of Mel and luzindole, both dissolved in DMSO. For the combination group,
luzindole was first added to the incubation medium, and after 30 min, the pre-established
concentration of Mel was added. Mel and luzindole were dissolved in DMSO to maintain the
molar concentrations specified by the manufacturers. All experimental assays were performed
in biological and technical triplicates (Figure 1).
5 Control
Melatonin: 3,4 uM (IC+;)

-} Melatonin + Luzindole 1 uM
(IC50)

Groups

24h

Treatment Analysis

Control
Melatonin: 7 pM (IC5)
Melatonin + Luzindole 1 uM

(ICs0)

Figure 1. Schematic representation of the treatment groups and experimental procedures.

2.3. Cell viability (MTT assay)
Cell viability was analyzed using the MTT colorimetric method based on ICsp to

determine proper Mel concentrations. After the confluence rate, SKOV-3 and CAISMOV-24
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cells were trypsinized, seeded in 6-well plates at a density of 5x105 cells per well, and
cultured with appropriate medium supplemented with 10% FBS. After cell adherence, Mel
and luzindole were added to the culture medium following the experiment design with
specific concentrations (2.0, 3.4, 5.0, and 7.0 uM). These concentrations are close to the
physiological levels of Mel. Viability curves were estimated after a 24h of treatment period
using the MTT solution (5mg/mL). To assess cytotoxicity, the reactions were performed using

a microplate reader (Epoch, Bio Tek Instruments, USA).

2.4. Western blot analysis

At the end of the experiments, SKOV-3 and CAISMOV-24 cells (5 x 10%) were
washed with PBS and homogenized with RIPA lysis buffer containing protease inhibitors
(Sigma CO, Saint Louis, MO, USA). Protein quantification was performed using a Nano-
Vue® (GE Healthcare) spectrophotometer. Samples with 50 pg of protein cell extract were
solubilized and applied on 4-20% polyacrylamide gel (SDS-PAGE). After performing
electrophoresis, the proteins were electro transferred (35 mA) to a nitrocellulose membrane
(Bio-Rad, California, USA). The membranes were blocked with 3% milk diluted in TBS-
Tween and incubated with the primary antibodies: glucose-6-phosphate dehydrogenase
(G6PDH) (ab87230, abcam, 1:500), (GAPDH) (ab9485, abcam, 1:500), hypoxia-inducible
factor 1-alpha (HIF-1la) (ab2185, abcam, 1:500), and pyruvate dehydrogenase (PDH) E1
subunit (ab110416, abcam, 1:500), diluted in 1% TBS-Tween. Next, the membrane was
washed in basal solution (1% TBS-Tween) and incubated with secondary antibody (1:10,000)
diluted in 1% milk. After washing, the reaction was generated using the chemiluminescent
substrate ECL® Selected Western Blotting Detection Reagent (GE Healthcare, Uppsala,
Sweden). The analysis detected the presence or absence of bands in G-Box transilluminator.
The intensity of bands was quantified using Image J software through optical densitometry
and normalized to the endogenous a-tubulin (ab4074, abcam, 1:500). Three replicates from

each group were used.

2.5. Biochemical analysis of energy metabolism

To analyze enzymatic activities or the level of the molecules that participate in the
glycolytic pathway, pentose phosphate pathway, citric acid cycle, and glutaminolysis, the
assays were carried out on specific biochemical kits for each analyte. For standardization, we

used 40 ug of proteins that were extracted with a lysis buffer containing protease inhibitors
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(Sigma CO, Saint Louis, MO, USA) according to the experimental design. The biochemical
kits were as follows: Glucose-6-Phosphate Dehydrogenase (G6PDH) Assay Kit (MAKO015),
Phosphofructokinase 1 (PFK-1) Activity Colorimetric Assay Kit (MAKO093), Lactate
Dehydrogenase (LDH) Assay Kit (MAK0661KT), Lactate Assay Kit (MAKO064), Citrate

Synthase (CS) Assay Kit (MAK193), Pyruvate Dehydrogenase (PDH) Activity Assay Kit
(MAK183), and Glutamine Assay Kit (MAK438). All biochemical kits were manufactured by
Sigma CO (Saint Louis, MO, USA). After the experiments, readings were performed on a

microplate reader (Epoch, Bio Tek Instruments, USA).

2.6. Measurement of cell signaling molecules

Multiple molecules associated with tumor-related cell signaling were determined after
the treatments. The protein extraction (n= 24 samples/group) was performed using a
MilliPlex® immunoassay Map Kit (EMD Millipore, Darmstadt, Germany) according to the
manufacturer's protocol. The profile of cell signaling (Cat # 48-681 MAG) included the
following factors: CREB, JNK, AKT, NF-kB, p38, ERK1/2, STAT3, STAT5, and P70S6K.
The levels of these molecules ranged from 200 to 10000 pg/mL according to the
manufacturer’s instructions. Fluorescence intensity was read at 575 nm and measured using

the MAGPIX system (Luminex® Corporation, Austin, TX, USA).

2.7. Statistical analysis

Data were processed using an analysis of variance (One-way ANOVA) for one factor
and presented as the mean = standard deviation (SD). Significant results were complemented
by Tukey’s test. Statistical analysis was performed using GraphPad Prism 9.0 software
(GraphPad Software, San Diego, CA) and significant differences between groups were

determined with a p-value <0.05.

3. Results

3.1.  Cell viability is significantly reduced with melatonin concentrations in both OC cells.
Initially, we identified the cytotoxic effect of Mel at different concentrations, with

IC50 was pre-established at 3.4 uM for SKOV-3 cells and 7 uM for CAISMOV-24 cells;
Notably, CAISMOV-24 cells, derived from malignant ascites, exhibited greater resistance to
Mel’s treatment (Figure 2A). To determine whether the effect of Mel was receptor-dependent
or independent, luzindole, acting as an antagonist of Mel receptors MT1 and MT2 Mel
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receptors, was employed. Subsequently, cell viability was assessed using different
concentrations of luzindole ranging from 100 uM to 0.0001 uM. After 24 hours of treatment,
viable cells were counted, and the results were expressed as cell growth relative to the control
group; the effective concentration of luzindole was found to be 1 uM for both cell types
(Figure 2B).
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Figure 2. Cell viability after Mel and luzindole exposures. A) MTT reduction assay after treatment
with different concentrations of Mel (2 uM, 3.4 uM, 5 uM, and 7 uM) in SKOV-3 and CAISMOV-24
cells to determine optimal concentration based on IC50. B) MTT assay after treatment with different
concentrations of luzindole (100 uM, 1 uM, 0,01 uM, and 0,0001 pM.) in SKOV-3 and CAISMOV-24
cells. Data are expressed as the mean £ SD. Experiments were performed using three technical and
biological replicates. *P<0.05.

3.2.  Melatonin attenuates the levels of proteins related to the Warburg effect in OC cells.
To investigate the efficiency of Mel on glycolytic intermediates, we analyzed the

levels of glucose-6-phosphate dehydrogenase (G6PDH), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), pyruvate dehydrogenase (PDH), and hypoxia-inducible factor 1-
alpha (HIF-1a) in both OC cell lines after treatment for a period of 24 h (Figures 2 and 3).
Mel alone significantly decreased HIF-1a levels, (1.72-fold and 2.38-fold decrease vs control
groups in SKOV-3 and CAISMOV-24 cells). In CAISMOV-24 cells, HIF-1la was
significantly reduced by the Mel (1.55-fold decrease vs control group) and also after Mel and
luzindole exposure (2.03-fold decrease vs control group). GAPDH is involved not only in the
glycolysis but also in other signaling pathways that favor tumor expansion; Mel significantly
suppressed its increase (1.15fold and 2.11-fold decreased vs control group in SKOV-3 and
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CAISMOV-24 cells). In the presence of luzindole, Mel also reduced the levels of GAPDH in
the two OC strains (1.81-fold and 1.96-fold decrease vs control groups in SKOV-3 and
CAISMOV-24 cells). The Mel treatment also caused a significant reduction in GGPDH levels
in both OC strains (1.88-fold and 1.75-fold decrease vs control group in SKOV-3 and
CAISMOV-24 cells). PDH levels were also reduced in the presence of Mel alone (1.51-fold
and 1.9-fold decrease vs control group in SKOV-3 and CAISMOV-24 cells). For CAISMOV-
24 cells, a significant reduction in PDH levels was observed after a combination of Mel and
luzindole (1.58-fold decrease vs control group). The effects in SKOV-3 cells mostly
depended on receptors, whereas in CAISMOV-24 cells these effects were independent of Mel
receptors. In general, these results confirm that Mel reverses the Warburg effect in OC cells,

reducing proteins associated with tumor progression (Figure 3 and 4).
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Figure 3. Mel reduces molecules involved with energy metabolism in SKOV-3 cells. A)
Representative profile of the proteins GAPDH, G6PDH, PDH, and HIF-1a in cellular extracts of 50 pg
of proteins using three technical and biological replicates. B) Optical densitometric analysis of selected
protein levels in SKOV-3 cells after normalization with a-tubulin. Data are expressed as the mean +
SEM of triplets. * P<0.05. Mel: melatonin, GAPDH: glyceraldehyde 3-phosphate dehydrogenase;
G6PDH: glucose-6phosphate dehydrogenase; PDH: pyruvate dehydrogenase complex; HIF-1la:
hypoxia-inducible factor 1-alpha.
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Figure 4. Mel reduces molecules involved with energy metabolism in CAISMOV-24 cells. A)
Representative profile of the proteins GAPDH, G6PDH, PDH, and HIF-1a in cellular extracts of 50 pg
of proteins using three technical and biological replicates. B) Optical densitometric analysis of selected
protein levels in CAISMOV-24 cells after normalization with o-tubulin. Data are expressed as the
mean * SEM of triplets. *P<0.05. Mel: melatonin, GAPDH: glyceraldehyde 3-phosphate
dehydrogenase; G6PDH: glucose-6-phosphate dehydrogenase; PDH: pyruvate dehydrogenase
complex; HIF-1a: hypoxia-inducible factor 1-alpha.

3.3.  Melatonin affects the activity of key molecules involved with glycolysis, Krebs cycle,
and glutaminolysis in OC cells.

To explore the activities of regulatory enzymes associated with energy metabolism
and the Warburg effect, we individually assayed G6PDH, PFK-1, LDH, CS, and PDH in
addition to measuring lactate and glutamine levels (Figures 5 and 6). Mel combined or not
with luzindole reduced the activity of CS and the levels of lactate in SKOV-3 cells (p=0.003,
Mel group vs Control) and (p=0.031, Mel+Luz vs Control). In this cell line, treatment with
melatonin alone reduced G6PDH (p=0.019), PFK-1 (p=0.015), and LDH (p=0.032) activities
in addition to decreasing the levels of glutamine (p=0.004). In the CAISMOV-24 cells, Mel
combined or not with luzindole, reduced the activities of G6PDH (p=0.008), PFK-1
(p=0.015), LDH (p<0.001) while lowering the levels of glutamine (p=0.008). Also, there was
a significant reduction in the CS activity (p<0.001) and in the levels of lactate (p=0.033), but
only when Mel was administered alone. Considering PDH, treatments with Mel significantly
stimulated its activity in SKOV-3 (p=0.004) and in CAISMOV-24 cells (p=0.013), which may
favor mitochondrial metabolism. While in SKOV-3 cells this increase was promoted by Mel
alone (receptor dependent), in the CAISMOV-24 strain it was receptor independent (Figures 5
and 6). These results are the first to demonstrate the involvement of Mel in enzymatic
activities and key substrates of OC-related energy metabolism, disfavoring aerobic glycolysis
and its by-products. Based on the results, lactate levels and citrate synthase activity were
regulated by Mel independently of its receptor in SKOV-3 cells, but in the CAISMOV-24 cells

they were dependent on Mel receptors.
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Figure 5. Enzymatic activity of PFK-1, G6PDH, LDH, PDH, and citrate synthase, and the levels of
lactate and glutamine in SKOV-3 cells in response to melatonin and luzindole after 24h treatment
exposure. Data are expressed as the mean + SD. *P<0.05. All samples were assayed in triplicate and in
the same run. One-way ANOVA complemented by Tukey’s test. G6PDH: glucose-6-phosphate

dehydrogenase; LDH: lactate dehydrogenase; PDH: pyruvate dehydrogenase complex; PFK-1:

phosphofructokinase 1.
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Figure 6. Enzymatic activity of PFK-1, G6PDH, LDH, PDH, and citrate synthase, and the levels of
lactate and glutamine in CAISMOV-24 cells in response to melatonin and luzindole after 24h
treatment exposure. Data are expressed as the mean £ SD. *P<0.05. All samples were assayed in
triplicate and in the same run. One-way ANOVA complemented by Tukey’s test. GGPDH: glucose-6-
phosphate dehydrogenase; LDH: lactate dehydrogenase; PDH: pyruvate dehydrogenase complex;
PFK-1: phosphofructokinase 1.

3.4. Melatonin reduces CREB, JNK, NF-kB, and AKT levels in SKOV-3 and CAISMOV-24
cells regardless of its membrane receptor activation.

Using a multiplex assay to assess the total amount of protein per cell volume, it was
possible to observe whether treatments with Mel and Mel with luzindole influenced the
concentrations of CREB, JNK, NF-kB, and AKT in the two cell lines (Figures 7 and 8).
CREB levels were significantly reduced by Mel in SKOV-3 and CAISMOV-24 cells
(p<0.001) and caused a greater reduction in the presence of luzindole (p<0.001). JNK levels
were also significantly reduced by Mel and Mel combined with luzindole in both OC cells
(p<0.001). AKT levels showed the same reduction response to Mel treatments in SKOV-3 and

CAISMOV24 cells (p<0.001). The same occurred with the group combined with luzindole in
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both cell lines (p<0.05). Finally, either Mel alone or Mel with luzindole induced a significant
drop in the concentration of NF-kB in SKOV-3 cells (p<0.001). In CAISMOV-24 cells, Mel
combined with luzindole also showed a decrease in NF-kB levels compared to the Mel group
(p<0.001). These findings demonstrate the Mel’s multiple actions in OC cells which may
contribute to the ability of Mel to inhibit this cancer type. Except for NF-kB levels in
CAISMOV-24 cells, these biological responses occurred independently of Mel receptors since

the groups Mel alone or combined with luzindole showed a similar effect.

3.5. Concentrations of p38, P70S6K, ERK1/2, STAT3 and STAT5 are reduced in OC cells after
melatonin treatment.

We also investigated the actions of Mel combined or not with luzindole on signaling
factors involved with OC progression (Figures 7 and 8). The p38 levels were only reduced
with Mel and luzindole in the two OC strains (p<0.001). P70S6K levels were significantly
decreased in both OC cells. While in SKOV-3 cells this effect occurred with Mel (p<0.001)
and Mel plus luzindole (p<0.001), in the CAISMOV-24 cells, this reduction appeared in the
combination group (p<0.001). Similar results were observed for ERK1/2 and STAT3. The
levels of ERK1/2 were reduced in the SKOV-3 cells after treatments (p<0.001) and in the
CAISMOV-24 cells only with the combination of Mel with luzindole (p<0.05). STAT3 levels
were reduced in SKOV-3 cells after both treatments (p<0.001) but only after combination
treatment in CAISMOV-24 cells (p<0.001). STAT5 was significantly reduced only in SKOV-3
cells considering both treatments (p<0.05). By attenuating the concentration of these factors,
Mel likely impacts OC growth, expansion, and neovasculogenesis. Most of the Mel’s effects

were independent of its membrane receptors.
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Figure 7. Multiplex analysis of cell signaling-related molecules in SKOV-3 cells in response to
melatonin and luzindole. Concentrations of CREB, JNK, AKT, NF-kB, p38, ERK1/2, STAT3, STAT5,
and P70S6K were evaluated in the OC cell extracts after 24 h of treatment. Data are expressed as the
mean £ SD. *P< 0.05. The samples were assayed in triplicate and in the same run. One-way ANOVA
complemented by Tukey’s test. CREB: cAMP response element-binding protein; JNK: c-Jun N-
terminal kinase; AKT: Protein kinase B; NF-kB: factor nuclear kappa B; p38: mitogen-activated
protein kinase; ERK1/2: Ras-dependent extracellular signal-regulated kinase (ERK)1/2; Ribosomal
protein S6 kinase (P70S6K); STAT3: Signal Transducer and Activator of Transcription 3; STATS:
Signal Transducer and Activator of Transcription 5
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Figure 8. Multiplex analysis of cell signaling-related molecules in CAISMOV-24 cells in response to
melatonin and luzindole. Concentrations of CREB, JNK, AKT, NF-kB, p38, ERK1/2, STAT3, STATS5,
and P70S6K were evaluated in the OC cell extracts after 24 h of treatment. Data are expressed as the
mean + SD. *P< 0.05. The samples were assayed in triplicate and in the same run. One-way ANOVA
complemented by Tukey’s test. CREB: cAMP response element-binding protein; JNK: c-Jun N-
terminal kinase; AKT: Protein kinase B; NF-kB: factor nuclear kappa B; p38: mitogen-activated
protein kinase; ERK1/2: Ras-dependent extracellular signal-regulated kinase (ERK)1/2; Ribosomal
protein S6 kinase (P70S6K); STAT3: Signal Transducer and Activator of Transcription 3; STATS:
Signal Transducer and Activator of Transcription 5.

4. Discussion
In this study, we report that Mel alleviates the harmful impact of Warburg-type

metabolism and tumor signaling factors in OC cells by decreasing the expression and
activities of important players involved with aerobic glycolysis, glutaminolysis, and tumor
progression. More recently, Mel has been documented to have a beneficial effect in reversing
the glycolytic metabolism of tumor cells [19,29-32]. The results of the present study also

support these findings in OC cells. In addition to its action on energy metabolism, the enzyme
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH) also acts on DNA replication and
repair, nuclear tRNA export, apoptosis, endocytosis, exocytosis, and cytoskeletal organization
[33-35]. Studies have indicated that GAPDH is differentially expressed in several types of
cancer, including OC [33,36,37]. In OC, the overexpressed GAPDH is involved in tumor
development and metastatic processes as it leads to an increase in glycolysis as well as in cell
motility [38,39]. Notably, Mel significantly decreased the expression of GAPDH in both OC
cells, thus demonstrating its effectiveness in OC metabolism and revealing a receptor-
independent effect.

PFK-1 is responsible for the conversion of fructose-6-phosphate into fructose
1,6bisphosphate and acts as a rate-limiting enzyme for glycolysis [40,41]. An increase in PFK-
1 expression could cause the inactivation of the PDH complex, leading to the suppression of
the Krebs cycle and consequently depressing oxidative phosphorylation. This mechanism
diverts ATP production to glycolysis, favoring the Warburg effect [42,43]. Mel reduced the
activity of PFK-1 in OC cells, thereby preventing glycolysis typical of cancer cells. In
addition to the molecules involved in cellular respiration, Mel also regulates other processes
related to glycolysis, such as the pentose phosphate pathway (PPP). G6PDH is the first
enzyme of PPP [44], and its overexpression is linked to the stage of cancer development, cell
cycle regulation, DNA repair, tumor size, invasion, metastasis, survival rate, and
chemoresistance, which creates a favorable environment for tumor progression [45-47]. Mel
therapy not only reduced G6PDH expression but also its activity in the OC strains, thus
revealing a key role against the production of ribose-5-phosphate and NADPH. PDH is a
complex of interdependent enzymes, one of which is pyruvate dehydrogenase Ela. PDH is
inhibited by another enzyme called PDK [48]. PDH, which converts pyruvate to acetyl-CoA,
is often downregulated in tumors that utilize Warburg type metabolism. This prevents
pyruvate transport into the mitochondria where it would be converted to acetyl CoA. Since
acetyl CoA is a cofactor for the conversion of serotonin to acetyl serotonin, its loss limits
AANAT activity, the rate-limiting enzyme that transfer acetyl group of acetyl CoA to N-
acetyl-serotonin during mitochondrial synthesis of Mel [10]. Under these conditions, when
pyruvate is retained in the cytosol it is converted to lactate by the enzyme lactate
dehydrogenase [19,49].

Lactate is then released from the cell resulting in the acidification of the tumor
microenvironment [19]; this aids the processes of invasion, progression, and metastasis of
tumor cells [50]. HIF-1a. is a transcription factor related to the Warburg effect in tumor cells.

Under low oxygen concentrations, HIF-1o stimulates the transcription of genes responsible
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for tumor aggressiveness [51]. HIF-1a specifically stimulates the expression of PDK, which
acts by inactivating the PDH complex [52] and prevents the formation of acetyl CoA. As
observed in our experiments, via reducing the expression of HIF-1a, Mel contributes to
reversing the aerobic glycolysis impairing OC cell metabolism [31]. Herein we found that
although the levels of PDH were reduced in the OC cells, its enzymatic activity was
significantly higher after Mel treatment. This Mel -induced change would redirect glucose
oxidation to the mitochondria, reversing Warburg-type metabolism in a receptor-dependent
manner for SKOV-3 cells but independent for CAISMOV-24. Also supporting these findings,
Mel reduced the activity of LDH and lactate levels in OC cells, thus preventing their harmful
effects and corroborating the canonical route of the glycolytic pathway.

For tumor cells to proliferate, an energy supply from both glucose and glutamine
sources is needed since they provide energy and intermediates for the synthesis of
macromolecules [53]. When glucose is at low concentrations, tumor cells convert glutamine
into lactate faster than normal cells, thus ensuring a glucose-independent metabolic pathway
and favoring the Warburg effect [54]. We observed that Mel reduced glutamine levels in OC
cells, thus likely lowering the production of acetyl CoA and explaining the previously
observed reduced Mel concentration in cancer cell mitochondria [15,55]. CS catalyzes the first
reaction of the TCA cycle and is thought to regulate energy generation in mitochondrial
respiration playing a central role in carbohydrate metabolism [56]. Evidence has shown that
CS activity is altered in different types of cancer [57]. An increase in CS expression is
observed in malignant OC cell lines (SKOV3 and A2780) compared with benign OC and
normal human ovarian surface [58]. Our results suggest that reduced CS activity caused by
Mel may help to explain the ability of the indoleamine to disrupt energy production leading to
impaired cellular metabolism; further investigation will shed light on this mechanism.

We further measured multiple cells signaling kinases associated with OC
aggressiveness. There are studies proving the relationship of P70S6 kinase, a component of
the PI3K/Akt pathway, with OC [59]; an increase in 70 is related to OC aggressive phenotypes
[60]. Our findings showed a reduction in p70 levels after Mel treatment, which may attenuate
cell-growth-linked processes. Studies have shown that 70% of OC cases have dysregulated
PI3K/AKT signaling [61]. Changes in AKT activity can alter the invasion, migration and
autophagic activity of tumor cells, making this pathway a promising target for therapeutic
intervention in OC [61-64]. Treatments with Mel and cisplatin alone and in combination
showed the inhibition of the PI3K/Akt signaling pathway as well as the increase of oxidative

stress resulting in OC cell death [65]. Using in vivo and in vitro models of OC, we previously
43



documented the ability of Mel to reduce AKT levels [55,66]. Our current analyses further
revealed that Mel reduced the MAPK-IJNK-ERK1/2 pathway; these pathways regulate several
cellular processes such as cell cycle progression, adhesion, migration, survival, differentiation,
metabolism, and proliferation [67]. Studies have documented that the MAPK-JNK-
ERK1/2mTOR pathway is involved in resistance associated with autophagy and cell survival
in several cancer cell lines [68—70]. Mel attenuated the expression of INK and ERK1/2 in both
cell lines, thereby inhibiting the aggressive potential of OC. The p38 kinase regulates many
cellular functions, including migration, proliferation, differentiation, stress response,
apoptosis, and cell survival, since it has high affinity for different substrates [71,72]. There is
paucity data that relate to the effects of p38 in OC; our results showed a reduction of p38 after
Mel exposure. We also showed that Mel significantly reduced STAT3 and STAT5 levels in OC
cells.

STAT3 and STATS5 are signal transducers and transcriptional activators belonging to a
large family of transcription factors [73]. They are involved in proliferation, escape from
apoptosis, angiogenesis, cell invasion and migration, and inactivation of antitumor immunity
[74]. The STAT3 and STATS5 levels are increased in OC compared to normal tissue [75]. In
this context, Mel inhibits transcription factors that activate key pathways in tumor
development. Moreover, Mel promoted the reduction of CREB and nuclear factor kB (NF-
kB). CREB is a transcription factor complex with many functions such as upregulating the
methylation of histones H3 and H4, acting on the initiation of the transcriptional machinery
[76,77]; CREB is overexpressed in tumors such as Hodgkin's lymphoma, melanoma, prostate,
lung, gastric, esophageal, pancreatic, breast, and OC, and when it is negatively regulated, a
reduction in the expression of genes that control the hallmarks of cancer occurs [78-81].
Although there is a lack of studies involving CREB in OC, our findings support the role of
Mel in negatively regulating its expression in the two OC cells. The same occurred with NF-
kB, which is involved in several processes participating in the transcription of genes mainly
related to inflammatory actions and tumor processes [82,83]. Mel also effectively reduced this
nuclear factor in SKOV3 cells, contributing to the inhibition of the inflammatory processes in
the OC microenvironment.

The main limitations of this study include (I) the lack of a complete investigation of
the metabolic enzymes involved in energy acquisition by the cells (I1) when luzindole is
combined with Mel an even more distinct biological response occurred at targets; a possible
explanation to this fact is that the unbound Mel could enter the cells by alternate routes,

thereby interfering with intracellular activation of signaling molecules.
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5. Conclusions

Mel reversed the Warburg type metabolism of OC cells by regulating critical players
altered in energy metabolism associated with tumor expansion and dissemination. There was
also a reduction in lactate and glutamine levels, along with attenuation of oncogenic signaling
molecules associated with OC aggressiveness, which directly or indirectly act in the
promotion and activation processes in the tumor microenvironment. Since CAISMOV-24
resembles its primary malignant cells and survives well in ascitic fluid suspensions, it showed
greater resistance to treatments, especially considering oncogenic signaling. The results of the
current study document the significant therapeutic potential of Mel in arresting OC tumor
progression; the effects of Mel were mostly generated independent of the classic membrane
receptors, MT1 and MT2, especially in SKOV-3 cells. This work represents a milestone in the
investigation of Mel’s role in energy metabolism and provides an overview of how it acts
mechanistically by curbing the energy machinery altered in OC cells, finally pointing to a new
horizon for the treatment of OC (Figure 9).

Figure 9. This image summarizes the main findings of the study. By acting on OC cell, melatonin reduces the
levels of lactate and glutamine in addition to the enzymatic activities of LDH, PDH, G6PDH, GAPDH, PFK-1,
and citrate synthase. Also, melatonin was capable of altering the concentrations of NF-kB, ERK1/2, CREB,
AKT, JNK, p38, P70S6K, STAT3, and STAT5. Most of these melatonin-mediated cellular mechanisms may be
occurring in different compartments of the OC cell and some of them were independent of its membrane
receptor activation.
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Abstract

Ovarian cancer (OC), a highly recurrent and fatal tumor,of female reproductive system, poses
diagnostic challenges due to its generic symptoms and resistance to established treatments. Melatonin
(Mel) is an indoleamine produced by the pineal gland with well-known properties that act against
tumor progression and exhibit a pro-oxidative effect on tumor cells. This study explores the impact of
Mel on the antioxidant defenses of OC cells (SKOV-3 and CAISMOV-24), focusing on both its
receptor-dependent and independent effects. Cell viability was assessed using the MTT method with
ICso values of Mel determined. Viability curves were estimated, and cytotoxicity was detected using a
microplate reader. Cell invasion and migration assays were conducted using Geltrex®-coated transwell
chambers for invasion and standard chambers for migration. Mel concentration was measured using a
commercial ELISA kit, and the antioxidant system was analyzed by preparing supernatants to assess
glutathione (GS), reduced glutathione (GSH), oxidized glutathione (GSSG), catalase (CAT),
glutathione-S-transferase (GST), and superoxide dismutase (SOD). SOD and CAT activities were
determined through enzyme assays, and GSH, GT, GSSG, and GST levels were quantified using
specific protocols. Mel treatment stimulated its own intracellular synthesis, reducing cell viability in
both cell lines. Notably, Mel, independent of its membrane receptors, inhibited migration and invasion,
demonstrating its antitumoral potential. By investigating antioxidant systems, we observed pro-
oxidative effects of Mel due to the reduced activity of superoxide dismutase (SOD), catalase, and
glutathione enzymes. The modulation of these antioxidants by Mel demonstrates its multifaceted role
in OC, emphasizing its therapeutic potential against this challenging malignancy. This study
contributes with novel insights into Mel's receptor-independent actions, providing a foundation for
further research in OC therapy.

Keywords: Ovarian Cancer, Melatonin, Oxidative stress, Antioxidant Defense

1. Introduction
Ovarian cancer (OC) is a prevalent subtype affecting women’s reproductive systems,
characterized by high recurrence and mortality rates [1]. This mortality rate is associated with
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its late diagnosis due to multiple symptoms that are often generic and their aggressive
recurrence, even with already established treatments and surgical techniques [2,3]. Tumors
undergo metabolic modifications to fulfill energy, replication, and redox balance needs, [4]
These changes are recognized as key aspects of cancer metabolism, marked by features such
as tissue incursion and metastasis, elusion of growth inhibition in cells, rapid proliferation,
sustained cell viability, resilience against cell demise, initiation of the angiogenesis pathway,
evasion of the immune response, and modified cellular vitality [5,6].

Melatonin (Mel) is a lipophilic molecule converted from serotonin by the enzymes
acetylserotonin  O-methyltransferase (ASMT) and arylalkylamine N-acetyltransferase
(AANAT) [7]. Mel has been characterized by actions that may either depend on or be
independent of its membrane receptors (MT1 and MT2). While primarily produced in the
pineal gland at night, other reports have shown its synthesis in different tissues and cells with
local actions [8]. Mel has several functions in normal metabolic conditions including its
antioxidant action by removing reactive oxygen and nitrogen species and stimulating DNA
repair mechanisms [9]. In some cancer cells, Mel has oncostatic functions associated with
prooxidative function whereas reducing the migration and invasiveness of cancer cells while
inducing apoptosis. [10,11].

Free radicals (FR) are a generic term that encompasses unstable and reactive atoms or
molecules. In biological systems, FR can be separated into two classes: reactive oxygen
species (ROS) and reactive nitrogen species (RNE) [12]. Superoxide anion (O2¢—), hydroxyl
radical (OHe), alkoxy radical (RO¢), hydrogen peroxide (H202), and hypochlorous acid are
considered ROS and they are normally generated during cellular metabolism; nitrogen dioxide
(NOy), nitroxyl (HNO) and peroxynitrite (ONOO-) are examples of RNE produced from nitric
oxide and by the NADPH oxidase (NOX) system [12]. In healthy cells, there is a delicate
balance between the production and removal of FR, which ensures their physiological effects
[13].

FR affects gene expression, cell growth and differentiation, modulate metabolic reactions,
and regulate transcription factors activation, in addition to acting as intra and intercellular
signaling molecules [14-17]. In OC cell lines, there is initially a significant increase in ROS
production, thus favoring tumorigenesis. This elevated ROS results from NADPH oxidase
activity and mitochondrial metabolism, as this increase is diminished by mitochondrial
complex | inhibitors [18]. ROS increases the resistance to platinum-derived therapies leading

to a poor prognosis and accelerating OC growth [19]. In addition, the increase in ROS is
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associated with dysregulation of microRNAs (miRNAs) which are linked to tumor
progression; in serous epithelial OC, there is overexpression of miR-483, but it does not occur
in the non-serous OC [20-22].

Cells employ antioxidant systems, categorized as either enzymatic or non-enzymatic to
counteract the damage caused by ROS. Key enzymes in this process include superoxide
dismutase (SOD), catalase (CAT,), glutathione peroxidase (GSH-Px), glutathione reductase
(GSH-Rd), among others. It is important to consider that an antioxidant, to be efficient, does
not necessarily need to be ubiquitous, but rather be able to react quickly with FR, cross
biological barriers, not have a high excretion rate, be available when needed and be in
adequate concentrations in the cell. Although additional investigation is needed, Mel has been
documented to promote an increase in ROS via different mechanisms [24,25]. In head and
neck cancer, Mel induced ROS by reversing mitochondrial electron transport which generated
the anti-growth effect of cancer cells [26]. Mel also induces apoptosis mediated by the
stimulation of ROS synthesis in breast cancer as well as in mesangial cells, highlighting its
potential to increase the harmful effects of ROS in both malignant or non-malignant cells
[24,27,28]. To date, the role of Mel in the oxidative system of OC remains unexplored.
Therefore, we examined the impact of Mel, acting via its membrane receptors or not, on the

antioxidant defenses of OC cells, as well as its impact on cell migration and invasiveness.

2. Materials and Methods
2.1 Cell culture and reagents

The SKOV-3 cell line (ATCC® HTB-77) was purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA), while the CAISMOV-24 cell line was
obtained from the Women’s Hospital Prof. Dr. José Aristodemo Pinotti Caism (UNICAMP,
Campinas, SP, BRAZIL). SKOV-3 cells were cultivated using RPMI medium (Gibco, Paisley,
UK), whereas CAISMOV-24 cells were nurtured in DMEN HAM’S F-12 (LGC, Cotia, BR).
Both cell types received 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin -
streptomycin solution (100 pg/ml) (Gibco). The cells were placed in a humidified
environment at 37°C with 5% CO.. Cellular expansion was carried out in distinct 75 and 25
cm? culture flasks (Costar, Cambridge, MA, USA). Upon achieving 80% of confluence, the
cell supernatant was carefully extracted. Afterwards, the cells underwent two washes with
10% phosphate-buffered saline (PBS; Oxoid Limited, Hampshire, UK). Subsequently,
trypsin/EDTA solution (Gibco) was employed to detach the cells from the flask surface.
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2.2. Experimental design and treatments

To investigate the effects of Mel alone and in combination with luzindole (Luz) on OC
cells, we first determined the safe concentrations according to the ICso method (MTT assay).
Mel concentrations of 3.4 pM for SKOV-3 and 7 uM for CAISMOV-24 cells were selected
for a 24-hour treatment period. Luz, a Mel receptor antagonist),was used at a concentration of
1 pM for both cell lines. To understand the effect of Mel in combination with Luz on cancer
cells, we divided each cancer cell line into three experimental groups: Control: cells exposed
only to the culture medium containing 100 pL of DMSO solution as the vehicle; Mel: cells
exposed to Mel at concentrations of 3.4 uM for SKOV-3 and 7 uM for CAISMOV-24, plus
vehicle; and Mel + Luz: cells exposed to the combination of Mel and Luz, plus vehicle. In the
combination group, Luz was administered first, followed by the preestablished concentration
of Mel after 30 minutes. Mel and Luz were dissolved in DMSO (5%) to maintain the molarity
values indicated by the manufacturers. All experimental assays were performed in biological

and technical triplicates.

2.3. Cell viability (MTT assay)

Cell viability was analyzed using the MTT method based on the ICs to determine
appropriate Mel concentrations. After the confluence rate, SKOV-3 and CAISMOV-24 cells
were trypsinized, seeded in 6-well plates at a density of 5x10° cells per well, and cultured with
appropriated medium supplemented with 10% FBS. After cell adherence, Mel and Luz were
added to the culture medium following the experiment design with specific concentrations
(2.0, 3.4, 5.0, and 7.0 uM). Viability curves were estimated after 24 hours of treatment using
the MTT solution (5mg/mL). To detect cytotoxicity, the reactions were replicated in a 96-

wells plate and read in a microplate reader (Epoch, Bio Tek Instruments, USA).

2.4. Cell invasion and migration assays

The evaluation of SKOV-3 and CAISMOV-24 cell invasiveness was performed using
24-well plates. A thin layer of Geltrex® was added to each well, covering the lower
polyethylene terephthalate (PET) membrane. SKOV-3 and CAISMOV-24 (1x10° cells) were
added to the top of the insert and received standard medium without FBS. The invasive
potential was analyzed based on the cells’ ability to cross the gel barrier and the PET
membrane through the pores, being chemotactically attracted by the lower coverage of the

culture medium containing 5% FBS. The plates were placed in a CO, atmosphere at 37°C for
56



24 hours. After the incubation period, cells were fixed in methanol for 10 minutes, and the
remaining cells were removed by scraping. Migrated cells were stained with a 0.1% toluidine
blue solution and photographed with a 5X objective using an inverted microscope
(ZeissAxiovert®). For the migration assay, a similar experimental procedure was used, except
that Geltrex® was not added to the transwell chamber. All experiments were performed in
triplicate based on four fields and submitted to automatic cell count using LUNA-1I® (Logos

Biosystems, South Korea)

2.5. Measurement of melatonin concentration

Mel levels were determined in both SKOV-3 and CAISMOV-24 cells using a human-
specific commercial ELISA kit (EH3344, Fine Test), according to manufacturer’s instructions.
Absorbance was read at 450 nm on a microplate reader (Epoch, Bio Tek Instruments, USA).
Results were interpolated from standard curves generated by plotting the concentration of the

standards against their absorbance, and results are presented in pg/mL.

2.6. Preparation of the supernatant for analyzing the antioxidant system

After Mel treatment, the culture medium was discarded, and PBS was added to the
cells. The cells were lysed through three cycles of freezing (-80 °C) and thawing (37 °C) for
30 min each. After this process, protein levels were quantified and used to normalize the
results of total (GS), reduced (GSH), and oxidized glutathione (GSSG), catalase (CAT),
glutathione S-transferase (GST), and superoxide dismutase (SOD).

2.7. Activity of SOD and CAT

After treatment with Mel and Luz, the cells (5 x 10° cells/mL) were washed with PBS
(pH 7.4) and re-plated for all the analyzes. SOD enzyme activity assay was performed
according to [29] with modifications. The reaction medium was composed of methionine (13
mM), NBT (75 pM), and riboflavin (4 mM) in phosphate buffer (50 mM, pH 7.8). 10 pL of
the cell extract was added, and the samples were exposed to fluorescent light (13W) for 5 min.
Control samples (no enzymes) and the blank (containing all reagents but not exposed to light)
were used. Readings were performed using a MultiSkan-Skyhigh microplate reader at 560 nm
and at 25°C. To assess CAT activity, cells were lysed, and a reaction medium was prepared as
described by Aebi [30]. Spectrophotometric reading were conducted at 240 nm over a

duration of 1 minute, with measurements taken at 15-second intervals.
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2.9. Measurement of GSH, GT, GSSG, and GST.

To quantify the levels of reduced glutathione (GSH) and total glutathione (GT), the
protocol proposed by Rahman, Kode and Biswas [31] was carried out with modifications,
using 5,5'-ditiobis 20-nitrobenzoic acid (DTNB) in the homogenate, evidenced by yellow
formation. To determine total glutathione (TG) levels, DTNB, nicotinamide-adenine
dinucleotide phosphate (NADPH), and glutathione reductase were used in the homogenate.
GT and GSH levels were measured at 412 nm (Multiskan GO, Thermo Scientific), and results
were expressed as umol/mg protein. GSSG levels were calculated [32] considering reaction
stoichiometry. To evaluate glutathione S-transferase (GST) activity, 1-chloro-
2,4dinitrobenzene (CDNB) and potassium phosphate buffer were used. Absorbance was
measured at 340 nm for 160 seconds, with 5 measurements at 40-second intervals [33], and

results were expressed as ymol/mg protein.

2.10. Statistical analysis

Data were analyzed using One-way ANOVA and presented as mean + standard deviation
(SD). Significant results were complemented by Tukey’s test. Statistical significance was set
at P < 0.05 for all analyses. Results were analyzed and generated using GraphPad Prism 9.0

scientific graphing software (GraphPad Software, San Diego, CA).

3. Results
3.1. Mel treatment stimulates intracellular Mel synthesis by SKOV-3 and CAISMOV-24 cells.
Based on MTT analysis, we identified the cytotoxic effect of Mel (ICsg) which was
previously established at 3.4 uM for SKOV-3 cells and 7 uM for CAISMOV-24 cells.
Luzindole, which functions as an antagonist of MT1/2 Mel receptors, was used to determine
whether the Mel’s effect is dependent or independent of their receptors. The intracellular
concentrations of Mel were measured in the OC cells by the enzyme assay (ELISA). Mel
treatment elevated the levels of intracellular Mel synthesis compared to the control group,
especially in SKOV-3 cells. After blocking MT1/2 receptors, Mel promoted an increase in its
own intracellular levels in both SKOV-3 and CAISMOV-24 cells (1.96-fold increase vs.
Control and 2.08-fold increase vs. Control, respectively). More importantly, Mel alone in the

presence of its receptors, increased the levels of its intracellular synthesis in SKOV-3 cells
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(1.75-fold increase vs. Control), thus corroborating our expectation since Mel is quite reduced
in these OC cells (Figure 1).

SKOV-3 CAISMOV-24
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Figure 1. Intracellular Mel concentration after treatment with Mel and Luz in the SKOV-3 and CAISMOV-24
cell lines. Data were expressed as mean £ SEM of triplets. * P<0.05.

3.2. Mel reduces the migratory and invasive capacity of SKOV-3 and CAISMOV-24 cells
regardless of the MT1/2 receptor activation.

To investigate the effects of Mel and luzindole on the migratory and invasive potential
of SKOV-3 and CAISMOV-24 cells, we used transwell inserts in 24-well plates. The invasive
potential of SKOV-3 and CAISMOV-24 cells was reduced by Mel alone (2.45- and 3.58-fold
decrease vs Control groups, respectively), and after the combination of Mel and luzindole
(2.17fold decrease vs Control group in SKOV-3 cells and 2.38-fold decrease vs Control group
in CAISMOV-24 cells; Figure 2 and 3 A, B). The results also showed that Mel alone
significantly reduced the migration of both SKOV-3 and CAISMOV-24 cells (2.03- and 2.29-
fold decrease vs Control group, respectively; Figure 2 and 3 C, D). When Mel was combined
with luzindole, a significant decrease in cell migration was also observed considering both OC
cells (1.67-fold decrease vs. Control in SKOV-3 cells and 2.02-fold decrease vs. Control in
CAISMOV-24).
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Figure 2. Effects of Mel and Luz on the invasion and migration of SKOV-3 cells. A) Effect of Mel and Luz on
the invasive capacity of SKOV-3 cells. B) Images of invaded cells after treatments. C) Effect of Mel and Luz on
the migratory potential of SKOV-3 cells. D) Images of migrated cells after treatments. Mel: melatonin; Luz:

luzindole. Data were expressed as mean + SEM of the triplets. *P<0.05.
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Figure 3. Effects of Mel and Luz on the invasion and migration of CAISMOV-24 cells. A) Effect of Mel and Luz
on the invasive capacity of CAISMOV-24 cells. B) Images of invaded cells after treatments. C) Effect of Mel and
Luz on the migratory potential of CAISMOV-24 cells. D) Images of migrated cells after treatments. Mel:
melatonin; Luz: luzindole. Data were expressed as mean + SEM of the triplets. *P<0.05. Iguais?!
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3.3. Mel differentially regulates the antioxidant enzymes in OC cells.

SOD levels were only reduced by Mel in combination with luzindole in the
CAISMOV24 cells (p=0.027). Regarding Catalase levels, a significant reduction was
observed after Mel treatment in both OC cells (p<0.05 for CAISMOV-24 and p = 0.012 for
SKOV-3). The presence of luzindole restored catalase levels close to that of control groups,
thus showing a receptor dependent response. The changes in glutathione activities following
treatments with Mel and luzindole varied differently between the two OC cell lines (Figures 4
and 5). In SKOV-3 cells, Mel alone significantly decreased the levels of GT (p<0.001) and
GSSG (p<0.001) compared with the control group. The combination of Mel and luzindole
also showed a decrease in the levels of GT (p=0.003) and GSSG (p<0.001). Conversely, this
combination increased the levels of GST compared with control group (p<0.001) and Mel
alone (p=0.002). Notably, in CAISMOV-24 cells, Mel alone significantly reduced the
activities of GT (p<0.05), GST (p<0.05), GSSG (p<0.05), and GSH (p<0.05) compared with
the control group, whereas Mel combined with luzindole only reduced GST levels compared
with the control group (p<0.001). These results demonstrate an opposite effect of Mel

favoring pro-oxidative processes in the OC cell.
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Figure 4. Enzymatic activities of SOD, Catalase, GT, GST, GSSG and GSH in SKOV-3 cells in response to Mel
and luzindole after 24h of treatment exposure. Data are expressed as the mean + SD. *P<0.05. All samples were
assayed in triplicate and in the same run. One-way ANOVA complemented by Tukey’s test. SOD: superoxide
dismutase, GT: Total Glutathione, GST: Glutathione-S-transferase, GSSG: Oxidized glutathione, GSH: Reduced
glutathione.
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Figure 5. Enzymatic activities of SOD, Catalase, GT, GST, GSSG and GSH in CAISMOV-24 cells in response
to Mel and luzindole after 24h of treatment exposure. Data are expressed as the mean + SD. *P<0.05. All
samples were assayed in triplicate and in the same run. One-way ANOVA complemented by Tukey’s test. SOD:
superoxide dismutase, GT: Total Glutathione, GST: Glutathione-S-transferase, GSSG: Oxidized glutathione,
GSH: Reduced glutathione.

4. Discussion

Herein we report the effects of exogenous Mel being capable of increasing its own
intracellular levels, leading to attenuation of the invasive and migratory capacity of OC cells
in a receptor-independent manner. We also provide new information regarding the interference
of Mel in the enzymatic antioxidant system of OC cells which may adversely impact their
survival and growth.

Firstly, we observed an increase in Mel synthesis in both OC cell lines, mainly in
SKOV3 cells following Mel treatment, in the presence of Luz or not, and in CAISMOV-24
cells only after the combination of Mel and Luz. We previously documented an increase in the
intracellular concentrations of Mel synthesized in SKOV-3 cells after treatment with 3.2 mM
of Mel [34]. Greater Mel synthesis may contribute to the antiangiogenic process, prooxidative,
and pro-apoptotic pathways and may promote modifications in the metabolic profile of tumor
cells [35]. The elevation in intracellular levels of Mel appear to be receptor-independent since
the combination of Mel with luzindole also promoted an increase in the availability of the
indolamine. Treatment with Mel can disinhibit the enzymatic activity of the pyruvate
dehydrogenase complex (PDC), by first reducing hypoxia-inducible factor 1-alpha (HIF-1a), a
factor highly expressed in hypoxic conditions of the tumor microenvironment, which
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stimulates the pyruvate dehydrogenase kinase (PDK) enzyme. After PDC disinhibition, Mel
can be synthesized in mitochondria, and oxidative phosphorylation is reestablished [34,36].

The ability of Mel to decrease the invasive and migratory capacity of OC cells is well
known [37-39]. In a recent study, our team observed a significant reduction in cell migration
and invasion in SKOV-3 cells treated with 3.2- or 4-mM Mel after knocking down the MT1
receptor [39]; Similarly, using luzindole, a non-selective antagonist of MT1 and MT2
receptors, we observed comparable results in two OC cell lines via transwell inserts. Despite
using Mel concentrations ranging from 3.4 uM for SKOV-3 and 7 uM for CAISMOV-24
cells, our results clearly demonstrated decrease in the invasive and migratory capacity of OC
cells, regardless of the activation of Mel receptors. The precise mechanisms by which Mel
regulates OC cell migration and invasion remain incompletely understood. Previous studies
have shown that Mel exerts anti-migratory effects via the MAPK and PI3K pathways in OC
cells [37,39]. In other cancer types like colon and breast cancer, Mel attenuated cell invasion,
migration, and survival by targeting PISBK/AKT and NF-kB signaling pathway [40] or by
downregulating the p38 MAPK pathway [41]. Besides its passive diffusion, Mel can enter
tumor cells using other membrane transporters like PEPT1/2 and GLUT1 [39,42], suggesting
its potential to act independently of MT1/2 receptors, exerting anti-tumoral effects on cell
migration and invasion.

As we have seen, defects in mitochondrial metabolism can increase the production of
ROS and RNS, resulting in OS. Cells are equipped with an antioxidant defense system that
includes enzymes such as SOD, CAT, and glutathione derivatives to combat the excessive and
harmful production of these radical and non-radical species [43]. An excessive and permanent
generation of OS is related to genetic/epigenetic events that could facilitate the tumorigenic
process; however, increasing the generation of ROS and RNS in tumor cells is paradoxically
used as a strategy to induce their death [44,45]. A potential agent in this strategy is the use of
Mel, known for its antiproliferative effects and for interfering with angiogenesis and
metastasis events; Mel acts by modulating the oxidant/antioxidant state of cells [45-49].
Moreover, the effects of Mel on tumor cells seem to be opposite of those occurring in normal
healthy cells, that is, Mel acts as a pro-oxidant agent in tumor cells, thus reducing their
antioxidant defenses [50,51].

Our results reinforce Mel’s pro-oxidant properties of in OC cells, particularly evident in
CAISMOV-24 cells. Our study is pioneering in demonstrating a decrease in SOD activity
when Mel was combined with luzindole, i.e., a receptor-independent response, and a

64



significant reduction in CAT levels after Mel treatment in both OC cells, suggesting that Mel
acts directly as a modulator of these two antioxidant enzymes. Previous studies have linked
Mel treatments to decreased enzymatic activities of SOD and CAT, along with elevated ROS
levels observed in human colorectal cancer cells and hepatocellular carcinoma cells [52,53],
resulting in apoptosis due to excessive oxidative damage.

In healthy tissues, Mel generally upregulates antioxidant enzymes, including the
glutathione system, which plays a central role combating OS [49,54]. Here, we observed a
marked decrease in total glutathione (GT) levels in both OC cell lines following treatment
with Mel alone. When Mel receptors were blocked by luzindole, only SKOV-3 cells showed a
significant decrease in GT levels, while CAISMOV-24 cells showed only a trend. The reduced
form of glutathione (GSH) is one of the most important machineries on the front line of the
antioxidant defense system. GSH maintains a redox state in subcellular compartments such as
mitochondria and cytosol, and its increased levels may be involved in the chemoresistance of
cancer cells [55]. In this study, GSH content was only reduced with CAISMOV-24 cells
treated with Mel alone. It is also reported that Mel can exert a depletion on GSH levels in
HepG2 cells [45,56], and in human myeloid leukemia cell line (U937) [53,57]. Under OS
conditions, GSH can be directly converted to oxidized glutathione (GSSG) in the presence of
ROS [45]. We observed a notable reduction in GSSG levels in both OC cells. Particularly, in
SKOV-3 cells, GSH levels resembled those of the control group, while GSSG was
significantly reduced by both treatments. Based on this GSH:GSSG ratio that favors GSH, we
can hypothesize a more pronounced resistance of SKOV-3 cells to OS, facilitating the
maintenance of GSH homeostasis. This contrasts with the observations in CAISMOV-24 cells.

Cancer cells can also gain resistance through overexpression of enzymes that can
increase detoxification capacity and avoid the cytotoxic action of antitumor drugs [58]. More
specifically, overexpression of glutathione S-transferases (GST) and efflux pumps in tumor
cells can reduce the reactivity of various anticancer drugs, such as cyclophosphamide [59],
cisplatin [60], and others [58]. In this study, OC cell lines showed opposite results regarding
GST. While in CAISMOV-24 cells both treatments decreased GST activities, in SKOV-3 cells
the combination of Mel with luzindole increased its activity. As reviewed in detail by [58], the
increase in GST levels occurs through transcriptional activation mediated by the nuclear factor
erythroid 2 p45-related factor 2 (Nrf2). However, further studies are needed to precisely
determine the role of Mel and its receptors in the molecular pathways that regulate the activity
and expression of genes in the glutathione system. Overexpression of GST and high levels of

GSH are linked to the development and expression of chemoresistance [61]. In this context,
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our treatment with Mel alone at 7 uM successfully promotes a decrease in GST and GSH
levels in CAISMOV-24, a recently established human low-grade serous ovarian carcinoma
cell line [62]. SKOV-3 cells, a non-serous ovarian cancer cell line, in turn, remained
unchanged for these parameters after treatment of 3.4 uM of Mel alone, thus suggesting
further evaluations with higher concentrations. This sounds plausible since it has been shown

that high levels of Mel are required to induce ROS production in tumor cells [63].

5. Conclusion

Collectively, Mel treatment attenuates the migratory and invasive capacity of OC cells
in a receptor independent manner while stimulating its intracellular synthesis. Moreover, the
antioxidant enzymatic defenses were dampened by Mel, especially in the CAISMOV-24 cells.
The blockage of MT1/2 receptors by the antagonist luzindole followed by Mel administration
showed a tendency to soften the results. Indeed, pre-incubation of SKOV-3 cells with 10 uM
luzindole revealed an increase in cell viability [37]. Based on our results, we believe that the
function of Mel in SKOV3 and CAISMOV-24 is partially mediated by MT1 and MT2
receptors. Our data provide valuable insights into the regulatory role of Mel in modulating
antioxidant enzymes in OC cells, shedding light on potential therapeutic avenues for

managing this devasting disease.
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Figure 6: Schematic representation of Mel’s impact on oxidative stress related factors in SKOV-3 and
CAISMOV-24 OC. SOD: superoxide dismutase, GT: Total Glutathione, GST: Glutathione-S-transferase, GSSG:
Oxidized glutathione, GSH: Reduced glutathione.

Author Contributions: Conceptualization, Henrique Silveira, Fabio Rodrigues Seiva and Luiz
Gustavo Chuffa; Data curation, Henrique Silveira; Formal analysis: Roberta Cesario, Fernando
Guimardes, Fabio Rodrigues Seiva, Vinicius Augusto Simdo, Glaura Scantamburlo Alves
Fernandes, Milena Cremer de Souza, Debora A. Pires de Campos Zuccari and Luiz Gustavo
Chuffa; Investigation, Henrique Silveira, Fabio Rodrigues Seiva and Debora A. Pires de Campos

66

Catalase
TG
GST
GSSG
GSH




10.

11.

Zuccari; Methodology, Henrigue Silveira, Roberta Cesério, Fernando Guimaraes and Debora A. Pires
de Campos Zuccari; Visualization, Russel Reiter; Writing — original draft, Henrique Silveira and Luiz
Gustavo Chuffa; Writing — review & editing, Russel Reiter. The authors read and approved the final
version of this manuscript.

Funding: This research was funded by CAPES (Coordenagao de Aperfeicoamento de Pessoal de Nivel
Superior — Brasil), grant number 88887.482443/2020-00, National Council for Scientific and
Technological Development (CNPQ, Process number 304108/2020-0 to LGAC) and Séo Paulo
Research Foundation (FAPESP grant #2021/12971-7 to LGAC).

Acknowledgments: We would like to extend our gratitude to the technicians, colleagues, and
university staff whose unwavering support and valuable contributions were instrumental in the
successful completion of this scientific article. Their dedication and assistance have been indispensable
throughout this research journey, enriching the quality of our work.

Conflicts of Interest: The authors declare no conflict of interest.

6. References

Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2022. CA Cancer J Clin
2022, 72, 7-33, d0i:10.3322/caac.21708.

Gabra, H. Epithelial Ovarian Cancer. Dewhurst s Textbook of Obstetrics & Gynaecology,
Seventh Edition 2019, 625-635, doi:10.1002/9780470753354.ch55.

Reid, B.M.; Permuth, J.B.; Sellers, T.A. Epidemiology of Ovarian Cancer: A Review. Cancer
Biol Med 2017, 14, 9-32, d0i:10.20892/J.1SSN.2095-3941.2016.0084.

De Berardinis, R.J.; Chandel, N.S. Fundamentals of Cancer Metabolism. Sci Adv 2016, 2.

Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The next Generation. Cell 2011, 144,
646-674.

Pavlova, N.N.; Thompson, C.B. The Emerging Hallmarks of Cancer Metabolism. Cell Metab
2016, 23, 27-47.

Reiter, R.J.; Rosales-Corral, S.A.; Tan, D.X.; Acuna-Castroviejo, D.; Qin, L.; Yang, S.F.; Xu,
K. Melatonin, a Full Service Anti-Cancer Agent: Inhibition of Initiation, Progression and
Metastasis. International Journal of Molecular Sciences 2017, Vol. 18, Page 843 2017, 18,
843, doi:10.3390/1JMS18040843.

Zhao, D.; Yu, Y.; Shen, Y.; Liu, Q.; Zhao, Z.; Sharma, R.; Reiter, R.J. Melatonin Synthesis and
Function: Evolutionary History in Animals and Plants. Front Endocrinol (Lausanne) 2019,
10, 1-16, doi:10.3389/fend0.2019.00249.

Talib, W.H. Melatonin and Cancer Hallmarks. Molecules 2018, 23.
Zhang, H.-M.; Zhang, Y. Melatonin: A Well-Documented Antioxidant with Conditional
proOxidant Actions. J Pineal Res 2014, 57, 131-146, doi:10.1111/jpi.12162.

Cheng, L.; Li, S.; He, K.; Kang, Y.; Li, T.; Li, C.; Zhang, Y.; Zhang, W.; Huang, Y. Melatonin
Regulates Cancer Migration and Stemness and Enhances the Anti-Tumour Effect of Cisplatin.
J Cell Mol Med 2023, 27, d0i:10.1111/JCMM.17809.

67



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Byrne, N.J.; Rajasekaran, N.S.; Abel, E.D.; Bugger, H. Therapeutic Potential of Targeting
Oxidative Stress in Diabetic Cardiomyopathy. Free Radic Biol Med 2021, 169, 317,
d0i:10.1016/J.FREERADBIOMED.2021.03.046.

Galano, A.; Tan, D.X.; Reiter, R.J. Melatonin as a Natural Ally against Oxidative Stress: A
Physicochemical Examination. J Pineal Res 2011, 51, 1-16,
d0i:10.1111/J.1600079X.2011.00916.X.

Rahal, A.; Kumar, A.; Singh, V.; Yadav, B.; Tiwari, R.; Chakraborty, S.; Dhama, K. Oxidative
Stress, Prooxidants, and Antioxidants: The Interplay. Biomed Res Int 2014, 2014,
doi:10.1155/2014/761264.

Kohen, R.; Nyska, A. Oxidation of Biological Systems: Oxidative Stress Phenomena,
Antioxidants, Redox Reactions, and Methods for Their Quantification. Toxicol Pathol 2002,
30, 620-650, doi:10.1080/01926230290166724.

D’Souza, L.C.; Mishra, S.; Chakraborty, A.; Shekher, A.; Sharma, A.; Gupta, S.C. Oxidative
Stress and Cancer Development: Are Noncoding RNAs the Missing Links? Antioxid Redox
Signal 2020, 33, 1209-1229, doi:10.1089/ARS.2019.7987.

Cheung, E.C.; Vousden, K.H. The Role of ROS in Tumour Development and Progression. Nat
Rev Cancer 2022, 22, 280-297, doi:10.1038/S41568-021-00435-0.

Xia, C.; Meng, Q.; Liu, L.Z.; Rojanasakul, Y.; Wang, X.R.; Jiang, B.H. Reactive Oxygen
Species Regulate Angiogenesis and Tumor Growth through Vascular Endothelial Growth
Factor. Cancer Res 2007, 67, 10823-10830, doi:10.1158/0008-5472.CAN-07-0783.

Jiang, Y.; Song, L.; Lin, Y.; Nowialis, P.; Gao, Q.; Li, T.; Li, B.; Mao, X.; Song, Q.; Xing, C.;
et al. ROS-Mediated SRMS Activation Confers Platinum Resistance in Ovarian Cancer.
Oncogene 2023, 42, 1672-1684, doi:10.1038/S41388-023-02679-6.

Stieg, D.C.; Wang, Y.; Liu, L.Z.; Jiang, B.H. ROS and MiRNA Dysregulation in Ovarian
Cancer Development, Angiogenesis and Therapeutic Resistance. Int J Mol Sci 2022, 23,
d0i:10.3390/1IMS23126702.

Simone, N.L.; Soule, B.P.; Ly, D.; Saleh, A.D.; Savage, J.E.; DeGraff, W.; Cook, J.; Harris,
C.C.; Gius, D.; Mitchell, J.B. lonizing Radiation-Induced Oxidative Stress Alters MiRNA
Expression. PLoS One 20009, 4, doi:10.1371/JOURNAL.PONE.0006377.

Lu, J.; Getz, G.; Miska, E.A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.;
Ebert, B.L.; Mak, R.H.; Ferrando, A.A.; et al. MicroRNA Expression Profiles Classify Human
Cancers. Nature 2005, 435, 834-838, doi:10.1038/NATURE03702.

Rattanapan, Y.; Korkiatsakul, V.; Kongruang, A.; Siriboonpiputtana, T.; Rerkamnuaychoke,
B.; Chareonsirisuthigul, T. MicroRNA Expression Profiling of Epithelial Ovarian Cancer
Identifies New Markers of Tumor Subtype. Microrna 2020, 9, 289-294,
d0i:10.2174/2211536609666200722125737.

Mortezaee, K.; Najafi, M.; Farhood, B.; Ahmadi, A.; Potes, Y.; Shabeeb, D.; Musa, A.E.
Modulation of Apoptosis by Melatonin for Improving Cancer Treatment Efficiency: An
Updated Review. Life Sci 2019, 228, 228-241, doi:10.1016/J.LFS.2019.05.009.

68



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Florido, J.; Rodriguez-Santana, C.; Martinez-Ruiz, L.; Lopez-Rodriguez, A.;
AcuiiaCastroviejo, D.; Rusanova, |.; Escames, G. Understanding the Mechanism of Action of
Melatonin, Which Induces ROS Production in Cancer Cells. Antioxidants (Basel) 2022, 11,
d0i:10.3390/ANTIOX11081621.

Florido, J.; Martinez-Ruiz, L.; Rodriguez-Santana, C.; Lopez-Rodriguez, A.;
HidalgoGutiérrez, A.; Cottet-Rousselle, C.; Lamarche, F.; Schlattner, U.; Guerra-Librero, A.;
ArandaMartinez, P.; et al. Melatonin Drives Apoptosis in Head and Neck Cancer by
Increasing Mitochondrial ROS Generated via Reverse Electron Transport. J Pineal Res 2022,
73, 12824, doi:10.1111/JP1.12824.

Zhang, H.M.; Zhang, Y.; Zhang, B.X. The Role of Mitochondrial Complex I11 in
MelatoninInduced ROS Production in Cultured Mesangial Cells. J Pineal Res 2011, 50, 78—
82, d0i:10.1111/J.1600-079X.2010.00815.X.

Gurer-Orhan, H.; Ince, E.; Konyar, D.; Saso, L.; Suzen, S. The Role of Oxidative Stress
Modulators in Breast Cancer. Curr Med Chem 2018, 25, 4084-4101,
d0i:10.2174/0929867324666170711114336.

MARKLUND, S.; MARKLUND, G. Involvement of the Superoxide Anion Radical in the
Autoxidation of Pyrogallol and a Convenient Assay for Superoxide Dismutase. Eur J Biochem
1974, 47, 469-474, doi:10.1111/J.1432-1033.1974.TB03714.X.

Aebi, H. Catalase. Methods of Enzymatic Analysis 1974, 673-684, doi:10.1016/B978-0-
12091302-2.50032-3.

Rahman, I.; Kode, A.; Biswas, S.K. Assay for Quantitative Determination of Glutathione and
Glutathione Disulfide Levels Using Enzymatic Recycling Method. Nature Protocols 2007 1:6
2007, 1, 3159-3165, doi:10.1038/nprot.2006.378.

Carrara, I.M.; Melo, G.P.; Bernardes, S.S.; Neto, F.S.; Ramalho, L.N.Z.; Marinello, P.C.; Luiz,
R.C.; Cecchini, R.; Cecchini, A.L. Looking beyond the Skin: Cutaneous and Systemic
Oxidative Stress in UVB-Induced Squamous Cell Carcinoma in Hairless Mice. J Photochem
Photobiol B 2019, 195, 17-26, doi:10.1016/J.JPHOTOBIOL.2019.04.007.

Keen, J.H.; Habig, W.H.; Jakoby, W.B. Mechanism for the Several Activities of the
Glutathione S-Transferases. Journal of Biological Chemistry 1976, 251, 6183-6188,
d0i:10.1016/S0021-9258(20)81842-0.

Cucielo, M.S.; Cesario, R.C; Silveira, H.S.; Gaiotte, L.B.; Dos Santos, S.A.A.; de Campos
Zuccari, D.A.P.; Seiva, F.R.F.; Reiter, R.J.; de Almeida Chuffa, L.G. Melatonin Reverses the
Warburg-Type Metabolism and Reduces Mitochondrial Membrane Potential of Ovarian
Cancer Cells Independent of MT1 Receptor Activation. Molecules 2022, 27,
d0i:10.3390/MOLECULES27144350.

Chuffa, L.G. de A.; Reiter, R.J.; Lupi, L.A. Melatonin as a Promising Agent to Treat Ovarian
Cancer: Molecular Mechanisms. Carcinogenesis 2017, 38, 945-952.

De Lima Mota, A.; Victorasso Jardim-Perassi, B.; Bergamin De Castro, T.; Colombo, J.;
Sonehara, N.M.; Gomes Nishiyama, V.K.; Gongalves Pierri, V.A.; Aparecida, D.; De Campos

69



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Zuccari, P. Melatonin Modifies Tumor Hypoxia and Metabolism by Inhibiting HIF-1a and
Energy Metabolic Pathway in the in Vitro and in Vivo Models of Breast Cancer. Melatonin
Research 2019, 2, 83-98, doi:10.32794/MR11250042.

Akbarzadeh, M.; Movassaghpour, A.A.; Ghanbari, H.; Kheirandish, M.; Fathi Maroufi, N.;
Rahbarghazi, R.; Nouri, M.; Samadi, N. The Potential Therapeutic Effect of Melatonin on
Human Ovarian Cancer by Inhibition of Invasion and Migration of Cancer Stem Cells.
Scientific Reports 2017 7:1 2017, 7, 1-11, doi:10.1038/s41598-017-16940-y.

Bu, S.; Wang, Q.; Sun, J.; Li, X.; Gu, T.; Lai, D. Melatonin Suppresses Chronic Restraint
Stress-Mediated Metastasis of Epithelial Ovarian Cancer via NE/AKT/B-Catenin/SLUG AXxis.
Cell Death & Disease 2020 11:8 2020, 11, 1-17, doi:10.1038/s41419-020-02906-y.

Cucielo, M.S.; Freire, P.P.; Emilio-Silva, M.T.; Romagnoli, G.G.; Carvalho, R.F.; Kaneno, R.;
Hiruma-Lima, C.A.; Delella, F.K.; Reiter, R.J.; Chuffa, L.G. de A. Melatonin Enhances Cell
Death and Suppresses the Metastatic Capacity of Ovarian Cancer Cells by Attenuating the
Signaling of Multiple Kinases. Pathol Res Pract 2023, 248, doi:10.1016/J.PRP.2023.154637.

Gao, Y.; Xiao, X.; Zhang, C.; Yu, W.; Guo, W.; Zhang, Z.; Li, Z.; Feng, X.; Hao, J.; Zhang,
K.; et al. Melatonin Synergizes the Chemotherapeutic Effect of 5-Fluorouracil in Colon
Cancer by Suppressing PI3BK/AKT and NF-KB/INOS Signaling Pathways. J Pineal Res 2017,
62, doi:10.1111/JP1.12380.

Mao, L.; Yuan, L.; Slakey, L.M.; Jones, F.E.; Burow, M.E.; Hill, S.M. Inhibition of Breast
Cancer Cell Invasion by Melatonin Is Mediated through Regulation of the P38
MitogenActivated Protein Kinase Signaling Pathway. Breast Cancer Res 2010, 12,
doi:10.1186/BCR2794.

Reiter, R.J.; Sharma, R.; Rosales-Corral, S.; Manucha, W.; Chuffa, L.G. de A.; Zuccari,
D.A.P. de C. Melatonin and Pathological Cell Interactions: Mitochondrial Glucose Processing
in Cancer Cells. International Journal of Molecular Sciences 2021, Vol. 22, Page 12494 2021,
22, 12494, doi:10.3390/1JMS222212494.

Taucher, E.; Mykoliuk, I.; Fediuk, M.; Smolle-Juettner, F.M. Autophagy, Oxidative Stress and
Cancer Development. Cancers (Basel) 2022, 14, doi:10.3390/CANCERS14071637.

Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative Stress, Inflammation,
and Cancer: How Are They Linked? Free Radic Biol Med 2010, 49, 1603,
doi:10.1016/J.FREERADBIOMED.2010.09.006.

Cruz, E.M.S.; Concato, V.M.; de Morais, J.M.B.; Silva, T.F.; Inoue, F.S.R.; de Souza Cremer,
M.; Biddia, D.L.; Machado, R.R.B.; de Almeida Chuffa, L.G.; Mantovani, M.S.; et al.
Melatonin Modulates the Warburg Effect and Alters the Morphology of Hepatocellular
Carcinoma Cell Line Resulting in Reduced Viability and Migratory Potential. Life Sci 2023,
319, doi:10.1016/J.LFS.2023.121530.

Prieto-Domig¥2nguez, N.; OrdigY2i¢%2ez, R.; Fernig¥zndez, A.; Mi¢%ndez-Blanco, C.; Baulies,
A.; Garcia-Ruiz, C.; Ferni¢¥2ndez-Checa, J.C.; Mauriz, J.L.; Gonzi;%2lez-Gallego, J.
Melatonin-Induced Increase in Sensitivity of Human Hepatocellular Carcinoma Cells to
Sorafenib Is Associated with Reactive Oxygen Species Production and Mitophagy. J Pineal
Res 2016, doi:10.1111/jpi.12358.

70



47.

48.

49.

50.

o1,

52.

53.

54,

55.

56.

S7.

58.

59.

Reiter, R.J.; Mayo, J.C.; Tan, D.X.; Sainz, R.M.; Alatorre-Jimenez, M.; Qin, L. Melatonin as
an Antioxidant: Under Promises but over Delivers. J Pineal Res 2016, 61, 253278,
doi:10.1111/JP1.12360.

Zare, H.; Shafabakhsh, R.; Reiter, R.J.; Asemi, Z. Melatonin Is a Potential Inhibitor of
Ovarian Cancer: Molecular Aspects. J Ovarian Res 2019, 12, 1-8, doi:10.1186/S13048-
0190502-8/FIGURES/1.

Reiter, R.J.; Sharma, R.; Rosales-Corral, S.; de Campos Zuccari, D.A.P.; de Almeida Chuffa,
L.G. Melatonin: A Mitochondrial Resident with a Diverse Skill Set. Life Sci 2022, 301,
d0i:10.1016/J.LFS.2022.120612.

Mehrzadi, S.; Safa, M.; Kamrava, S.K.; Darabi, R.; Hayat, P.; Motevalian, M. Protective
Mechanisms of Melatonin against Hydrogen-Peroxide-Induced Toxicity in Human
BoneMarrow-Derived Mesenchymal Stem Cells. Can J Physiol Pharmacol 2017, 95, 773—
786, d0i:10.1139/CJPP-2016-0409.

Reiter, R.J.; Sharma, R.; Tan, D.X.; Huang, G.; de Almeida Chuffa, L.G.; Anderson, G.
Melatonin Modulates Tumor Metabolism and Mitigates Metastasis. Expert Rev Endocrinol
Metab 2023, 18, 321-336, doi:10.1080/17446651.2023.2237103.

Mihanfar, A.; Yousefi, B.; Darband, S.G.; Sadighparvar, S.; Kaviani, M.; Majidinia, M.
Melatonin Increases 5-Flurouracil-Mediated Apoptosis of Colorectal Cancer Cells through
Enhancing Oxidative Stress and Downregulating Survivin and XIAP. Bioimpacts 2021, 11,
253-261, doi:10.34172/B1.2021.36.

Ammar, O.A.; EI-Missiry, M.A.; Othman, A.l.; Amer, M.E. Melatonin Is a Potential
Oncostatic Agent to Inhibit HepG2 Cell Proliferation through Multiple Pathways. Heliyon
2022, 8, d0i:10.1016/J.HELI'YON.2022.E08837.

Kopustinskiene, D.M.; Bernatoniene, J. Molecular Mechanisms of Melatonin-Mediated Cell
Protection and Signaling in Health and Disease. Pharmaceutics 2021, 13, 1-19,
d0i:10.3390/PHARMACEUTICS13020129.

Balendiran, G.K.; Dabur, R.; Fraser, D. The Role of Glutathione in Cancer. Cell Biochem
Funct 2004, 22, 343-352, doi:10.1002/CBF.1149.

Osseni, R.A.; Rat, P.; Bogdan, A.; Warnet, J.M.; Touitou, Y. Evidence of Prooxidant and
Antioxidant Action of Melatonin on Human Liver Cell Line HepG2. Life Sci 2000, 68, 387—
399, doi:10.1016/S0024-3205(00)00955-3.

Albertini, M.C.; Radogna, F.; Accorsi, A.; Uguccioni, F.; Paternoster, L.; Cerella, C.; De
Nicola, M.; D’Alessio, M.; Bergamaschi, A.; Magrini, A.; et al. Intracellular Pro-Oxidant
Activity of Melatonin Deprives U937 Cells of Reduced Glutathione without Affecting
Glutathione Peroxidase Activity. Ann N Y Acad Sci 2006, 1091, 10-16,
doi:10.1196/ANNALS.1378.050.

Sau, A.; Pellizzari Tregno, F.; Valentino, F.; Federici, G.; Caccuri, A.M. Glutathione
Transferases and Development of New Principles to Overcome Drug Resistance. Arch
Biochem Biophys 2010, 500, 116-122, doi:10.1016/J.ABB.2010.05.012.

Audemard-Verger, A.; Silva, N.M.; Verstuyft, C.; Costedoat-Chalumeau, N.; Hummel, A.; Le

71



60.

61.

62.

63.

Guern, V.; Sacré, K.; Meyer, O.; Daugas, E.; Goujard, C.; et al. Glutathione S Transferases
Polymorphisms Are Independent Prognostic Factors in Lupus Nephritis Treated with
Cyclophosphamide. PLoS One 2016, 11, doi:10.1371/JOURNAL.PONE.0151696.

Li, S.; Li, C.; Jin, S.; Liu, J.; Xue, X.; Eltahan, A.S.; Sun, J.; Tan, J.; Dong, J.; Liang, X.J.
Overcoming Resistance to Cisplatin by Inhibition of Glutathione S-Transferases (GSTs) with
Ethacraplatin Micelles in Vitro and in Vivo. Biomaterials 2017, 144, 119-129,
doi:10.1016/J.BIOMATERIALS.2017.08.021.

Townsend, D.M.; Tew, K.D. The Role of Glutathione-S-Transferase in Anti-Cancer Drug
Resistance. Oncogene 2003, 22, 73697375, doi:10.1038/SJ.ONC.1206940.

Baldacara, R.P. de C.; Silva, I. Associacdo Entre Asma e Hormonios Sexuais Femininos. Sao
Paulo Medical Journal 2017, 135, 4-14, doi:10.1590/1516-3180.2016.011827016.

Florido, J.; Rodriguez-Santana, C.; Martinez-Ruiz, L.; Lopez-Rodriguez, A.;
AcunaCastroviejo, D.; Rusanova, I.; Escames, G. Understanding the Mechanism of Action of
Melatonin, Which Induces ROS Production in Cancer Cells. Antioxidants (Basel) 2022, 11,
doi:10.3390/ANTIOX11081621.

72



