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1. INTRODUCAO

O céancer € caracterizado como uma doenca cronica de causas multifatoriais e se
diferencia por um crescimento descontrolado e indiferenciado das células que tendem

a invadir tecidos e 6rgéos vizinhos (Brandéao et al., 2010; Hanahan e Weinberg, 2011).

No cenario brasileiro, o cancer ganhou importancia no perfil de mortalidade do pais,
considerado como a segunda causa de morte atrds somente de doencas
cardiovasculares (Mansur e Favarato, 2012; INCA, 2016). A estimativa para o Brasil
entre os anos de 2016 e 2017 sera de aproximadamente 600 mil novos casos de cancer

e este nimero tende a crescer nos proximos anos (INCA, 2016).

Atualmente h& trés principais tipos de tratamento para o cancer sendo: a
quimioterapia, a radioterapia e a cirurgia. Entretanto, a maioria dos quimioterapicos
existentes no mercado atuam de forma inespecifica gerando toxicidade tanto em
células normais quanto em cancerigenas e deste modo promovem severos efeitos
colaterais como nauseas, insuficiéncia renal, irritacdo gastrointestinal e leucopenia,
consequentemente, susceptibilidade a infec¢gbes (Brandao et al., 2010; lwamoto, 2013;
Lee et al, 2014). Além dos efeitos colaterais, outro problema encontrado é a resisténcia
adquirida pelas células tumorais as quimioterapias atuais (Holohan et al., 2013). Assim,
uma das alternativas para estes problemas tem sido a procura de novas substancias
antitumorais decorrentes de plantas medicinais para o desenvolvimento de novos

medicamentos.

As plantas medicinais vém representando uma importante fonte de drogas
anticancerigenas (Alonso-Castro et al., 2011). Diversos produtos de origem vegetal
como alcaloides da vinca, taxol e a camptotecina ainda contribuem para o tratamento
contra varios tipos de cancer e sua aprovacao na area oncologica abriu caminho para
uma nova era do uso de plantas medicinais como agentes citotoxicos (Newman e
Cragg, 2007).



Além das plantas, os microorganismos e alguns animais, apresentam metabolismo
diferenciado capaz de produzir, transformar e acumular substancias bioativas que n&o
Sao necessariamente vitais para sua manutencdo. O todo esse grupo de substancias
considerados como elementos diferenciados e especificos, da-se o nome de
metabdlitos secundérios que garantem vantagens em sua sobrevivéncia e perpetuacao
da espécie nos diferentes ecossistemas (Simdes et al., 2010). Estes metabdlitos tém
como funcdo proteger contra herbivoria, patdgenos como também auxiliam na
competicdo com outros vegetais. Além destes, auxiliam na atracdo de polinizadores e
de organismos simbiontes. Outra fung&o acrescida é a protecdo contra fatores externos
como temperatura, umidade, restricdo de nutrientes e contra radiagédo UV (Alves, 2001;
Peres 2004; Simdes, 2010).

Muitos desses metabolitos secundéarios extraidas das plantas sdo alvos de
pesquisas cientificas por apresentarem atividades farmacologicas para solucionar
diversas patologias como também para validar o conhecimento empirico de diversas
comunidades (Micozzi, 2003). Para a escolha de quais espécies investigar para avaliar
seu potencial biolégico, ha muitas estratégias de abordagem que podem ser
consideradas. Dentre elas, encontra-se a abordagem etnofarmacoldgica que consiste
em combinar o conhecimento da medicina popular construido localmente com estudos

quimico-farmacoldgicos (Elisabetsky, 2003, Gyllenhaal et al., 2012).

Apesar de toda a importancia atribuida as plantas medicinais, ainda assim, séo
pouco exploradas quanto a validacdo de suas atividades terapéuticas baseados em
estudos cientificos. Temos como exemplo, o Brasil, com a maior biodiversidade do
mundo que abrange cerca de 20% de toda a fauna e flora mundial. Esse imenso
patriménio genético, escasso em muitos paises, tem grande valor para 0 campo no
desenvolvimento de novos medicamentos podendo oferecer uma diversidade de
substancias com variados potenciais farmacolégicos (Oliveira et al., 2012). A razéo
deste fato pode ser comprovada com a quantidade de medicamentos obtidos de forma

direta ou indireta oriundos de produtos naturais (Cragg e Newman, 2013).

Neste sentido, foi escolhido uma espécie nativa do Brasil, Senna velutina,
conhecida popularmente como vermelhinho. Esta espécie, encontrada no bioma
Cerrado, carece de estudos cientificos elucidando suas atividades terapéuticas,

incluindo atividade antitumoral. Dada a importancia de buscar terapias alternativas que



visem contribuir para o tratamento do céncer, este estudo tem como objetivo,
caracterizar seus compostos bioativos e buscou-se realizar um trabalho que

caracterizasse sua potencialidade como antitumoral em linhagem celular tumoral de
melanoma.



2. REVISAO DA LITERATURA

2.1. Cancer

Cancer é uma doenca complexa de fundo genético que possui como
caracteristica principal, a proliferacdo celular de forma descontrolada (Ouyang, et al.,
2012). Por se multiplicarem de forma acelerada, estas células progressivamente
encaminham para um estado neoplasico, formando tumores malignos que podem se
espalhar para outros tecidos do organismo em um processo denominado metastase
(Hanahan & Weinberg, 2011; INCA, 2016).

O céancer é considerado um dos principais problemas de saude publica devido
suas elevadas taxas de morbidade e mortalidade. De acordo com a Organizacao
Mundial de Saude (WHO, 2016), a estimativa mundial para 2030 para a incidéncia do
cancer é de cerca de 27 milhdes de novos casos e de 17 milhdes de mortes
relacionadas a doenga. No Brasil, a estimativa para o biénio de 2016-2017, aponta para
a ocorréncia de 600 mil novos casos de cancer (Figura 1), sendo 180 mil casos de

cancer de pele ndo melanoma (INCA, 2016).

As causas que levam ao desenvolvimento do cancer séo fatores intrinsecos ou
extrinsecos, podendo estar relacionadas. Os fatores internos estao relacionados com
mutacBes em genes supressores de tumor e genes pré-oncogénicos ou em proteinas
responsaveis pela proliferacdo celular (Osborne et al., 2004; Weinberg, 2011). Os
maiores fatores externos sdo: habitos alimentares, sobrepeso, sedentarismo,

tabagismo e consumo de alcool. (WHO, 2016).



Estimativa dos Casos Novos
Localizagao Primaria Homens Mulheres
Neoplasia Maligna Estados Capitais Estados Capilais
Casos Taxa Bruta Casos Taxa Bruta Casos Taxa Bruta Casos Taxa Bruta
Prostata
Mama Feminina

Colo do Utero

ia, Bronguio e Pulmao

Uvano

Linforra de Hodgkin

Pele néo Melanoma
Todas as Neoplasias
*Mdmeros aredondados para mdltiplos de 10.

Figura 1. Taxas brutas de incidéncia de cancer estimada para o ano de 2016-2017 por 100 mil

Em 2011, foi descrito em uma revisao bibliogréfica, as caracteristicas adquiridas
pelas células cancerigenas, em que S80 necessarias para progressao da
carcinogénese (Figura 2). Neste artigo, foi demonstrado que as células cancerigenas
possuem autossuficiéncia em fatores de crescimento, ou seja, sintetizam proteinas
responsaveis pela ativacdo nos sinais de proliferacdo celular atuando como células
autocrinas. Além disso, possuem instabilidade genémica e metabolismo energético
diferenciado comparado as células normais (Hanahan e Weinberg, 2011). Estas
habilidades diferenciadas garantem uma complexidade tumoral que geram condi¢des
adequadas para a proliferagdo descontrolada das células tumorais (Junttila e Sauvage,
2013). E estes conhecimentos sobre as caracteristicas das células tumorais pode
auxiliar no desenvolvimento de novos produtos antitumorais com diferentes alvos
terapéuticos para o tratamento do cancer.



Autossuficiéncia nos Evasdo nos supressores
sinais de proliferacdo de crescimento
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\

Resisténcia a morte celular

| Multiplicacdo ilimitada

Instabilidade
gendmica e mutacdo

Inflamacdo

Invasdo tecidual
e metdstase

Figura 2. Caracteristicas das células tumorais. Adaptado de Hanahan e Weinberg, 2011.

2.2. Cancer de pele e melanoma

A pele é o maior érgao do corpo humano e organizado em praticamente duas
camadas principais: epiderme e derme. A epiderme corresponde a parte mais externa
gue esta em contato com o ambiente, responsavel pela barreira fisico-quimica contra
agentes estressores como patdgenos, substancias quimicos, acdes mecanicos e raios
ultravioleta (UV) (D’Orazio et al, 2013). Os queratindcitos sdo as células mais
abundantes da epiderme, caracterizados por expressarem queratinas e uma pequena
guantidade de melandcitos, responsaveis pela producédo de melanina (Hirobe, 2014). A
derme esta estruturada abaixo da epiderme e contem estruturas como foliculos
capilares, nervos e glandulas sebaceas. A derme contém também fibroblastos e células
do sistema imune, responsaveis também por participar de diversos processos
fisiol6gicos (Elwood & Jopson, 1997; Fuchs, 2007).

Pela heterogeneidade de células na epiderme, o cancer de pele pode ser
derivado de diferentes células. Os tipos mais frequentes séo originados de células
basais e escamosas (ndo melanoma) ou de melandcitos (melanoma cutaneo) (Van der
Geer et al, 2013). O cancer de pele ndo melanoma é o tipo de cancer mais incidente
no Brasil com estimativa de 175 mil novos casos para o ano de 2016 (INCA, 2016).
Apesar da alta incidéncia, sua mortalidade é uma das mais baixas por apresentar alto
indice de cura. Por outro lado, o melanoma cutaneo, apesar de corresponder cerca de
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4% dos casos, representa 80% das mortes devido a sua agressividade e capacidade
de desenvolver metastase (Nogueira et al, 2013; INCA, 2016).

O melanoma cutaneo é um tipo de cancer de pele gerado através de alteragcbes
nos melandécitos, que pode estar localizada tanto na pele quanto em outros tecidos
pigmentados como: olhos, intestino e meninges (Shain & Bastian, 2016). A
transformacao de melandcitos normais para células neoplésicas ocorre através de uma
interacdo complexa entre fatores exdgenos e enddgenos que levam a mutacdes
genética e, consequentemente ao desenvolvimento do melanoma cutaneo (Bandarchi
et al., 2010). A exposicao intermitente aos raios UV oriundos da radiacdo solar esta
entre 0s maiores fatores de risco. Em adicdo, cor de pele e cabelo, exposicdo a
produtos quimicos, imunossupressores, historico familiar e condicbes genéticas
especificas também sdo fatores que contribuem para o surgimento do melanoma
(Sober et al., 2001; Simoes et al, 2015).

O melanoma nédo € uma doenca homogénea, mas composta biologicamente por
diferentes subtipos de células epidérmicas. E evidenciado que pelo acimulo de varias
alteracbes genéticas ha diferentes fenotipos de melanoma (Somasundaram et al.,
2012). Apesar de nao elucidada os mecanismos que levam melanécitos normais se
transformarem em células do melanoma, sabe-se que ha mutacdes em genes proto-
oncogénicos relacionados a via de sinalizacdo da proteina quinase ativada por
mitdgenos (MAPK) (Roskoski et al., 2010; Mandéla & Voit, 2013). A via de sinalizagéo
MAPK ou RAS-RAF-MEK-ERK ¢€ iniciada em receptores na membrana plasmatica
através de varios estimulos extracelulares como: fator de crescimento epidérmico
(EGF), fator de crescimento semelhante a insulina (IGF) ou fator de crescimento
transformante (TGF). Esta sinalizagdo na membrana plasmatica leva a ativacao da
proteina RAS (com trés isoformas sendo HRAS, KRAS e NRAS) que promove a
transducédo de sinais para proteinas da familia Raf que incluem ARAF, BRAF e CRAF.
Cada uma destas trés proteinas quinases podem ativar o préximo estagio, as proteinas
MEK. Ao serem ativadas, o passo seguinte € a fosforilacdo de proteinas quinases ERK,
responsaveis por ativar fatores de transcricdo que regulam varios processos incluindo
apoptose, progresséao do ciclo celular, diferenciacdo e proliferacéo celular (Ramnath et
al., 2007; Wellbrock e Hurlstone, 2010; Vultur et al., 2011).



E descrito que em 90% dos melanomas ha mutacbes na via de sinalizac&o
MAPK em que 50% s&do mutacBes na proteina BRAF, alvo das recentes drogas
antitumorais encontrados no tratamento para o0 melanoma (Ascierto et al., 2012; Shah
e Dronca, 2014). Além desta via, ha também mutacfes em outras vias como a
PISK/AKT/mTOR, responsaveis pela proliferagdo celular, porém estes sdo observados
com menor frequéncia (Omholt et al., 2006).

2.3. Terapias para o melanoma

2.3.1. Desenvolvimento e classificacao

O melanoma primario apresenta trés fases de desenvolvimento para formacgéo
do tumor: 1) os melandcitos neoplasicos se proliferam na epiderme, 2) invadem a derme
papilar (crescimento radial invasivo) e 3) entram na fase tumorigénica e mitogénica,
adquirindo capacidade de crescimento tumoral (crescimento vertical) (Guerry et al.,
1993).

O diagnéstico para o melanoma é baseado na combinacgédo de trés analises de
qualquer lesdo ou mancha pigmentada: 1) detec¢ao visual de qualquer mancha na pele
com caracteristicas assimétricas, bordas irregulares, cores heterogéneas e acima de
5mm. Para individuos em observacéo é recomendado a fotografia de todo o corpo para
possivel deteccdo do melanoma 2) dermatoscopia para analise mais precisa e em
altimo caso 3) bidpsia do tecido pigmentado (Garbe et al., 2012; Eggermont et al.,
2014).

Para o quadro clinico, o0 melanoma pode ser classificado histologicamente em
quatro tipo, sendo: melanoma expansivo superficial, melanoma nodular, melanoma
lentiginoso acral e melanoma lentiginoso maligno. Este diagnostico € baseado nos
niveis de Breslow (espessura vertical em milimetros), pelos critérios de Clark (grau de
invasdo do tumor nas diferentes camadas), tempo de exposi¢ao solar e caracteristicas
pessoas (Clark, 1967; Reed, 1976 e Spatz et al., 2010).



2.3.2. Tratamentos para o melanoma cutaneo e metastéatico

O melanoma é caracterizado em cinco estagios: no estagio 0, os tumores sao in
situ em que ndo sdo invasivos e se encontra abaixo da superficie epidérmica; os
estagios | e Il apresentam tumor primario com invasdo mas com tamanhos pequenos;
no estagio Il ha o inicio de metastase e; no estagio IV, com subdivisdo de M1a, M1b e
M1c, encontra-se metastase avancada em sitios distantes. Pacientes com melanoma
até o estagio Il apresentam bom progndéstico com uma média de sobrevivéncia de 5 a
10 anos. Porém, para pacientes no estagio IV da doenca ha uma sobrevida de 1 anos
em 62% para Mla, 53% para M1b e 33% para M1c (Balch et al., 2009). Em cerca de
90% dos casos se diagnosticados precocemente, € recomendado a excisdo cirirgica
local (Tsao et al., 2004). Além da remocéo cirdrgica e da radioterapia, h& o tratamento
com drogas antineoplasicas divididos em imunoterapia, quimioterapia e drogas

direcionadas a alvos moleculares (Simdes et al., 2015).

Na quimioterapia, a dacarbazina foi aceita como o primeiro medicamento padréo
para o tratamento do melanoma. Este medicamento € um dos derivados de triazeno
que funcionam como alquilantes nas bases do DNA formando liga¢des entre as hélices
gue levam a morte das células cancerigenas. Nos primeiros testes clinicos, este
medicamento aumentou a sobrevida nos pacientes de 7 meses e foi aprovado em 1970
(Kushnir e Merimsky, 2013). Em seguida, a descoberta do papel imune na inibicdo do
crescimento de células tumorais do melanoma trouxe a imunoterapia com a aprovagao
da interleucina-2 pela Food and Drug Administration em 1976 (Atkins et al., 1999; Ram
etal., 2007). A partir dai, através de extensivas pesquisas surgiram outras drogas como:
analogos de platina, nitrosureas, taxanos e citocinas, mas ainda assim o tratamento

permaneceu parcialmente efetivo (Janjetovic et al., 2011).

Com os avancgos na biologia molecular do melanoma e a relagdo com o sistema
imune, surgiram novas drogas (Bates et al., 2012). Em 2011, um dos primeiros
medicamentos aprovados foi o vemurafenibe (Zelboraf®), um inibidor de proteinas
BRAF, integrantes da via de sinalizacdo por AMPK (Chapman et al., 2011; da Rocha
Dias et al., 2013). Porém um dos problemas encontrados foi o rapido desenvolvimento
de resisténcia a estes agentes moleculares que também apresentaram diversos efeitos

colaterais devido a sua toxicidade (Sullivan e Flaherty, 2013; Welsh e Corrie, 2015).



Esta resisténcia pode estar associada as alteracfes nos niveis de ciclinas D1 no ciclo
celular e/ou maior expressdo de genes supressores de tumor como as proteinas
fosfatase homologas a tensina e assim dificultam a progressao do tratamento (Smalley
et al., 2008; Paraiso et al., 2011). Adicionalmente, as células do melanoma podem
adquirir resisténcia a apoptose e acentuar ainda mais a resisténcia as terapias
(Hartman et al., 2013).

2.4. Ciclo Celular e cancer

2.4.1. Ciclo celular em células eucarioticas

O ciclo celular é um processo fundamental para a manutencdo no nimero de
células. E orquestrada por uma complexa interacdo entre proteinas, metabolismo,
sinalizacdes celulares e mecanismos de controle que direcionam a proliferacdo de
células somente por estimulos especificos e em condi¢des adequadas. Este processo
pode ser dividido em quatro estagios elucidados na figura 3. No processo de divisdo
celular, o periodo em que uma célula se divide em duas células filhas com a mesma
guantidade de cromossomos, € conhecido como mitose e o periodo entre duas mitoses
é denominada intérfase. A Intérfase é dividida em trés fases: G1, S e G2. Na fase G1,
h& um crescimento celular resultante da grande quantidade de sintese protéica. Na fase
S ocorre a duplicacdo de DNA e a fase G2 é caracterizado pela sintese de RNA e
proteinas dando inicio a divisdo celular (Norbury e Nurse, 1992). H4 a ocorréncia de
uma outra fase do ciclo em que células cessam sua proliferacdo e entram em um estado
de repouso (GO0), porém pode ser reversivel e dar continuidade ao ciclo (Garrett et al.,
2001).
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Figura 3. Fases do Ciclo Celular (Adaptado de Garrett, 2001)

A transicdo de uma fase do ciclo para a proxima é monitorada por mecanismos
de sensores, conhecidos como checkpoints, que tém como funcéo, verificar e reparar
danos genéticos garantindo a copia do DNA idénticas para as células filhas e a
manutencao da integridade do ciclo celular (Hartwell e Weinert, 1989; Viallard et al.,
2001).

A progressao de cada fase do ciclo celular € coordenada por um sistema controle
(figura 4). Este controle é mediado pela acdo do complexo ciclina-CDK, em que CDK
sao quinases dependentes de ciclinas e as ciclinas séo suas subunidades de ativacao.
A formacdo, seus niveis e sua separacdo sao eventos essenciais que coordenam o
ciclo celular, uma vez que estes complexos induzem a ativacdo de proteinas

especificas através da fosforilacdo de serinas e treoninas (Blain et al., 1997).

Cyclin B/CDK1
Cyclin D/CDK4/6
M G,
)Cyclin E/CDK2
CyclinA/CDK1

CyclinA/CDK2
Figura 4. Complexo ciclina/Cdk correspondente em cada fase do ciclo celular.
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A progresséo da mitose ou senescéncia para a fase Gi, depende da expressao
na quantidade de ciclinas D (Ekholm e Reed, 2000). A formagéao do complexo ciclina-
D/CDK4-6, em resposta a sinais mitogénicos via AMPK, acarreta ainda mais o acumulo
de ciclina-D (Arellano e Moreno’, 1997). Ao alcancar niveis adequados do complexo
ciclina-D/CDK4-6, estes compostos sdo capazes de fosforilar e inativar proteina
retinoblastoma (Rb) (Malumbres e Barbacid, 2009). As proteinas Rb sdo encontradas
ligadas a outras proteinas regulatorias de genes em seu estado desfosforilado. Quando
fosforiladas, a Rb libera estas proteinas favorecendo a transcricdo de genes
responsaveis pelo avango do ciclo celular (Keenan et al., 2004). Uma das proteinas
sintetizadas s&o as ciclinas E que se ligam a CDK-2, formando o complexo Ciclina-
E/CDK2. Este complexo, além de inativar completamente proteinas Rb, atuam também
sobre a E2F, que esta diretamente ligado a transcricdo de genes recrutados para entrar
na fase S do ciclo celular (Ortega et al., 2002). Além disso, o complexo ciclina-E/CDK2
também fosforila proteinas envolvidas com a replicacdo e reparo do DNA (Sherr e
Roberts, 1999). Nafase S, as ciclina-A/CDK1,2 sdo responsaveis pela progressao para
a fase G2. E o complexo ciclina-B/CDK1 pela progressao das células da fase S para a
mitose (Draetta e Beach, 1988).

Existem outros mecanismos que controlam o ciclo celular por induzir a
expresséo de genes que codificam inibidiores de CDKs, chamados de inibidores de
quinases dependentes de ciclinas (CKIs). Os CKiIs se ligam aos complexos ciclina-
CDK que regulam negativamente seus niveis, denominados também de supressores
de tumor. Alguns exemplos como a familia de supressores de INK4 (p15"Mk4b p16'nkea,
pl8'nkic @ p19'nk4d) capazes de inibir os complexos ligados a ciclina D como também
a familia CIP/KIP (p21°P1, p27kiPl e p574iP2) que inibem complexos ligados a ciclina E
(Sherr e Roberts, 1999). Uma das principais proteinas supressoras de tumor é a p53,
gue tem funcéo importante nas respostas a danos celulares em organelas e DNA ou
ativacao desregulada de proteinas oncogénicas. Estas proteinas ao serem ativadas,
realizam a interrupcéo das atividades celulares até que o reparo do erro/dano esteja
finalizado e apds o reparo da continuidade ao ciclo celular. Quando néo reparado, a
p53 sinaliza vias apoptoéticas para que esse erro/dano ndao passe adiante para as
células filhas (Oren, 2003; Vousden, 2006).
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2.4.2. Desregulacédo do ciclo celular e cancer

Células normais somente se proliferam em resposta a estimulos externos como
sinais de crescimento ou miogénicos. Porém, células cancerigenas se proliferam de
forma desregulada na auséncia destes sinais de proliferacdo. Nesta perspectiva, as
células cancerigenas podem ter sua base oncogénica suportada por alteracdes no ciclo

celular.

Nas células tumorais, € reportado que diferentes caminhos dependentes de CDK
sao alteradas. A superexpressao de CDKs , ciclinas e a baixa expressao de CKils e
proteinas Rb sdo frequentemente reportadas em neoplasias (Malumbres e Barbaci,
2009; Kim e Diehl, 2009; Santarius et al., 2010). Cerca de 80-90% dos tumores,
apresentam alteragdes em ciclinas CDK4 e CDKZ2, contribuindo para o desenvolvimento
tumoral (Malumbres, 2001). Deste modo, as proteinas CDKs podem ser importantes

alvos terapéuticas para o tratamento do melanoma.

2.5. Morte celular programada

N&do somente os eventos de proliferacdo, mas também os mecanismos de
mortes celulares sdo essenciais para o desenvolvimento e manutencao nos seres Vivos,
sendo importante manter o equilibrio no niamero de células vivas com numero de
células mortas afim de regular a homeostase tecidual, funcédo imunolégica e supressao
tumoral (Ouyang et al., 2012; Walsh, 2014). Apoptose, necrose programada e autofagia
sao os trés principais tipos de morte celular programada, distintos por suas morfologias
(Bialik et al., 2010).

2.5.1. Autofagia

O processo de morte celular programada é uma das vias terminais mais
importantes em células e tem ganhado atencdo nos ultimos anos. Uma das formas
descritas, corresponde ao processo de autofagia associados ao autofagossomos e

autolisossomos (Tsujimoto e Shimizu, 2005).
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A autofagia é um processo de auto degradacdo importante para o
balanceamento das fontes energéticas em momentos de restricdo de nutrientes e
oxigénio além de atuar na remocao de proteinas desnaturadas, organelas danificadas
e na eliminacdo de patdégenos intracelulares. Ha trés tipos de autofagia: microautofagia,
macroautofagia, e autofagia dependente de chaperonas, todos promovem a
degradacdo proteolitica dos componentes celulares através dos lisossomos (Glick et al,
2010; Murrow e Debnath, 2013)

Na microautofagia, os componentes celulares séo fagocitados diretamente por
lisossomos por invaginacdo da membrana lisossomal. No processo de macroautofagia,
€ iniciado pela formacdo de uma membrana lipidica chamado fag6foro em torno dos
componentes celulares como proteinas e organelas. As principais proteinas envolvidas
séo as proteinas fosfatidilinositol 3-cinase classe Il e da familia Atg. A partir do fago6foro
ha o englobamento final destes componentes formando uma dupla membrana, o
autofagossoma que se funde ao lisossoma degradando o seu conteudo por enzimas
lisossomais (Van Limbergen et al., 2009). E por ultimo a autofagia dependente de
chaperonas € mediada por chaperonas especificas que translocam proteinas com
“defeito” para o lumem lisossomal através da membrana e sdo reconhecidas pela

proteina da membrana associada ao lisossomo tipo 2 (LAMP-2A) (Massey et al., 2006).

2.5.2. Apoptose

A apoptose, uma forma de morte celular programada, é parte de um processo
natural atuando como mecanismo de defesa contra células danificadas, estressadas e
estimuladas por algum agente para prevenir a perda da homeostase e integridade
tecidual (EImore, 2013). Além disso, tem um papel crucial nos primeiros estagios da
vida a fim de gerar um individuo saudavel. Embora o termo “apoptose” tenha sido
utilizado primeiramente por Kerr et. al. (1972), as primeiras descricdes da apoptose foi
através de estudos com nematoide Caenorhabditis elegans, elucidando alguns

mecanismos moleculares (Zou et al., 1997).

Em uma célula apoptotica, uma série de mudancas bioquimicas e morfolégicas
ocorrem tanto no ndcleo quanto no citoplasma. Algumas destas mudangas incluem
encolhimento celular, modificacées observadas na membrana e no nucleo celular como
picnose (condensacao extrema da cromatina) e cariorrexe (fragmentagcéo do nucleo)
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(Manjo e Joris, 1995; Power et al., 2002). Na membrana plasmética, h4 a externalizacéo
da fosfatidilserina, um fosfolipidio encontrado na parte citosélica da membrana
plasmatica (Fadok et al., 1998; Suzuki et al., 2014). Em células apoptéticas, a
fosfatidilserina € exposta na superficie da célula e sdo reconhecidas por macrofagos
resultando em fagocitose que impedem reagfes inflamatérias, uma vez que ndo ha
extravasamento celular (Hengartner, 2000; Rock e Kono, 2008; Mioka et al., 2014).
Estes eventos sucedem a formacdo de corpos apoptéticos que contém DNA

fragmentado por endonucleases (Nagata et al., 2003).

Outra caracteristica da apoptose € a acéo proteolitica de um grupo de proteases
aspartato-cisteina, conhecidas como caspases, encontradas inativas no citoplasma, na
intermembrana das mitocondrias e na matriz nuclear (Stennicke e Salvesen, 1998;
Ferraro et al., 2002). Sdo uma familia de proteinas conservadas nos mamiferos, que
ao serem ativadas por estimulos apoptéticos, estas proteinas clivam moléculas
consideradas vitais para as células como também sdo responsaveis por ativarem
endonucleases, responsaveis por degradar o DNA nuclear (Lavrik et al., 2005; Yoshida
et al., 2006). H& 14 tipos de caspases humanas conhecidas sendo divididas em dois
grupos: as caspases iniciadoras que incluem caspases -2, -8, -9 e -10 e as caspases
executoras que incluem -3, -6 e -7, 6 participam do processo de apoptose (3, 6, 7, 8,9
e 10) (Nicholson e Thornberry, 1997; Mcllwain et al., 2013).

As caspases estéo relacionadas a trés vias de apoptose (Figura 5). Na via
extrinseca, inicia-se atraveés das moléculas ligante de Fas ou TNFa que se ligam a
receptores de morte na membrana celular (Hengartner, 2000). Estes receptores tém
dominios de morte que recrutam proteinas adaptadoras como a FADD (Schneider e
Tschopp, 2000). Por sua vez, estas proteinas adaptadoras ativam pro-caspase 8, que
degradam substratos e ativam as caspases efetoras 3 e 7 iniciando a apoptose (Taylor
et al., 2008; Walsh et al., 2008).

A via intrinseca, inicia-se por danos irreparaveis no DNA, hipoxia, alta
concentracdo de calcio ou danos por estresse oxidativo em organelas como as
mitocondrias (Elmore, 2013). Todos estes caminhos resultam na perda do potencial de
membrana mitocondrial, altera o transporte de elétrons e liberacdo de moléculas proé-
apoptoéticas como o0 citocromo-c no citoplasma (Danial e Korsmeyer, 2004). A
permeabilidade da membrana é regulada por proteinas pertencentes a familia Bcl-2

15



(Tsujimoto et al., 1984). Esta familia é dividida proteinas pro-apoptéticas (Bax, Bad,
Bak, Bix, Bid, Bim, Bcl-Xs e Hrk) e proteinas anti-apoptoticas (Bcl-2, Bcl-X, Bcl-W, Bfl-
[, Mcl-I). Enquanto que proteinas anti-apoptoticas bloqueiam a liberacdo de citocromo-
c evitando a apoptose, as proteinas pro-apoptoticas promovem sua liberacdo. O
aumento de proteinas pré-apoptoéticas ou a diminuicdo de proteinas anti-apoptéticas
gera uma resposta metabolico que desencadeia o processo de apoptose (Reed, 1997).

A terceira via é dependente de granzima B, presente em linfécitos T citotdxicos
e células NK (Anthony et al., 2010). Além da granzima B, os linfécitos T citotdxicos
também liberam perforina, responsavel pela abertura de poros nas membranas das
células alvo que permitem a entrada da granzima B (Cao et al., 2007). Esta granzima

B ao entrar nas células, ativam caspase 3 e 7, iniciando a apoptose (Adrain et al., 2005).
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Figura 5. Esquematizacéo das trés vias ativadas na apoptose (Taylor et al., 2008).
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2.5.3. Necrose acidental e necrose regulada

A morte celular por necrose difere da morte por apoptose em varios aspectos
morfologicos e bioquimicos (Figura 6). A apoptose é morfologicamente caracterizada
por integridade celular, formacdo de ndcleos apoptéticos e condensacdo das
cromatinas. Por outro lado, a necrose esta relacionada a lesdo e rompimento na
membrana celular com extravasamento do contetdo citoplasmatico, aparecimento de

vacuolos e esta associada a respostas inflamatorias (Vandenabeele et al., 2010).

Figura 6. Células em morte celular por A) apoptose (formagdo de nlcleos apopt6éticos) e B) necrose
(extravasamento do conteudo citoplasmatico. Visualizado por microscopia eletrénica. (Vandenabeele et
al., 2010)

Por muito tempo, a necrose foi considerada somente como uma forma
incontrolada de morte celular, mas através de estudos recentes mostram que a morte
celular por necrose € caracterizado por complexas vias de transducdo de sinais e
mecanismos regulados de execucéo (Berghe et al., 2010). Esta natureza desregulada
da necrose foi questionada em 1988 quando foi descoberto que ao induzirem diversas
linhagens celulares a morte por TNFa, as células apresentaram aspectos morfoldgicos
caracteristicos de apoptose sem a desintegragdo nuclear (Laster et al., 1988). Desde
entado, foi estabelecido o termo “necroptose” para descrever situagbes em que a
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necrose apresentasse uma morte regulada e programada, diferenciando-se da necrose

acidental (Vandenabeele et al., 2010).

A necroptose é um tipo de necrose regulada que depende de uma extensa
relacdo entre eventos bioquimicos e moleculares. Os principais desencadeadores
desta via de morte celular séo receptores de fator de necrose tumoral (TNF), receptores
Toll-like, receptores de linfocitos-T e compostos antitumorais (Su et al., 2015). Estes
receptores ao serem ativados, desencadeiam sinalizacbes que culminam na ligacéo de
uma proteina quinase de interagdo com o receptor 1 (RIPK1) com a proteina quinase
de interacdo com o receptor 3 (RIPK3) através do motivo RIP de interagcdo homotipica
(RHIM) (Moriwaki e Chan, 2013). A fosforilacdo de RIPK3 pela RIPK1 recruta seu
substrato, a proteina de dominio quinase de linhagem mista (MKLK). O complexo
RIPK1-RIKP3-MKLK, também denominado de necrossomo ativa oligdbmeros de MLKL
qgue inativam proteinas funcionais e se translocam para membranas intracelulares
levando-as a ruptura. (Sun et al., 2012; Dondelinger et al., 2014; Jouan-Lanhouet et al.,
2014). Estes eventos estdo associados a excessiva producdo de espécies reativas de

oxigénio e permeabilizacao lisossomal (Festjens et al., 2006).

2.6. Compostos naturais e o cancer

As plantas representam a base da medicina tradicional e os primeiros relatos de
uso aparece em 2600 a.C. na Mesopotamia (Cragg e Newman, 2013) com substancias
que sao utilizadas até hoje para o tratamento de doencas como resfriados e infeccdes
(Gurib-Fakim, 2006). Estima-se que cerca de 80% da populacdo mundial faz uso de
plantas medicinais na terapia tradicional para os cuidados primarios de saude (Prakash
et al., 2013).

A descoberta de medicamentos provenientes de plantas medicinais exerce papel
fundamental no tratamento de cancer (Newman e Cragg, 2012). Anticancerigenos
derivados de produtos naturais amplamente conhecidos tais como alcaloides da vinca,
paclitaxel, podofilotoxina e etoposida sdo exemplos que reforgcam a busca por novos
agentes (Younes et al., 2007). Desde 1940 até o final de 2014, das 175 moléculas

aprovadas pela entidade Food and Drug Administration dos EUA para o tratamento do
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cancer, 85 eram produtos naturais ou derivados diretamente deles (Newman e Cragg,
2016).

N&o somente a atividade anticancerigena, mas também outras propriedades
terapéuticas estdo relacionadas intimamente com o0s metabdlitos secundarios
produzidos pelas plantas. Os metabdlitos secundarios sédo substancias produzidos por
vias bioquimicas secundarias atuando na defesa contra herbivoria, ataque de
patégenos, atracdo de polinizadores, para comunicagdo ou protecado contra fatores
externos como raios UV, condic¢fes climaticas, escassez de agua e nutrientes (Ferreira
e Pinto, 2010; Kennedy et al., 2011). Dentre estes metabdlitos, encontra-se 0s
polifendis, um grupo heterogéneo de substancias biossintetizadas a partir do acido
chiquimico ou do acido mevalénico (Manach et al., 2005). Todos eles ttm em comum
um ou mais grupos fendlicos em sua estrutura quimica que podem ser divididos em
flavonoides (agrupados em seis classes: flavonol, flavonas, flavanonas, flavanol,

antocianinas e isoflavonas) e nao-flavondides (Dzialo, 2016).

Tanto flavonoides quanto outros polifendis tem demonstrado atividade citotoxica
através de varios mecanismos de morte em linhagens de células tumorais, incluindo
melanoma. (Moon et al., 2006; Syed et al., 2014; Rivera et al., 2016). Esta atividade
pode ser mediada pela acéo pro-oxidante dos polifendis sobre as células tumorais, que
em certas condicbes aumentam a producdo de ROS levando-os a morte celular
(Prochazkova et al., 2011). Os compostos podem atuar de forma direta na formacéo de
radicais peroxil ou ligar-se com metais de transicdo envolvidos no ciclo redox (Hadi et
al., 2007). Este radical peroxil pode reagir com o oxigénio e formar o radical superoxido
e interagir com o DNA e outros componentes essenciais para o funcionamento celular.
Os derivados de catequinas, por exemplo epigalocatequinas e quercetinas, sao
amplamente estudados como agentes pré-oxidantes em que promoveram
citotoxicidade por aumento nos niveis de ROS em linhagens leucémicas humanas
(Oikawa et al., 2003). Outros compostos fendlicos como o piceatanol podem interagir
com ions de cobre e promover a reacdo de Fenton que geram ROS induzindo a
clivagem do DNA em células tumorais (Li et al., 2012). Ha também a atuacao destes
compostos naturais atuando em outras vias agindo por diferentes mecanismos
envolvidos na inducdo de apoptose e influéncia no ciclo celular (Goker et al., 2014,
Wang et al., 2015).
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Esta atividade pré-oxidante dos polifendis estdo bem descritos na literatura uma
vez que varias drogas quimioterapicas consagradas no tratamento de varios tipos de
cancer como paclitaxel, cisplatina e doxorrubicina atuam de maneira similar causando
estresse oxidativo e danos em macromoléculas intracelulares (Lopez-Lazaro, 2007).
Portanto, tendo em vista a potente atividade bioldgica dos produtos naturais, é
necesséario o desenvolvimento de novos agentes terapéuticos para o tratamento do

cancer buscando abordar a quimica dos compostos e 0s mecanismos de acéo.

2.7. Género Senna

A familia Fabaceae, antes denominada de Leguminosidae € a terceira maior
familia de angiospermas compreendendo cerca de 730 géneros e 19.325 espécies
registradas atualmente, e subdivididas em trés subfamilias (De Paula e De Oliveira,
2007; Dutra, 2008) sendo Mimosoideae, Faboideae e Caesalpinioideae. No Brasil h4 a

ocorréncia de cerca de 1500 espécies divididos em 200 géneros.

A subfamilia Caesalpinioideae abrange certa de 171 géneros e 2.250 espécies,
tipicas de regides tropicais e encontradas nos continentes da Asia, América e Africa
(Garcia e Dutra, 2004; Lewis et al., 2005; Dutra, 2008). A Caesalpinioideae reune
representantes arboreos e arbustivos, cuja principais caracteristicas sdo: calice
dialissépalo, dialipétalas, folhas pinadas e bipinadas com prefloracéo imbricada carenal
(Polhill e Raven, 1981).

O género Senna € integrante da Caesalpinioideae, distribuida na América
Central e Sul com mais de 350 espécies. No Brasil, cerca de 60 espécies encontram-
se ao longo do cerrado, em campos aberto no Centro-Oeste, Sudeste e parte da
Amazonia (Carvalho e Oliveira, 2003; Aradjo e Souza, 2007). Recentemente, algumas
espécies de Cassia, consideradas sinonimias de Senna, tiveram sua taxonomia
reclassificadas passando a pertencer ao género Senna. Dentre alguns exemplos temos:
Senna alata, Senna alexandria e Senna angustifélia (Silva et al., 2010). Em estudos
realizados com o género Senna, Rodrigues et al. (2009) encontraram compostos

fitoquimicos pertencentes a classe dos polifendis, polissacarideos e antraquinonas.

Ha diversos estudo cientificos de espécies de Senna elucidando suas atividades

antiparasitarias (Ibrahim et al., 2010), atividades antimicrobianas (Jothy et al., 2012),
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antidiabética (Varghese et al., 2013), antioxidante (Mokgotho et al., 2013), anti-
inflamatéria (Susunaga-Notario et al. 2014) e anticancerigena utilizando algumas

linhagens tumorais (Pereira et al., 2016).

2.8. Senna velutina

Senna velutina é uma planta arbustiva pertencente a familia Fabaceae (Figura
7) conhecida popularmente como séo jodo ou vermelhinho (Saiki et al., 2008; Loverde-
Oliveira et al., 2010). Esta planta é nativa no Brasil com vasta distribuicdo no Cerrado
e no pantanal sul mato-grossense além de outras regides como o Sudeste e Norte
brasileiro. Na América do Sul é encontrada em paises como Bolivia, Guiana, Paraguai

e Venezuela (Figura 8) (Souza e Bortoluzzi, 2014; Marazzi et al., 2006).

Figura 7. Espécie Senna velutina, pertencente a familia Fabaceae. (Foto tirada por Glaucia Neves)

Em comunidades locais do Mato Grosso do Sul, esta planta é utilizada na
medicina popular para o tratamento e prevencdo de algumas enfermidades como

hipercolesterolemias, problemas hepéticos e infecciosos. Ha relatos etnobotanicos de
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seu uso para o tratamento de dermatites através da decocc¢do das cascas ha regido
Nordeste do Brasil (Angra et al., 2007)
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Figura 8. Distribuicdo espacial de Senna velutina na América do Sul (Fonte: Global Biodiversity

Information Facility).

Apesar de ser utilizada popularmente por comunidades locais, ndo h& estudos
cientificos que validem tais atividades. Diante disto, a bioprospeccdo desta espécie
torna-se necessaria por conter uma diversidade de moléculas bioativas com potencial
antitumoral abrindo possibilidades para se tornar um novo produto natural auxiliando

no tratamento do melanoma.
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3. OBJETIVOS

3.1. Objetivo Geral

Investigar a composicdo quimica do extrato etandlico das raizes de Senna
velutina, avaliar seus efeitos antitumorais do in vitro e in vivo contra células de
melanoma B16F10-Nex2 e identificar os possiveis mecanismos de acédo do

extrato.

3.2. Objetivos Especificos

Caracterizar compostos presentes no extrato, relacionando-as com as atividades
biologicas apresentadas

Avaliar o potencial citotdxico do extrato das raizes;

Determinar o mecanismo de morte do extrato das raizes em linhagem de células
tumorais B16F10-Nex-2;

Investigar a acdo antitumoral do extrato sob o desenvolvimento neoplasico em
modelo de volume tumoral cutdneo em camundongos;

Investigar a agcdo antitumoral do extrato em modelo de metastase pulmonar em

camundongos;
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Abstract

Cutaneous melanoma is among the most aggressive types of cancer, and its rate of
occurrence increases every year. Current pharmacological treatments for melanoma
are not completely effective, requiring the identification of new drugs. As an alternative,
plant-derived natural compounds are described as promising sources of new
anticancer drugs. In this context, the objectives of this study were to identify the
chemical composition of the ethanolic extract of Senna velutina roots (ESVR), to
assess its in vitro and in vivo antitumor effects on melanoma cells and to characterize
its mechanisms of action. For these purposes, the chemical constituents were
identified by liquid chromatography coupled to high-resolution mass spectrometry. The
in vitro activity of the extract was assessed in the B16F10-Nex2 melanoma cell line
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
and based on the apoptotic cell count, DNA fragmentation, necrostatin-1 inhibition,
intracellular calcium and pan-caspase, caspase-3 activation, reactive oxygen species
(ROS) levels and cell cycle arrest. The in vivo activity of the extract was assessed in
models of tumor volume progression and pulmonary nodule formation in C57BI/6 mice.
The chemical composition results showed that ESVR contains flavonoid derivatives of
the catechin, anthraquinones and piceatannol groups. The extract reduced B16F10-
Nex2 cell viability and promoted apoptotic cell death as well as caspase-3 activation,
with increased intracellular calcium and ROS levels as well as cell cycle arrest at the
sub Go/G1 phase. In vivo, the tumor volume progression and pulmonary metastasis of
ESVR-treated mice decreased over 50%. Combined, these results show that ESVR
had in vitro and in vivo antitumor effects, predominantly by apoptosis, thus
demonstrating its potential as a therapeutic agent in the treatment of melanoma and

other types of cancer.
Keywords: Bioprospection; natural product; cancer; melanoma; cell death.
1. Introduction
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Cancer is among the leading causes of death worldwide [1]. In particular,
cutaneous melanoma is a potentially lethal form of skin cancer and occurs when
melanocytes, cells responsible for producing the melanin pigment, undergo changes
mediated by endogenous and/or exogenous events, thereby becoming malignant [2,3].
The main factors responsible for the onset of melanoma are intrinsic and extrinsic.
Intrinsic factors primarily include genetic susceptibility and family history, whereas the

main extrinsic factor is excessive exposure to ultraviolet radiation [4,5].

In recent decades, the incidence of cutaneous melanoma has increased, and
according to the World Health Organization, approximately 132,000 cases of
melanoma are diagnosed every year worldwide [6]. Its incidence varies among
different populations, and the highest rates are reported in countries such as Australia
and New Zealand [7]. When melanoma is detected early, surgical removal increases
the treatment efficacy in approximately 99% of cases [8]. Chemotherapy,
immunotherapy and molecular therapy are among the main treatments for melanoma
[9,10]. Although patient survival rates are increasing, therapies and their combinations
are still limited because they cause toxicity [11]. In addition, advanced-stage

melanoma is resistant to drug therapy [12].

As an alternative to current therapies, phytochemical molecules have gained
prominence as promising agents for the development of new drugs in the treatment of
neoplasia [13]. Some studies have demonstrated that these substances show low
toxicity in normal cells and act as melanoma treatment adjuvants, enhancing the

anticancer effects of chemotherapeutic agents [14,15].

In the scientific literature, the anticancer properties of more than 3000 plant
species have been described [16]. Furthermore, in the last 70 years, 175 anticancer
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molecules were approved by the Food and Drug Administration (FDA), and 85 of them

are derived from natural products or their derivatives [17].

These molecules, known as secondary metabolites, are complex compounds
with diverse structures responsible for various biological activities [18]. These
characteristics, together with the high degree of biodiversity in Brazil, may provide a
promising source of new drugs. The genus Senna (Fabaceae) is found in the Brazilian
Cerrado and has more than more than 250 species whose antimicrobial [19],
antidiabetic [20], antioxidant [21], anti-inflammatory [22] and anticancer [23,24,25]

properties have been described.

The species Senna velutina, a shrub of the genus Senna, commonly known as
Sdo Jodo, vermelhinho or Fedegoso-do-Cerrado, is found in the Central-West,
Southeast and Northeast regions of Brazil [26,27]. Although the species is used by the
population for medicinal purposes, only one article has described the antileukemic
activity of the leaves of this plant [24]. However, no scientific study has described the
chemical constituents and anticancer properties of the roots of this plant. In this
context, the objective of this study was to characterize the chemical composition,
assess the in vitro and in vivo antitumor effects and identify the mechanisms through
which the ethanolic extract of S. velutina roots (ESVR) promotes B16F10-Nex2

melanoma cell death.
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2. Materials and Methods

2.1. Plant material and extract preparation

S. velutina roots were collected in the Cerrado region (Brazilian biome), in the
state of Mato Grosso do Sul (S 22° 05’ 545” and W 055° 20’ 746”), in the Central-West
region of Brazil and identified by a botanist. A dried sample of the species was
deposited in the Herbarium of Federal University of Grande Dourados-UFGD, Dourados,
Mato Grosso do Sul (MS), Brazil, with registration number 4665. Root collection was
authorized by the Sistema de Autorizacdo e Informacdo em Biodiversidade
(Biodiversity Information and Authorization System; SISBIO, permit number 54470-1).
Subsequently, the plant roots were rinsed, dried in an air circulation oven for 15 days
at 36°C, pulverized and 200g was then macerated in 95% ethanol (7:1) at room
temperature for 7 days. Then, the extract was filtered, and the residue was subjected
to the same procedure twice. After 21 days, the filtrate was concentrated in a rotary
vacuum evaporator (Gehaka, Sdo Paulo, SP, Brazil) and subsequently freeze-dried
(model Savant Micromodulyo, Thermo Scientific, Massachusetts, EUA). The dry
extract yield was 23%, calculated using the following formula: extraction yield (%) =
(weight of the freeze-dried extract x 100)/(weight of the original sample). The ESVR

was stored at -20°C for subsequent experiments.

2.2. Phytochemical analysis

ESVR was analyzed in an ultra-fast liquid chromatograph (UFLC; Shimadzu) coupled
to a diode array detector (DAD; Shimadzu) and electrospray ionization time-of-flight
mass spectrometer (ESI-QTOF-micrOTOF QIl; operating in the positive and negative

ionization modes, 120-1200 Da, Bruker Daltonics). A C-18 column was used (Kinetex,
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2.6 um 150 x 2.2 mm, Phenomenex), protected by a guard precolumn of the same
material. The mobile phase was water (solvent A) and acetonitrile (solvent B), both
with 0.1% formic acid, in a gradient of 0-2 min 3% B, 2-25 min 3-25% B and 25-40 min
25-80% B, followed by the washing and reconditioning of the columns (8 min). The
flow rate was 0.3 mL/min, and 1 pL (1 mg/mL) of the extract was injected. The other
micrOTOF QIl parameters were as follows: temperature, 200°C; N2 gas flow rate, 9
L/min; nebulizer, 4.0 bar; capillary voltage, 3500 V (negative), +4500 V (positive); and
internal calibration with sodium trifluoroacetate (TFA-Na) injected at the end of the
chromatographic analysis. The catechin and piceatannol authentic standards were
purchased from Sigma-Aldrich with = 95% purity. The metabolites present in ESVR
were identified based on the interpretation of mass and UV absorption spectra and
based on comparison with the literature. When available, the compounds were

confirmed by comparison with authentic standards.

2.3. Cell lines and cell cultures

Human peripheral blood mononuclear cells (PBMCs) were collected after donor
consent. Mononuclear cells were separated by centrifugation using Ficoll Histopaque-
1077 (1.077 g/lcm3) (Sigma-Aldrich, Germany) according to the manufacturer’s
instructions at 400 x g for 30 min. The use of human blood was approved by the Ethics
Committee of the Federal University of Grande Dourados (UFGD) under protocol
123/12. The murine melanoma subline (B16F10-Nex2) was isolated at the Oncology
Experimental Unit (Federal University of Sdo Paulo, UNIFESP) from the B16F10 cell
line and cultured in RPMI 1640 medium (Gibco/lnvitrogen, Minneapolis, MN)

supplemented with 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, 10
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nM) and sodium bicarbonate (24 nM). Human lung fibroblasts (MRC-5), Human
Melanoma Cell Lines (SK-Mel-28 and SK-Mel-103) were cultured in high-glucose
Dulbecco’s Modified Eagle's Medium (DMEM). All cell lines were supplemented with
10% fetal bovine serum (FBS), purchased from Gibco/Invitrogen, and 40 mg/mL
gentamicin (Hipolabor Farmacéutica, Sabara, MG, Brazil). They were kept in flasks at

37°C in 5% CO..

2.4. MTT cell viability assay

The cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltrazolium bromide (MTT) colorimetric assay. Adherent cells were plated at a
density of 5x103 cells/well, and PBMCs were plated at 10° cells/well in 96-well
microtiter plates. After 24 and 48 h, solutions with different ESVR concentrations (25-
125 pg/mL), diluted in medium with 0.1% DMSO, were added, and medium with only
0.1% DMSO was used as a control. At the end of both periods, 100 uL MTT (0.5
mg/mL) was added to each well. The cell culture was incubated for another 4 h, and
100 pL of DMSO was then added to solubilize the formazan crystals. The absorbance
was determined at 570 nm using a SpectraMax 250 reader (Molecular Devices). Cell

viability inhibition was calculated using the following formula:

Cell viability (%) = [ADS treated celis/ADS control] X 100.
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2.5. Effect of ESVR on B16F10-Nex2 cells

B16F10-Nex2 cells (5x103 cells/well) were subjected to solutions with different
ESVR concentrations (25-125 pg/mL) diluted in RPMI 1640 solution with 0.1% DMSO
for 24h. RPMI 1640 solution with 0.1% DMSO was used as a control. Subsequently,
cell images were acquired under a Nikon TE2000E (Nikon Instruments) microscope

(10x objective).

2.6. Cell death profile

The cell death profile was determined using the method described by Paredes-
Gamero et al. (2012) [28] with a few modifications. B1L6F10-Nex2 cells were plated in
48-well plates (10* cells/well) and cultured in RPMI 1640 with 10% FBS for 24 h as
well as with the half-maximal inhibitory concentration (ICso) of ESVR (52 pg/mL). After
this period, the cells were washed with phosphate-buffered saline (PBS), detached and
resuspended in buffer solution (0.01 M HEPES, pH = 7.4, 0.14 M NaCl and 2.5 mM
CaCl2). The suspension was labeled with annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide (Becton Dickinson, USA) according to the manufacturer’s
instructions. The cells were incubated with the ICso concentration of ESVR diluted in
the medium to assess whether the extract showed fluorescence under the study
parameters. The cells were incubated for 15 min at room temperature, and
subsequently, 10,000 events per sample were collected and analyzed in the Accuri C6
flow cytometer (Becton Dickinson, USA) using the software FlowJo v10.2 LCC

(Oregon, USA).
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2.7. Apoptotic B16F10-Nex2 cell nuclei count

To count the apoptotic cell nuclei, 6x10* B16F10-Nex2 cells/well were plated on
coverslips in 24-well plates. Subsequently, the cells were treated with 52 pg/mL ESVR
diluted in RPMI 1640 solution with 0.1% DMSO for 24 h. As a control, RPMI 1640
solution with 0.1% DMSO was used. After this period, the supernatant was discarded,
and the cells were washed with PBS twice and fixed with 2% paraformaldehyde for 20
min at room temperature. Then, the cells were washed with PBS and permeabilized

with 0.01% saponin for 20 min.

To detect apoptotic nuclei, coverslips were placed on slides and labeled with 4’—
6’-diamidino-2-phenylindole (DAPI) dihydrochloride. Cells were counted under a

LEICA DMI 6000B confocal microscope (Leica Microsystems, Germany).

2.8. DNA fragmentation

B16F10-Nex2 cells were plated at 1x10° cells/well. After 24 h, the cells were
treated with 100 pg/mL ESVR diluted in RPMI 1640 solution with 0.1% DMSO. RPMI
1640 solution with 0.1% DMSO was used as a control for 12 and 24 h. Subsequently,
the DNA was extracted with phenol/chloroform, followed by incubation with RNAse (20
pg/mL). The DNA integrity was visualized in a 2.5% agarose gel stained with ethidium

bromide (0.5 pg/mL).
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2.9. Caspase-3 activity

Caspase-3 activation was assessed by flow cytometry according to the method
described by Moraes et al. (2013) [29] with minor modifications. B16F10-Nex2 cells
(6x10* cells/well) were treated with ESVR (52 pg/mL) and diluted in RPMI 1640 solution
with 0.1% DMSO for 24 h. RPMI 1640 solution with 0.1% DMSO was used as a control.
After the treatment, the cells were fixed with 2% paraformaldehyde for 30 min and then
permeabilized with 0.01% saponin in PBS for 20 min at room temperature.
Subsequently, the cells were incubated for 1 h with cleaved caspase-3 (Aspl75)
antibody (Alexa Fluor® 488 conjugate) at room temperature and protected from light.
After the incubation period, the fluorescence was acquired in 10,000 events in the
Accuri™ C6 flow cytometer (Becton Dickinson, San Jose, CA) and analyzed using the

software FlowJo v8.7. (Ashland, USA).

2.10. Determination of the reactive oxygen species (ROS) levels

ROS levels were determined by flow cytometry using the 2',7'-
dichlorodihydrofluorescein  diacetate (H2DCFDA) dye (Molecular Probe-Life
Technologies, Carlsbad, CA). For this purpose, B16F10-Nex2 cells (6x10* cells/well)
were treated for 24 h with ESVR (52 pg/mL) diluted in RPMI 1640 solution with 0.1%
DMSO, and RPMI 1640 solution with 0.1% DMSO was used as a control. Subsequently,
the cells were trypsinized and incubated with 10 uM H2DCFDA for 30 min at room
temperature and protected from light. After the incubation period, the fluorescence,
related to the ROS levels, was acquired in 15,000 events in the Accuri™ C6 flow
cytometer (Becton Dickinson, San Jose, CA) and analyzed using the software FlowJo

v8.7. (Ashland, US).
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2.11. Pan-caspase, intracellular calcium and necrostatin-1 inhibition

To assess the involvement of caspases, intracellular calcium and RIPK1 in
ESVR-promoted cell death, B16F10-Nex2 cells (5x102 cells/well) were pretreated for 1
h with carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- fluoromethylketone (Z-VAD-FMK;
irreversible, cell-permeant pan-caspase inhibitor), 1,2-bis(2-aminophenoxy)ethane-
N,N,N’,N'-tetraacetic acid tetra(acetoxymethyl ester) (BAPTA-AM; cell-permeant
calcium chelator) or necrostatin-1 (NEC-1) inhibitor. Then, the cells were treated with
ESVR (52 pg/mL) diluted in RPMI 1640 solution with 0.1% DMSO for 24 h. RPMI 1640
solution with 0.1% DMSO was used as a control. After this period, the cell viability was

determined using the MTT assay, which was previously described in item 2.4.

2.12. Cell cycle phases

The distribution of cell cycle phases was assessed using the method described
by Paredes-Gamero et al. (2012) [28]. For this purpose, B16F10-Nex2 cells (6x10*
cells/well) were treated with ESVR (%2 ICs0 = 26 pg/mL and I1Cso = 52 pg/mL) diluted in
RPMI 1640 solution with 0.1% DMSO for 24 h. RPMI 1640 solution with 0.1% DMSO
was used as a control. Subsequently, the cells were fixed and permeabilized as
described above and incubated with RNAse (4 mg/mL) (Sigma-Aldrich, Germany) for
1 h at 37°C. For DNA labeling, the cells were incubated with SYTOX Green (5 pug/mL)
(Molecular Probes Inc., Oregon). The percentage of cells at each cell cycle phase (sub

Go/G1, S and G2/M) was determined in 40,000 events in an Accuri™ C6 flow cytometer
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(Becton Dickinson, San Jose, CA). The results were analyzed using the software

FlowJo v.8.7.

2.13. Animals

Male C57BIl/6 mice 4-6 weeks of age were obtained from the Centro de
Desenvolvimento de Modelos Experimentais para Medicina e Biologia (Center for the
Development of Experimental Models for Medicine and Biology—Federal University of
Séo Paulo (CEDEME-UNIFESP), Sao Paulo, Brazil). In all experiments, the “Principles
of Laboratory Animal Care” guidelines were followed (National Institute of Health (NIH)
publication no. 85-23, revised in 1985), and animal experimentation was performed
using protocols approved by the Animal Ethics Committee of the Federal University of

Séao Paulo (UNIFESP) under number 1234/11.

2.14. In vivo antitumor assay

Previously cultured B16F10-Nex2 melanoma cells (5x10* cells/animals) were
subcutaneously implanted in the lumbosacral region of C57BI/6 mice (seven animals
per group). From the second day of implantation, the mice were intraperitoneally
injected with ESVR (520 pg/mL) every other day for 30 days. The dose chosen was 10
times higher than the ICso observed in the in vitro assays. The mice from the control
group were intraperitoneally injected with the vehicle RPMI 1640 with 0.1% DMSO.
The tumor volume was monitored after the 16th day of treatment, and the tumor
diameter was measured three times a week. The tumor volume was determined using

the following formula:
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Tumor volume (mm?3) = larger diameter x smaller diameter2 x 0.52

2.15. In vivo pulmonary metastasis evaluation

The experiment was conducted according to Figueiredo et al. (2014) [30] with
minor modifications. Thus, 5x10° B16F10-Nex2 melanoma cells were injected through
the caudal vein into C57BI/6 mice (five animals per group). From the second day of
implantation, the mice were intraperitoneally injected with ESVR (520 pg/mL) every
other day for 14 days. The mice from the control group were intraperitoneally injected
with vehicle RPMI 1640 with 0.1% DMSO. On the 15th day, the mice were anesthetized
and euthanized. The lungs were removed, and the lung nodules were counted using a

stereoscope (Nikon SMZ745t), with the images recorded using a Ds-Fi2 camera.

2.16. Statistical analysis

All data are expressed as the mean + standard error of the mean (SEM). The
half-maximal inhibitory concentrations (ICso) with confidence limits of 95% were
determined by nonlinear regression using the software GraphPad Prism 6 software
(San Diego, CA, USA). Significant differences between groups were determined using
the unpaired Student’s t-test (in apoptotic BL6F10-Nex2 cell count, caspase-3 activity,
determination of ROS levels , cell cycle phase, in vivo antitumor assay and in vivo
pulmonary metastasis evaluation) for comparison between two groups and analysis of
variance (ANOVA) followed by Dunnett’s test for comparison of two or more groups (in

pan-caspase, intracellular calcium and necrostatin-1 inhibition) using the GraphPad
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Prism 6 software (San Diego, CA, USA). The results were considered significant

when p < 0.05.

3. Results

3.1. Phytochemical composition of ESVR

Compounds relative to the twenty one chromatographic peaks were detected in
the ethanolic extract of S. velutina roots, including sugar derivatives, gallocatechin,
epigallocatechin, catechin, epicatechin, butiniflavan-(epi)gallocatechin, butiniflavan-
(epi)catechin, piceatannol, cassiaflavan-(epi)gallocatechin, cassiaflavan-(epi) catechin

and dimeric tetrahydroanthracene derivatives (Figure 1 and Table 1).
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Figure 1. Characterization of the compounds identified in ESVR by HPLC-MS. Chromatograms with the base peaks and peaks
identified in the extract.
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Table 1. ESVR chemical profile as analyzed by UFLC-MS (negative mode)

. Molecula
Retention PPM
Peak . uv r [M-H] MS/MS Compound
Time Error
Formula
1 1.1 -- C12H20011 341.1086 0.6 341: 179 sugar derivative
2 4.2 270 C15H1407 305.0657 3.2 305:261, 2211’62519' 179, 167, gallocatechin
1261, 221, 219, 179, 167 . .
3 8.6 270 C15H1408 305.0660 2.3 305:261, 1’65 9,179, 167, epigallocatechin
4 9.1 280 C15H1409 289.0709 3.0 289: 245, 205, 203 catechin
5 125 280  Ci5H14010 289.0714 1.3 289: 245, 205, 203 epicatechin
6,7,8 125135146 278  CaoHaOn ori02°0L1402 561: 407, 305, 177, 165 butiniflavan-
(epi)gallocatechin
butiniflavan-
9,10 16.1/17.6 280 C30H26010 545.1453/545.1445 0.7 545: 391, 289, 245 (epi)catechin
11 18 280/321  CiaH1204 243.0662 0.3 243: 201, 159 piceatannol
cassiaflavan-
12,1 . . . . . .
1 4’ 135’ 19 6/20/720 4120 280 C30H26010 545.1441 2.3 545: 305, 239, 165 (epi)gallocatechin
16, 17, cassiaflavan-
18, 19, 22:2/22.1123.21 280 C30H2609 529.1488 3.0 529: 289, 245, 239, 203 (epi)catechin
23.5/24.9
20
dimeric
279/320 633.1992 633: 615, 597, 579, 557, 555, tetrahydroanthracene
21 36.1 jags ~ C34H34012 2.2 539, 317, 299, 298, 259 derivative
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3.2. Cell viability assay

Figure 2 shows that B16F10-Nex2 cells were sensitive to ESVR in a
concentration-dependent manner after 24h (ICso of 52 pg/mL) and 48h (1Cso of 59 pg/mL)
of treatment. In both treatment periods, the ESVR decreased the number of viable cells.
On the other hand, ESVR cytotoxicity was lower in the PBMC and MRC-5 cell lines than
in B16F10-Nex2 cells, it was observed that even after 48h incubation with the highest
dose tested (125 pg/mL) the extract was cytotoxic to only 20-30% of cell. Additionally, it
was evaluated the effect of ESVR against Human Melanoma Cell Lines SK-Mel-28 (ICso
of 420.21 pg/mL in 24h and 330.48 pg/mL in 48h) and SK-Mel-103 (ICso0 of 245.23 pg/
L in 24h and 94.09 ug/mL in 48h) (reported in supplementary Figure 1). However, in
both SK-Mel cell lines the results were lower than those observed against B16F10-Nex2
cells. B16F10-Nex2 cells were chosen for the next analyzes, since they were more

sensitive the action of ESVR.
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Figure 2. The cytotoxic effect of ESVR on PBMC, MRC-5 and B16F10-Nex2 cells
treated with different ESVR concentrations for (A) 24 and (B) 48 h. The data are

36 expressed as the means £ SEM in three independent experiments in triplicate.

37



38

39

40

41

42

43

44

45

46

47

3.3. Effects of ESVR on B16F10-Nex?2 cells

Figure 3 shows the effects of different ESVR concentrations on B16F10-Nex2
cell viability and morphology after 24 h of treatment. At images of the 25 to 60 pg/mL
of the extract concentration it was observed a reduction in the cell number, without
changing the morphology of unaffected cells, that remain attached to the extracellular
matrix present at the well. On the other hand, cells treated with doses equal or higher
than 70 pg/mL of the extract showed a marked reduction in the cell number and
strongly modified morphology of the remaining cells, that loose attachment to the

extracellular matrix.
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Figure 3. Reduced viability of B16F10-Nex2 cells treated
with different ESVR concentrations for 24 h. Images are
representative of those seen from at least three such fields
of view per sample and three independent replicates.
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3.4 Cell death profile

Cells were incubated with ESVR diluted in culture media at the ICso without annexin V-
FITC or propidium iodide. However, the fluorescence of the extract was similar to that
of the markers, thereby precluding the correct interpretation of these tests (data not

shown).

3.5. Apoptotic B16F10-Nex2 cell count

Nuclear morphological changes are characteristic of apoptotic cell death and
can be determined by microscopy using specific fluorescence markers. In these
analyzes, the number of apoptotic B16F10-Nex2 cells treated with ESVR (52 pg/mL),
counted under confocal microscopy shows that the extract promoted nuclear damage
in 32.4% of cells, whereas only 5.2% of untreated cells were damaged (Figure 4). Only
nuclei that showed extreme chromatin condensation, DNA fragmentation and high

fluorescence intensity were considered apoptotic nuclei.

1004 e e e ——
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Apoptotic nuclei (%)
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Control ESVR
36, Dglég re 4, Count of apoptotic nuclei in B16F10-Nex2 cells treated for 24 h with

J&ﬂ*ﬂj {EQIR. The data are expressed as the means + SEM of four

independent experiments in duplicate. ***p < 0.001 compared with control.
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Compounds that activate cell death pathways such as apoptosis are able to
induce DNA degradation. The DNA fragmentation data shown in Figure 5 demonstrate
that ESVR-treated B16F10-Nex2 cells show time-dependent DNA fragmentation,
which is observed after 12 h and is intensified after 24 h and 48 h of treatment. After
these incubation periods, the control cells showed no sign of DNA fragmentation.

ESVR
DNA =
marker Ctrl 12h  24h 48h

Figure 5. DNA fragmentation in B16F10-Nex2 cells analyzed by agarose gel
electrophoresis after 12 h, 24 h and 48h of treatment with ESVR. Ctrl = B16F10-
Nex2 cells after 48h without treatment with ESVR .
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3.7. Caspase-3 activity

The caspase-3 is effector caspase that plays a central role in the execution
phase of apoptosis. Caspase-3 activation was assessed to identify the possible cell
death pathways activated by ESVR in melanoma cells. In this assay, Figure 6A shows
right-shifted fluorescence values, thus confirming caspase-3 activation and indicating
apoptosis-induced cell death. The increase in cleaved caspase-3 in ESVR-treated

B16F10-Nex2 cells was twice as high as that in control cells (Figure 6B).
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Figure 6. Caspase-3 activation by ESVR after 24 h represented in a histogram (A) and bar graph (B). * The data are expressed as
the means + SEM of three independent experiments in duplicate. *p < 0.05 compared with control cells.
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3.8. Determination of the reactive oxygen species (ROS) levels

ROS were evaluated in this study to verify whether were involved in ESVR-induced
cell death. The levels of ROS increased in ESVR-treated cells, as shown by the right-
shifted fluorescence values (Figure 7A). The mean values obtained in the
fluorescence intensity were 24.271 = 4.309 for treated cells with ESVR and
2.787 + 408 for the control cells (Figure 7B). The ROS levels increased 8.7-fold in
B16F10-Nex2 cells treated with the extract after 24 h of incubation compared with

control cells without treatment.
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Figure 7. Determination of the levels of ROS in B16F10-Nex2 cells treated for 24 h
with 52 ug/mL of ESVR, represented in a histogram (A) and bar graph (B). The data
are expressed as the means = SEM of three independent experiments in duplicate.
***p < 0.001 compared with control cells.

3.9. Pan-caspase, intracellular calcium and necrostatin-1 inhibition
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Aiming to identify cell death modalities induced by ESVR in B16F10-Nex2 cells,
were analyzed different markers of apoptosis and necrosis. Figure 8 shows that neither
control BL6F10-Nex2 cells nor B16F10-Nex2 the cells treated with only the inhibitors
showed changes in cell viability. Conversely, cells treated with ESVR (52 pg/mL) for
24 h showed 52.0 + 3.3% viable cells. This result was partially reversed in the presence
of the inhibitors Z-VAD-FMS (77.9 + 1.4%), BAPTA-AM (73.7 £ 3.1%) and NEC-1 (66.7

+ 1.29%).
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Figure 8. Effect of pan-caspase (Z-VAD-FMK), intracellular calcium channels (BAPTA-AM)
and necrostatin-1 (NEC) inhibitors on B16F10-Nex2 cells treated or untreated for 24 h with
ESVR at a concentration of 52 pg/mL. The data are expressed as the means + SEM of

three independent experiments in duplicate. #p < 0.05 compared with negative control cells
and ***p < 0.001 compared with ESVR-treated cells.

3.10. Cell cycle phases

Cell cycle control in tumor cells is considered an important therapeutic target for
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134 the treatment of cancer. Thus, demonstrating the effects of the extract on the
135  progression of the cell cycle will contribute to a better understanding of its mechanisms
136  of action. Figure 9A shows histograms of the cell cycle distribution of control B16F10-
137  Nex2 cells and B16F10-Nex2 cells treated with (Y2 ICso0 = 26 pg/mL and ICso =52 pug/mL
138  ESVR for 24 h. The control cells and cells treated with 26 pg/mL of ESVR showed no
139 differences in cell cycle distribution (Figure 9B). The comparison between cells treated
140  with 52 pg/mL of ESVR and control cells shows that ESVR promoted cell cycle arrest
141  at the sub Go/G1 phase (54.3 = 3.8% versus 42.3 + 2.6%, *p < 0.05) and decreased
142  the percentage of S phase cells (22.5 + 2.2% versus 36.6 + 4.2%, *p < 0.05) without
143 changing the number of cells in the G2/M phase (19.9 + 0.8% versus 20.9 + 2.4%)

144  (Figure 9B).
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Figure 9. Histograms (A) and a bar graph (B) representative of the cell cycle distribution of control (untreated) B16F10-Nex2 cells and B16F-
Nex2 cells treated for 24 h with %2 1Cso = 26 pg/mL and ICso= 52 pg/mL ESVR. The data are expressed as the means + SEM of four independ:
experiments. *p < 0.05 compared with control cells.
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3.11. In vivo effect of ESVR on the tumor volume

After observing that ESVR had a cytotoxic effect on B16F10-Nex2 cells in vitro,
we next evaluated the effect of the extract in vivo during tumor progression. ESVR
treatment of B16F10-Nex2-inoculated mice significantly delayed subcutaneous tumor
development in all animals analyzed (Figure 10A). Figure 10B shows that the mean
tumor volume of mice 30 days after the treatment was 57.5% smaller than the tumor

volume of the control mice.
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Figure 10. The effect of ESVR on the tumor volume of B16F10-Nex2 cells induced in C57BI-6 mice. Representative images of 30 days tumors
(arrows) in (A) control animals treated with RPMI-1640 medium and animals treated with ESVR, (B) a representative plot of tumor volume
progression during 30 days of treatment. The data are expressed as the means £+ SEM (n = 7). *p < 0.05 compared with the control group.
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3.12. In vivo effect of ESVR on pulmonary metastasis

Next we analyzed the effect of ESVR on metastatic B16F10-Nex2 cells,
developing in lungs after endovenous inoculation at caudal vein. It was observed that
ESVR-treated animals showed 119+25 pulmonary melanotic nodules 14 days after
cells inoculation, while Control group showed 286+6 pulmonary nodules, a 54%

reduction (Figure 11).
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Figure 11. The effect of ESVR on the pulmonary metastasis of B16F10-Nex2 cells
induced in C57BI/6 mice. Representative lung images of (A) control animals treated
with RPMI-1640 and animals treated with ESVR. (B) a graph representing the
number of pulmonary metastasis in all animals, after 14 days of endogenous cell
inoculation. The data are expressed as the means + SEM (n =5). ***p < 0.001
compared with the control group.
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4. Discussion

The search for new anticancer drugs with greater selectivity and lower adverse
effects is an ongoing process. Natural compounds are among the alternatives that
stand out as promising sources of new molecules with pharmacological potential.
Accordingly, several anticancer drugs of natural origin are available on the market [31].
In this context, scientific studies have shown that Brazilian biodiversity due to its
various biomes provides various natural compounds with anticancer potential both in
vitro [32,33] and in vivo [30,34]. In the present study, we assessed the anticancer
effects of the ethanolic extract of the roots of S. velutina, a plant species native to Brazil
whose phytochemical composition and potential pharmacological applications have

been poorly studied.

Phytochemical analysis of ESVR identified its main compounds as flavonoid
derivatives of the catechin and piceatannol (active metabolite of resveratrol) groups as
well as dimeric tetrahydroanthracene derivatives. These phenolic compounds derived
from plant secondary metabolism exhibit great structural diversity and are responsible

for innumerable biological activities, including anticancer properties [35,36].

The assessment of the effect of ESVR on B16F10-Nex2 melanoma cell viability
revealed a dose-dependent death profile. This effect was confirmed by microscopy, as
shown by the activity of the extract at different concentrations. In addition, ESVR
showed higher selectivity against B16F10-Nex2 cells than against leukocytes (PBMC)
or fibroblasts (MRC5). This result is highly relevant because systemic collateral effects
from chemotherapeutic agent activity are a consequence of reduced selectivity against

tumor cells.
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The ability of the extract to promote the death of melanoma cells may be related
to the isolated or synergistic effects of its chemical constituents, since the main
constituents and chemical classes identified in the ESVR are well described in the
literature for their antitumor activities. Catechins are described by the ability to reduce
the viability of breast carcinoma cells [37] and to promote cytotoxic effect in B16F10
murine melanoma cells [38]. Anthraquinone compounds have been reported as
promising therapeutic agents for the treatment of malignant melanoma for presenting
high cytotoxicity against different malignant melanoma cells and low toxicity to
melanocytes and other primary cell [39]. Piceatannol, defined as a promising
therapeutic agent for the treatment of various cancer, inhibited growth and induced

apoptosis in human melanoma cell lines [40].

Different studies report that catechins [41,42], anthraquinones [39] and
piceatannol [43, 44], induce apoptosis in tumor cells. Corroborate this, analysis of the
mechanism whereby ESVR promoted B16F10-Nex2 cell death showed an increased
number of apoptotic nuclei, which are characterized by chromatin condensation and
DNA fragmentation, characteristic stages of death by apoptosis [45]. Apoptosis is
considered a cell death process essential to homeostasis, mainly activated by extrinsic
and intrinsic pathways [46]. In the extrinsic pathway, apoptotic receptors promote
extracellular signaling. Conversely, in the intrinsic pathway, activation occurs in
response to intracellular damage mediated by the mitochondria [47], a process
characterized by the release of proapoptotic proteins into the cytosol, thereby

promoting caspase activation and nuclear apoptosis.

Caspases are essential apoptotic cell death mediators [48]. Among these

proteases, caspase-3 is one of the main effectors of programmed cell death because
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it is directly involved in nuclear apoptosis and cell death [49]. In this study, ESVR-
treated B16F10-Nex2 cells showed doubled activated caspase-3 levels. In addition,
the pan-caspase inhibitor Z-VAD-FMK reduced the percentage of cell death, thus
demonstrating the involvement of caspases in the mechanism of cell death promoted

by the extract.

Assessment of the activity of inhibitors showed that calcium and the necroptosis
pathway are among the mechanisms involved in ESVR-induced cell death. High
cytoplasmic Ca?* levels are responsible for mitochondrial membrane permeabilization

with cytochrome c release, thereby enhancing the signs of apoptosis [50,51,52].

Necroptosis is a cell death that show characteristics of necrosis, but unlike of
necrosis may be regulated receptor-interacting proteins 1 (RIP1) and 3 (RIP3) [53].
Furthermore, recent studies show that oxidative stress may promote necroptosis
activation [59,60]. Although necroptosis is not the main mechanism of death
characterized by the action of ESVR, this finding is interesting, once can be an
alternative form of cell death to populations of cells exhibiting resistance to death by

apoptosis.

Conversely, cancer cells also have a persistent pro-oxidative state and high
ROS levels [54]. This different metabolism promotes an adaptive response that plays
a key role in cancer cell proliferation, cell death signaling disruption, metastasis and
resistance to antitumor drugs [55, 56]. Nevertheless, cancer cells become vulnerable

to pro-oxidant agents that further increase ROS levels, thus promoting cell death [54].

Some flavonoids, the main compounds of ESVR, are described in the
literature as pro-oxidant agents in cancer cells [41,57] because they can directly

increase ROS production, resulting in superoxide radical formation [58], a mechanism
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whereby ESVR may have contributed to B16F10-Nex2 cell death because the
intracellular ROS levels were high. Furthermore, anthracene derivatives, another
group of compounds identified in ESVR, are described for inducing apoptosis by

increasing ROS production [59].

Another activity promoted by the extract was cell cycle arrest at the sub Go/G1
phase, accompanied by a decrease in the percentage of S phase cells. Some
flavonoids, such as catechins, can cause cell cycle arrest at the sub Go/G1 phase of
the cell cycle [60, 61]. Piceatannol, decreases cyclin-dependent kinase 1 (CDK1),
which is responsible for cell cycle progression from the Gi phase to the S phase [62].
Thus, considering the importance of the cyclin-dependent kinases involved in cell cycle
regulation and the uncontrolled cell proliferation in tumor cells, compounds capable of
inhibiting the cell cycle progression of these cells may be important alternatives for

tumor volume control [63, 64].

In this study, after confirmed in vitro antitumor action in B16F10-NEX2 murine
melanoma cells, we demonstrated that ESVR produces antitumor activity on tumor
volume progression and pulmonary nodule formation in vivo. Our data from the in vivo
antitumor assessment showed that primary tumor progression in ESVR-treated mice
decreased by more than 50% compared with control mice. Cutaneous melanoma is
one of the most aggressive forms of cancer, and no fully effective pharmacological
therapy for advanced-stage metastatic melanoma is currently available [65,66]. In
these cases, metastases are responsible for the poor prognosis [67], affecting several
organs, such as the bones, liver and lungs [68]. The progression of pulmonary
metastasis in ESVR-treated mice was markedly reduced in the formation of pulmonary

nodules. This result may be related to the ability of the extract to reduce the migration
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and invasion of melanoma cells into the lungs. These effects may be related to the
chemical constituents of ESVR, once the epigallocatechin (one of the identified
catechins), anthraquinones, and the resveratrol (precursor molecule of piacetannol)
were compounds reported to inhibit tumor growth [69,70,71] and progression of
pulmonary metastasis [70] in animal models for melanoma. In addition, phenolic
compounds are well described because they hamper metastasis by decreasing
metalloprotease-9 expression in murine melanoma cells [72,73]. Moreover, other
studies showed that the epigallocatechin, can inhibit genes that synthesize proteins
related to extracellular matrix degradation and cellular mobility, thereby reducing the

process of melanoma metastasis [74].

In conclusion, this study demonstrated that ESVR contains flavonoid derivatives
of catechins, anthraquinones and piceatannol among its chemical constituents and
promotes B16F10-Nex2 melanoma cell death via apoptosis induced by caspase-3
activation, the elevation of intracellular calcium and ROS levels and cell cycle arrest at
the sub Go/G1 phase. Furthermore, the extract showed in vivo antitumor activity in
models of tumor volume progression and pulmonary nodule formation. These
promising results open the door for further studies, both with the crude extract and with
fractions isolated from Senna velutina roots, exploring its potential use in the treatment

of melanoma and other cancers.
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