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RESUMO

O cancer de mama € a neoplasia com a maior incidéncia e mortalidade entre as
mulheres no mundo todo. Apesar de novas formas de tratamento para este tipo de
cancer, o desenvolvimento de resisténcia ao tratamento ainda € uma grande
preocupacdo. A metformina, um farmaco de utilizacdo oral para o tratamento de
diabetes tipo 2, vem apresentando resultados interessantes ao ser utilizado como
uma possivel alternativa para o tratamento de varios tipos de cancer, inclusive o
cancer de mama, onde estudos mostram que a metformina induz a morte das
células tumorais pela geracdo de estresse oxidativo. Dessa forma, o objetivo deste
trabalho foi analisar por quais vias a metformina estaria induzindo a morte das
células de cancer de mama humano MCF-7, utilizando os inibidores especificos para
cada via de morte, como o Z-vad, um inibidor de pan-caspases, que age no sitio
catalitico das caspases bloqueando a apoptose; o inibidor de necroptose, a
Necrostatina-1 que age bloqueando a RIPK1, impedindo a morte por necroptose, e a
Deferoxamina, um quelante de ferro que inibe a morte por ferroptose. Para isso, as
células foram tratadas com duas concentragdes de metformina (1mM e 5mM)
concomitantemente com os inibidores de morte, Z-vad (10uM), Necrostatina-1 (50
MM) e Deferoxamina (100 pM). Apds 24 horas de tratamento, foram analisados a
viabilidade e proliferacdo celular, analise de morte celular por citometria de fluxo
através da coloragéao com Anexina V e lodeto de propidio, e quanto aos parametros
de estresse oxidativo foram analisados tiol total, GSH, GSSG e malondialdeido. Os
resultados mostraram que apdés o tratamento com as duas concentragbes de
metformina houve uma redugao da viabilidade e proliferacdo das células, porém
quanto ao tratamento concomitante da metformina com os inibidores, estes indices
foram restaurados. Quanto aos parametros de estresse oxidativo, a metformina
reduziu os niveis de antioxidantes (Tiol, GSH e GSSG), porém no tratamento
concomitante com os inibidores de morte os antioxidantes foram preservados. Em
relagdo ao marcador de lipoperoxidagao, malondialdeido, as duas concentragdes de
metformina foram capazes de aumentar a sua concentragéo. Estes resultados nos
sugerem que a metformina nao induz apenas um tipo de morte celular, uma vez que
os trés inibidores de morte utilizados foram capazes de reverter os efeitos toxicos do
farmaco. Quanto a geragao de estresse oxidativo, o tratamento com os inibidores de
morte parecem proteger as células da morte induzida pela metformina, condizendo
com os resultados ja descritos de que a morte induzida pela metformina estaria
associada com a geracéao de estresse oxidativo.

Palavras-chave: Cancer de mama. Metformina. Morte celular. Estresse oxidativo.
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degree in Experimental Pathology) — Universidade Estadual de Londrina, Londrina,
2017.

ABSTRACT

Breast cancer is the neoplasia with the highest incidence and mortality among
women worldwide. Despite new forms of treatment for this type of cancer, the
development of resistance to treatment is still a major concern. Metformin, a drug of
oral use for the treatment of type 2 diabetes, has been showing interesting results
when used as a possible alternative for the treatment of several types of cancer,
including breast cancer, where studies show that metformin induces death of the
tumor cells by the generation of oxidative stress. Thus, the aim of this study was to
analyze by which pathways metformin would be inducing death of human MCF-7
breast cancer cells, using specific inhibitors for each pathway of death, such as Z-
vad, a pan-caspases, which acts at the catalytic site of caspases blocking apoptosis;
The necrosis inhibitor, Necrostatin-1 which acts by blocking RIPK1, preventing death
by necroptosis, and Deferoxamine, an iron chelator that inhibits death by ferroptosis.
For this, the cells were treated with two concentrations of metformin (1mM and 5mM)
concomitantly with the death inhibitors, Z-vad (10uM), Necrostatin-1 (50uM) and
Deferoxamine (100uM). After 24 hours of treatment, cell viability and proliferation
were analyzed, cell death analysis by flow cytometry through the staining with
Annexin V and propidium iodide, and in relation to the oxidative stress parameters,
total thiol, GSH, GSSG and malondialdehyde . The results showed that after the
treatment with the two metformin concentrations there was a reduction in the viability
and proliferation of the cells, however, regarding the concomitant treatment of
metformin with the inhibitors, these indices were restored. Regarding the parameters
of oxidative stress, metformin reduced levels of antioxidants (total thiol, GSH and
GSSG), but in the concomitant treatment with the death inhibitors the antioxidants
were preserved. Regarding the lipoperoxidation marker, malondialdehyde, the two
concentrations of metformin were able to increase their concentration. These results
suggest that metformin does not induce only one type of cell death, since the three
death inhibitors used were able to reverse the toxic effects of the drug. As for the
generation of oxidative stress, treatment with death inhibitors seems to protect the
cells from metformin-induced death, consistent with the previously reported results
that metformin-induced death would be associated with the generation of oxidative
stress.

Keywords: Breast cancer. Metformin. Cell death. Oxidative stress.
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1 INTRODUGAO

1.1 CANCER DE MAMA

O cancer de mama € o tipo de cancer que apresenta a maior incidéncia e
mortalidade na populagdo feminina em todo o mundo. Segundo o Instituto Nacional
do Cancer (INCA), mais de 57 mil novos casos foram estimados no Brasil em 2016
(INCA, 2016). Este tipo de cancer é resultado de uma proliferacao e transformagao
maligna de células epiteliais que revestem os ductos ou os Iébulos mamarios
(WANG et al., 2016), sendo ainda classificados em carcinomas in situ e invasivo
(NWABO KAMDJE et al., 2014).

Dos casos diagnosticados, aproximadamente 5-10% s&o considerados
hereditarios, e destes, cerca de 30% estdo relacionados a mutagdes no gene do
cancer de mama 1 e 2 (BRCA1/2) (ECONOMOPOQULOU et al., 2015).

E um tipo de cancer considerado multifatorial, pois envolve desde fatores
bioldgicos-enddcrinos a fatores relacionados a vida reprodutiva, comportamento e
estilo de vida (INCA, 2016), sendo que dentre os fatores de risco associados ao
aumento da susceptibilidade de desenvolvimento do cancer de mama, a idade,
historico familiar, exposi¢cao a radiacdo e habitos alimentares, sao consideradas os
mais importantes (MCPHERSON et al., 2000).

O cancer de mama é considerado uma doenga heterogénea, dividida em
diferentes subtipos, como o subtipo luminal, superexpresséo de receptor para o fator
de crescimento epidermal 2 (HER-2) e triplo-negativo, classificados de acordo com o
perfil de expressdo génica das células tumorais (RINGNER; STAAF; JONSSON,
2013). A expressao de receptores hormonais, como estrogeno e progesterona, € a
superexpressao de HER-2 sdo considerados importantes fatores preditivos entre
pacientes com cancer de mama, e sao utilizados no estabelecimento do prognéstico
da doenga e na definigdo do tratamento (CINTRA et al., 2011). A compreensao das
caracteristicas apresentadas pelos diferentes subtipos levam a identificar
propriedades clinicas importantes, como potencial invasivo e metastatico (SORLIE et
al., 2001), sendo que pacientes com tumores triplo-negativos tendem a desenvolver
metastases pulmonares, enquanto pacientes com receptores endocrino-positivo séo

mais propensos ao desenvolvimento de metastases 0sseas (JOLLY et al., 2012).
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Nos ultimos anos houve uma reducéo importante nos indices de mortalidade
por cancer de mama, correlacionada com o diagndstico precoce e melhores opgdes
de tratamento disponiveis, porém a doenca ainda apresenta altas taxas de
mortalidade (LARSEN et al., 2014). Ao redor do mundo, ha uma grande variagéo na
incidéncia deste tipo de cancer, sendo que 0 maior numero de casos Sao
observados em paises desenvolvidos, e a mortalidade € maior nos paises em
desenvolvimento, devido principalmente a falta de disponibilidade de servicos de

deteccédo precoce e novas opgoes de tratamento (JEMAL et al., 2011).

1.2 TRATAMENTO DO CANCER DE MAMA

Os tumores de mama humano apresentam caracteristicas biologicas e
moleculares diferentes, além de diferirem quanto a capacidade de resposta aos
tratamentos (PEROU et al., 2000). O tipo do tratamento e o progndstico do cancer
de mama dependem de alguns fatores, tais como metastases, tamanho do tumor,
comprometimento dos linfonodos, grau histolégico, estrogénio, bem como as taxas
de proliferacéo celular (ABDULLAH et al., 2015).

Entre os diferentes tipos de tratamento do cancer de mama, os mais utilizados
sdo: excisdo cirurgica, radioterapia e quimioterapia, a fim de destruir as células
tumorais e inibir a sua proliferacao (NWABO KAMDJE et al., 2014).

O tratamento quimioterapico baseia-se em trés abordagens terapéuticas: a
quimioterapia classica, terapia hormonal e terapia-alvo, sendo que diversas classes
de quimioterapicos estao disponiveis para o tratamento do cancer de mama, dentre
eles estdo as antraciclinas e taxanos, utilizados como quimioterapia padrédo em
diversos paises (LEIDY et al., 2014). Quanto a terapia alvo, este termo comecgou a
ser utilizado para descrever novas drogas que foram desenvolvidas com base no
conhecimento da patologia molecular da doenga, visando os marcadores
moleculares especificos (WICKI e ROCHLITZ, 2012). Dentro das terapias alvo, o
Trastuzumab foi o primeiro anticorpo monoclonal desenvolvido como terapia contra
HER-2, que se liga ao dominio do receptor HER-2, inibindo a proliferagdo das
células tumorais (HOWE; BROWN, 2011).

Para pacientes que possuem o subtipo luminal, com expressao de receptores
hormonais, a terapia antiestrogénica é a mais usada, através de medicamentos que

interagem diretamente com o receptor de estrogeno, como o tamoxifeno, ou por
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inibicdo da producdo sistémica do hormbnio, como o anastrozol (CINTRA et al.,
2011).

Porém, apesar destas diferentes alternativas terapéuticas, o tratamento do
cancer de mama ainda é um desafio, pois os graves efeitos colaterais e o
desenvolvimento de resisténcia as drogas limita o sucesso do tratamento, portanto,
novas alternativas terapéuticas sdo necessarias para melhorar a sobrevida dos

pacientes.

1.3 METFORMINA

A metformina € um farmaco de uso oral, pertencente a familia das biguanidas,
utiizada como anti-hiperglicemiante no tratamento do diabetes tipo 2, cujos
principais efeitos relacionam-se com a redugdo da gliconeogénese hepatica e
aumento da sensibilidade a insulina nos tecidos adiposo e muscular (NATHAN et al.,
2009), reduzindo a hiperinsulinemia associada a resisténcia a insulina, e diminuindo
também os niveis de glicose circulante (GONZALEZ-ANGULO; MERIC-BERNSTAM,
2010).

Ao nivel de sinalizagao celular, o principal mecanismo de acédo proposto da
metformina consiste na ativacdo da AMPK (quinase de adenosina monofosfato), que
participa de vias relacionadas ao crescimento e proliferagdo celular (GONZALEZ-
ANGULO; MERIC-BERNSTAM, 2010).

De acordo com Golozar et al. (2016), estudos pré-clinicos evidenciaram que a
acao antineoplasica da metformina relaciona-se com a indugao da parada do ciclo
celular de uma forma dependente e independente de AMPK, reduzindo a captagao
de glicose, inibindo a via de sinalizagdo da insulina através da ativagdo da AMPK, e
reduzindo os niveis do IGF-1 (fator de crescimento semelhante a insulina 1),

diminuindo assim o fornecimento de glicose aos tumores (GOLOZAR et al., 2016).

1.3.1 Metformina no Cancer de Mama

Estudos cientificos tem demonstrado que o uso da metformina diminui a
incidéncia e a taxa de mortalidade por cancer em pacientes diabéticos (LEONE et
al., 2014; QUINN et al., 2013). Ao comparar pacientes diabéticos com cancer que

recebiam metformina durante a quimioterapia neoadjuvante, com os pacientes que
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recebiam apenas o tratamento quimioterapico, houve uma elevacdo no nivel de
resposta ao tratamento comparado aos pacientes diabéticos que n&o recebiam
metformina (GONZALEZ-ANGULO; MERIC-BERNSTAM, 2010).

Estudos pré-clinicos demonstraram que a metformina pode inibir o
crescimento de tumores in vivo, bem como a proliferagcdo e sobrevida de células
cancerosas em estudos de cancer de mama in vitro, sendo entao investigada como
um potencial agente terapéutico para o tratamento deste tipo de cancer
(GONZALEZ-ANGULO; MERIC-BERNSTAM, 2010).

A metformina pode apresentar um efeito antitumoral direto, através da
ativacdo da AMPK, que inibe a via do alvo mamifero da rapamicina (mTOR), inibindo
crescimento e proliferacao celular, assim como também pode atuar indiretamente,
melhorando a sensibilidade a insulina, diminuindo a hiperinsulinemia e
consequentemente diminuindo a proliferacao tumoral, pois, com o decaimento dos
niveis de insulina ha uma reducao na ativacdo de vias como do PI3K/Akt/mTOR e
uma diminui¢do no crescimento do tumor (QUEIROZ et al., 2014).

Segundo Ferro et al. (2013) uma outra importante utilizagdo da metformina
seria na terapia adjuvante, como um radiosensibilizador, podendo levar a uma
melhora significativa no progndstico de pacientes que recebem radioterapia externa
como parte do tratamento de cancer de mama (FERRO et al., 2013).

Segundo Malki e Youssef (2011), em um estudo utilizando células de cancer
de mama humano MCF-7, a metformina foi capaz de induzir apoptose nas células
tumorais através da interrup¢do do ciclo celular na fase G1 (MALKI; YOUSSEF,
2011). Além disso, ja foi relatado que os efeitos antiproliferativos e citotdxicos da
droga sobre a mesma linhagem relacionam-se com a indugéo de estresse oxidativo
celular (QUEIROZ et al., 2014 e MARINELLO et al., 2016).

No entanto, apesar da metformina ser alvo de estudos no cancer de mama,
ainda nao foi completamente esclarecido os mecanismo pelo qual este farmaco atua

na doenca.
1.4 VIAS DE MORTE CELULAR
O processo de morte celular € importante ao longo da vida de um organismo

multicelular e é fundamental para o desenvolvimento da plasticidade e manutencao

da homeostasia do organismo (ARYA; WHITE, 2015). Pode ocorrer devido a uma
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lesdao celular irreversivel ou como consequéncia de eventos de sinalizacao
especificos, sendo que ha trés tipos principais de morte celular, que sdo definidas de
acordo com as caracteristicas apresentadas pelas células durante este processo
(GREEN; LLAMBI, 2015).

A classificacdo do tipo de morte celular é realizado seguindo alguns critérios,
como o aspecto morfolégico do processo que ira culminar na morte, que pode ser
apoptético, necrotico ou autofagico (GALLUZZI et al., 2007).

O processo de morte celular apresenta importantes fungdes, como remocao
de tecidos que ja ndo sao mais necessarios e de células que apresentam alteragdes,
evitando assim a sua propagacao (ARYA; WHITE, 2015).

Em condicbes de homeostase, cada evento de duplicagdo celular deve ser
compensado pela eliminagdo de outra célula, sendo que as condi¢gdes patologicas
sdo frequentemente ligadas a morte celular desregulada, que ocorre de maneira
excessiva ou deficiente, como a perda de neurdnios e cardiomidcitos, que ocorre de
forma aguda em acidentes vasculares encefalicos e infartos ou progressivamente
em doengas degenerativas. Por outro lado, a oncogénese € caracterizada pela
supressao parcial dos programas de morte celular, 0 que por sua vez provoca
resisténcia a quimioterapia e radioterapia, dificultando o tratamento do paciente
(GALLUZZI et al., 2007).

1.4.1 Apoptose

O processo de morte celular programada € muito importante para a regulagao
da homeostase em organismos multicelulares, sendo a apoptose o principal exemplo
deste tipo de morte. Na apoptose ocorre a formacado de bolhas na membrana da
célula, encolhimento celular, condensagdo da cromatina e fragmentagcdo do DNA
(ZAMARAV et al.,, 2015). Formam-se os chamados corpos apoptdéticos, que sao
pequenos corpos redondos envoltos por membrana e que contem organelas
citoplasmaticas e fragmentos do nucleo, que séo rapidamente removidos pelas
células fagocitarias, sem levar ao desenvolvimento de reagao inflamatoria
(GALLUZZI et al., 2007).

A maioria das alteragées morfologicas e bioquimicas que ocorre durante a
apoptose sao causadas principalmente por uma familia de cisteina-proteases, as

caspases. As caspases sao divididas em dois grupos, as caspases iniciadoras
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(caspase-8, 9 e 10), e as executoras (caspase-3, 6 e 7) (KONDRATSKYI et al.,
2015). O bloqueio ou diminuigdo da fungdo das caspases pode resultar em redugéo
da apoptose que consequentemente pode desencadear o0 processo de
carcinogénese e o desenvolvimento de outras doengas (GOLDAR et al., 2015).

A morte celular por apoptose pode ser desencadeada por duas principais
vias: a via mitocondrial ou intrinseca, e a via por receptor de morte ou extrinseca
(GREEN; LLAMBI, 2015).

A via intrinseca pode ser iniciada por estimulos como danos no DNA, estresse
oxidativo, acumulo de proteinas mal dobradas, entre outros. Estes estimulos
induzem alteragdes na permeabilidade da membrana mitocondrial e liberacao de
moléculas proé-apoptdéticas no citosol, como o citocromo c, que se liga a Apaf-1
(fator-1 de ativacdo de apoptose) formando um hexédmero, chamado de
apoptossoma. Este complexo se liga a caspase-9, que é a desencadeante da via
mitocondrial, que ird desencadear o processo de apoptose (KONDRATSKYI et al.,
2015).

A via extrinseca € desencadeada por sinais pro-apoptoticos extracelulares
que ativam receptores de superficie especificos, chamados receptores de morte
(membros da familia de receptores de fator de necrose tumoral - TNF). A ligagao
com os receptores de morte inicia a formagdo de um complexo denominado
complexo de sinalizagao indutor de morte, que ativa a caspase-8, que € a iniciadora
desta via. Apesar dos mecanismos de iniciagao serem diferentes, as duas vias estao
inter-relacionadas. Apds a clivagem das caspases desencadeantes, um programa
enzimatico de morte é iniciado por ativagdo sequencial das caspases executoras,
que atuam em muitos componentes celulares, como na desmontagem do
citoesqueleto por clivagem de proteinas, degradam os componentes da matriz
extracelular e promovem a fragmentagao do nucleo (KONDRATSKY!I et al., 2015).

A ativacao da apoptose pode acontecer para que defeitos no desenvolvimento
celular causado por mutagdes sejam bloqueados, impedindo assim a disseminagéo
de células mutadas (ARYA; WHITE, 2015). A sinalizagdo apoptdtica apropriada é
muito importante para manter o equilibrio entre a morte e a sobrevivéncia da célula e
na manutencao da integridade do material genético, no entanto no desenvolvimento
do céncer, ha uma evasao dos mecanismos de apoptose, levando a propagacgao de
células que deveriam ser destinadas a morte (PLATI; BUCUR;KHOSRAVI-FAR,
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2011). Portanto, o desenvolvimento de novos medicamentos para o tratamento do
cancer que possam modular as vias apoptoticas sdo de grande importancia.

Desvendar a significativa fungcao da morte celular tanto ao processo fisioldgico
quanto ao patologico é de grande interesse entre os cientistas, cujos esfor¢cos de
pesquisa buscam uma maior compreensao da morte celular ao nivel molecular e
também analisar a relagdo com uma gama de doengas e estratégias terapéuticas.
Para estudar as vias de morte celular s&o utilizados inibidores relacionados a via de
interesse. Para bloqueio da apoptose utiliza-se o Z-VAD, um pan inibidor de
caspase, que € permeavel as células e se liga irreversivelmente ao sitio catalitico
das caspases, impedindo a sua ativacido, sendo portanto considerado um eficiente
bloqueador desta via de morte (DONG et al., 2015). Com a descoberta de inibidores
de caspases, que bloqueiam a via canbnica da apoptose, foi possivel observar que
este evento ndo levava ao aumento da sobrevivéncia da célula, mas que conduzia a
morte celular por outras vias (DEGTEREV, A; LINKERMANN, 2016).

A apoptose é a forma mais bem caracterizada e evolucionaria da morte
celular programada. Assim, tornou-se de grande interesse a descoberta e melhor
caracterizagdo de programas de morte celular diferentes, sendo que a morte celular
nao apoptotica pode servir tanto para apoiar a apoptose quando eventualmente
ocorrer falha ou pode acontecer de forma independente (TAIT; ICHIM; GREEN,
2015).

1.4.2 Necrose e Necroptose

A necrose celular ou morte celular necrética abrange uma grande variedade
de processos de morte celular com um denominador comum: a perda da integridade
da membrana plasmatica seguida de liberacdo do conteudo citoplasmatico (YUAN;
KROEMER, 2010). Além disso é caracterizada morfologicamente por inchaco das
células, disfuncdo mitocondrial e altos niveis de producdo de espécies reativas de
oxigénio (ERO). Apresentando também alteracbes nucleares caracteristicas, como
caridlise (lise da cromatina), picnose (retracdo nuclear) e cariorrexe (fragmentagao
nuclear) (DONG et al., 2015).

A morte por necrose pode ocorrer em consequéncia a lesdes reversiveis onde
o estimulo nocivo nao é interrompido, portanto a lesdo passa a ser considerada

irreversivel, promovendo alteragdes no DNA da célula, e também devido a danos
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extensos como alta temperatura, tensdo mecanica, entre outros, sendo entao
considerada como um tipo de morte passiva, onde nao necessita da ativagcao de vias
de sinalizacao especificas (TAIT; ICHIM; GREEN, 2015).

Uma significativa importancia fisiopatoldégica esta associada a morte com
padrdo necrotico, pois devido a perda da integridade de membrana e liberacdo do
conteudo celular, ocorre ativacdo de uma resposta inflamatéria (CHO, 2014). Esta
resposta pode ser benéfica na defesa contra patdgenos, porém pode ser prejudicial
em outras situagdes, como traumas isquémicos (ALMAGRO; VUCIC, 2015).

Durante muito tempo a necrose foi considerada como uma morte celular
descontrolada, porém um novo tipo de morte celular, considerada como um tipo de
necrose programada, vem sendo estudada, e chamada de necroptose (DONG et al.,
2015).

A necroptose se assemelha muito a necrose classica, exibindo tumefagéo de
organelas, lesbes precoces na membrana plasmatica que culminam em eventual
ruptura, porém apresenta fragmentagdo do DNA, que é observada na apoptose.
Como também ocorre na necrose, a perda da integridade da membrana leva ao
extravasamento do conteudo citoplasmatico e liberacdo de padrées moleculares
associados a danos (DAMPs), como interleucina-1, acido urico, proteinas do choque
térmico (HSP), entre outras, que levam a ativagdo de uma resposta inflamatéria
(KACZMAREK; VANDENABEELE; KRYSKO, 2013).

A necroptose pode ser desencadeada pela interagdo com os receptores de
morte, membros da familia do TNF, que sdo os principais mediadores da morte
celular. A associacdo do TNF-a com o receptor TNFR1 (receptor 1 do fator de
necrose tumoral) na membrana da célula, leva a formagdo do complexo I, que é
constituido por TRADD (dominio de morte associado ao TNF), TRAF2 (fator 2
associado ao TNF), RIPK1 (proteina quinase 1) e clAP1 (inibidor celular da apoptose
1). Quando o RIPK1 se mantem ubiquitinado, a célula estd destinada a
sobrevivéncia. Se ocorrer a desubiquitinizagdo da RIPK1 pela CYLD ou a inibicdo da
clAPs, ocorre a formacédo do complexo Il. Este complexo pode ser sistematicamente
dividido em Illa e llb, sendo que no lla ocorre a ativagdo das caspases-8,
desencadeando o processo de apoptose. Porém, se a caspase-8 for inibida ocorrera
a formacédo do complexo lIb, também chamado que necrossomo, com consequente
fosforilacdo de RIPK1 e RIPK3 (proteina quinase 3) e oligomerizacdo de MLKL(

proteina quinase de linhagem mista), que se desloca para a membrana plasmatica,
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promovendo a formagdao de um poro, que leva a modificacdo do influxo de
sédio/calcio, alterando a pressdo osmaética da célula (ZHOU; YUAN, 2014).

Além da inducdo da necroptose pelo TNFa, outros gatilhos podem
desencadear este processo de morte, como os receptores Toll-like, FasL, e também
0s virus, porém a necroptose induzida por TNFa € o mecanismo atualmente melhor
compreendido (WEGNER; SALEH; DEGTEREV, 2017).

A fosforilacdo de RIPK1 e RIPK3 é essencial para a formacdo do
necrossomo, que funciona como uma plataforma de sinalizacdo no contexto da
ativacao da necroptose por TNFa, sendo essenciais para levar a morte da célula por
necroptose. Portanto a inibicdo da atividade destas quinases leva ao bloqueio do
desencadeamento da necroptose (DEGTEREV, A; LINKERMANN, 2016).

Inibidores seletivos da necroptose, chamadas de necrostatinas, foram
descobertas através da inibicdo da necroptose induzida pelo TNF-a na linha celular
monocitica humana U937. O alvo especifico da necrostatina € o RIPK1, atuando no
bloqueio da sua atividade catalitica, e promovendo a estabilidade da conformacao
inativa do dominio quinase no RIPK1, impedindo que se torne ativo,
consequentemente inibindo a necroptose (DEGTEREV, A; LINKERMANN, 2016).

Em um estudo realizado por Degterev et al. (2005) a necrostatina-1 (Nec-1)
foi evidenciada como um dos inibidores da necroptose, e que agia de forma eficiente
no bloqueio desta via, apresentando também um papel relevante na regulagdo da
necrose patolégica (DEGTEREV et al., 2005). Além da Nec-1, Degterev et al. (2008)
mostra que outras necrostatinas, como a Nec-3, Nec-4 e Nec-5, que sao
estruturalmente diferentes, porém apresentam a fungdo comum de inibir a atividade
de RIPK1 (DEGTEREYV et al., 2008).

1.4.3 Ferroptose

Além das vias de morte ja mencionadas, outra via de morte celular foi
recentemente descoberta, chamada de ferroptose, que € uma forma de morte celular
oxidativa e dependente de ferro, que resulta do acumulo de peréxido de lipideos na
membrana. Apresenta caracteristicas diferentes da apoptose e da necrose, como
encolhimento do volume celular e aumento da densidade da membrana mitocondrial
(YU et al., 2016).
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A ferroptose é desencadeada pela inativacdo das defesas antioxidantes
dependentes da glutationa celular (GSH), levando ao acumulo de ERO. Este tipo de
morte celular vem sendo implicado na morte de tecidos renais e cardiacos
submetidos a injuria de isquemia-reperfusdo, bem como de tecidos cerebrais
expostos a altos niveis de glutamato (CAO; DIXON, 2016).

Os indutores da ferroptose podem ser divididos em duas classes, classe 1,
que inclui como principal composto a Erastina, que € uma pequena molécula
seletivamente letal para as células que apresentam gene RAS mutado, e que
promovem a inibicdo do sistema Xc ', que € responsavel pelo transporte de glutamato
e cistina, reduzindo assim o conteudo de glutationa intracelular com consequente
desequilibrio de oxidacao/reducgao nas células. E os indutores da classe 2, que inclui
principalmente o composto seletivo letal 3 de Ras (RSL3), que inibe diretamente a
glutationa peroxidase 4 (GPx4), levando ao acumulo de perdxidos lipidicos (YU et
al., 2016).

O excesso de ferro contribui para a ferroptose através da produgdao de ERO
pela reagcdo de Fenton. O ferro circulante esta sob a forma férrica (Fe3+) ligado a
transferrina, que é transportado para o endossoma onde € reduzido a forma ferrosa
(Fe2+). O excesso de ferro é armazenado sob a forma de ferritina, incluindo a de
cadeia leve (FTL) e a de cadeia pesada (FTH1). As células sensiveis a ferroptose
aumentam a expressao de FTH1 e FTL, sugerindo que o aumento da captagéo e o
armazenamento reduzido de ferro podem contribuir para a sobrecarga de ferro
durante a ferroptose, sendo que esta diminuigdo da sobrecarga por quelantes de
ferro (por exemplo, deferoxamina) inibe a ferroptose mediada por erastina. Portanto,
o0 acumulo de produtos da peroxidacéo lipidica e de ERO derivados do metabolismo
do ferro, podem ser inibidas por quelantes de ferro ou por inibidores de peroxidagao
lipidica, como a ferrostatina. (XIE et al. 2016).

O estudo das diferentes vias de morte celular apresenta grande utilidade no
estudo de diversas doencgas, principalmente quando se trata de cancer, que € uma
doenca de grande relevancia no mundo todo. Azevedo e colaboradores (2015)
evidenciaram que o tratamento de células de cancer de mama humano triplo
negativo MDA-MB-231 com um extrato de veneno de cobra sugere que a morte das
células tumorais ocorria por um mecanismo integrado que envolve componentes

apoptéticos e autofagicos que trabalham em conjunto para induzir a morte celular, e
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que estes dados poderiam ser exploradas para desenvolver novas abordagens
terapéuticas (AZEVEDO et al., 2015).

Mfouo-Tynga e colaboradores (2014) realizaram um estudo que buscava
investigar os eventos de morte celular em células de cancer de mama humano MCF-
7 ap6s uma terapia fotodindmica, no qual foi possivel observar que a terapia
desencadeava a morte das células preferencialmente por apoptose e que genes
envolvidos nesta via de morte se apresentavam mais ativos (MFOUO-TYNGA et al.,
2014). Pode-se concluir portanto, que a possibilidade de descobrir 0 mecanismo
preciso de morte celular desencadeado por um tratamento especifico tem uma

grande importancia no contexto clinico da doencga.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Analisar os padrées de morte celular induzidos pela metformina em células de

cancer de mama humano MCF-7.

2.2 OBJETIVOS ESPECIiFICOS

Caracterizar os efeitos da metformina sobre a proliferacdo e atividade

metabdlica celular apds inibicao da apoptose, ferroptose e necroptose.

Investigar a porcentagem de apoptose e necrose das células expostas a

metformina apds inibicao da apoptose, ferroptose e necroptose.

Quantificar o estresse oxidativo celular de células expostas a metformina apds

inibicdo da apoptose, ferroptose e necroptose.



21

3 ARTIGO PARA PUBLICAGAO

O presente trabalho originou um artigo cientifico que sera incluido nessa
dissertagdo como apéndice. Ele foi realizado na Universidade Estadual de Londrina,
nos laboratorios de Patologia Molecular e no laboratério de Fisiopatologia e Radicais
Livres.

O trabalho sera submetido para publicacao e intitula-se “Analise dos padrdes
de morte celular induzida pela metformina em células de cancer de mama humano
MCF-7".
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4 CONCLUSAO

Através dos resultados apresentados neste trabalho podemos concluir que a
metformina ndo induz a morte da célula apenas por uma via, mas que varias vias de
morte podem ser ativadas apds o tratamento com a droga, o que foi possivel ser
observado apds o tratamento concomitante entre a metformina e os inibidores de
morte, que reverteram os efeitos citotdxicos da droga sobre as células.

Quanto aos parametros de estresso oxidativo, apds o tratamento concomitante
com os inibidores de morte, os niveis de antioxidantes se apresentam preservados,
0 que condiz com resultados ja descritos que a morte da célula induzida pela

metformina seria mediada pela geragao de estresse oxidativo.
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Abstract

Metformin, a drug used to treat type 2 diabetes, has been studied for its
therapeutic potential among various types of cancer, including breast cancer. It has
been reported that metformin would trigger cell death through the generation of
oxidative stress, but the pathway of death that is being activated is not well
understood. We analyzed the importance of apoptosis, necroptosis and ferroptosis in
the toxicity of metformin in MCF-7 cells, evaluating proliferation, viability and
oxidative stress after the use of specific inhibitors of pathways of death, such as Z-
vad a pan-caspase inhibitor that blocks death by apoptosis, Necrostatin-1 which
inhibits RIPK1 activity and blocks necroptosis, and the iron chelator Deferoxamine
that prevents cell death by ferroptosis. The participation of oxidative stress was
analyzed through the parameters of total thiol, GSH, GSSG and malondialdehyde.
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Our results show that metformin does not induce tumor cell death by only one route,
since after the concomitant treatment between metformin and the inhibitors of
apoptosis, necroptosis and ferroptose used, we observed that they were able to
reverse the effect of the drug on the cells. Regarding the participation of oxidative
stress, when using the inhibitors of cell death antioxidant levels were restored, which
is consistent with previous studies indicating the participation of oxidative stress in
metformin-induced cell death.

Keywords: metformin, cell death, breast cancer, oxidative stress.

Introduction

Breast cancer is the neoplasia with the highest incidence and mortality among
women in the world. Due to the high rates of development of resistance to
chemotherapy, the discovery of new alternatives for the treatment of the disease is a
necessity (TORRE et al., 2015; LARSEN et al., 2014).

Metformin, a drug used to treat type 2 diabetes, has been shown to be a
possible alternative for the treatment of cancer patients (NATHAN et al., 2009;
FERRO et al., 2013). In breast cancer, the use of this drug was associated with an
improvement in the clinical and pathological profile of patients, and greater sensitivity
to radiotherapy, when compared to patients who did not receive metformin (FERRO
et al., 2013).

Regarding Marinello et al. (2016) the mechanisms of metformin action, in vitro
studies demonstrated that used two human breast cancer cell lines (MCF-7 and
MDA-MB-231) to investigate the mechanism of action of the drug, and were able to
observe that metformin exerted a pro-apoptotic effect and induced death of the tumor
cell through the participation of oxidative stress (MARINELLO et al., 2016).

The process of cell death is fundamental for the maintenance of the
homeostasis of a multicellular organism (ARYA, WHITE, 2015). Considered the main
form of programmed death, apoptosis is triggered by the sequential activation of
cysteine proteases, known as caspases, which culminate in the activation of its
canonical pathway. Therefore, the use of a caspase inhibitor, such as Z-vad, blocks
cell death by apoptosis (HAHNE et al., 2013; DEGTEREV et al., 2005).

In the absence of caspase activation, a type of regulated necrosis prevails.
Necroptosis has recently been discovered and is an alternative non-apoptotic death

pathway, triggered by signaling through the death domain receptors (DEGTEREV et
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al., 2005). In this type of death, the interaction between the complex formed after the
activation of the death receptors with the receptor-interacting protein kinase 1
(RIPK1), leads to the phosphorylation of RIPK3 and necrosome formation, which
phosphorylates the mixed-lineage kinase domain-like protein (MLKL) and triggers
necroptosis in several cell types (ZHANG et al., 2016). To demonstrate the existence
of this pathway, and to distinguish it from other pathways of death, an inhibitor has
been identified and has been called Necrostatin-1 (Nec-1). This inhibitor blocks
RIPK1 and blocks necroptosis (DEGTEREV et al., 2005).

Another type of cell death, recently discovered, is ferroptosis, which is a form
of oxidative and iron dependent cell death, which results from accumulation of lipid
peroxide in the membrane. Because it is an iron-dependent pathway, when using a
chelator, such as Deferoxamine (DFO), this pathway is inhibited. (YU et al., 2016).

Many drugs used in the treatment of cancer act to induce apoptosis of the
cells, however neoplastic cells, that are resistant to this type of death, are more
resistant to the treatment, for this reason the study of the different types of cell death
is of great importance. Therefore, this work aims to analyze the importance of
apoptosis, necroptosis and ferroptosis in the toxicity of metformin in MCF-7 cells,
evaluating proliferation, viability and oxidative stress after the use of specific

inhibitors of these pathways of death.

Methods and Materials

Cell culture and treatment

MCF-7 cells (ATCC® HTB-22™, ATCC, Manassas, VA.USA) were seeded in
high glucose Dulbecco’s modified Eagle’s medium/nutrient mixture (DMEM) (Gibco®
Life Technologies, Carlsbad, CA. USA) supplemented with 10% fetal bovine serum
(DMEM 10% FBS), and 1% penicillin-streptomycin mixture. Cells were maintained in
a humidified atmosphere of 5% CO2 at 37°C (Sanyo CO:2 Incubator; Sanyo, Japan).
The assays were performed by seeding 10° cells in 24-well plates or 10° cells in
culture flasks and culturing them in fresh culture medium for 24 h. Cells were then
exposed to metformin (Santa Cruz Biotechnology, Dallas, TX) at two concentrations
(1 and 5 mM) for 24 h. These concentrations were chose based on results of our
group that demonstrated that these concentrations induced cell death (Marinello et
al., 2016). The cells were pretreated with Z-VAD (10uM) or Nec-1 (50uM) for one
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hour before being exposed to metformin, as previously described by Mooney et al.,
2002 and Araujo et al., 2014, respectively. Treatment with DFO (100 uM) was done
concomitantly with metformin as previously described by Ma et al., 2015. All the
experiments were performed in triplicate and repeated thrice, and all analyses were
performed after 24 h of metformin treatment.
Cell viability

Cellular metabolic activity was measured by (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) (MTT) assay as described by Mosmann, 1983. To
perform the MTT assay, the cells were seeded in 24-well plates, as previously
explained. After treatment, 0.4mM MTT solution was added and incubated at 37°C for
2h. The formazan crystals formed were dissolved in dimethylsulfoxide (DMSO).
Results were measured using a microplate reader (Multiskan GO; Thermo Scientific,
Waltham, MA, USA) at 540 nm.

Cell proliferation assays

Cells were treated as previously described. After 24 h of treatment, the cells
were washed with phosphate-buffered saline (PBS) and trypsinized. The cells were
then suspended in trypan blue (0.05%) and counted using a Neubauer chamber.
Cells were classified as viable (no staining) and unviable (blue staining) to determine
the percentage of viable cells and identify the cytostatic or cytotoxic effect of the

treatment.

Annexin V-FITC/propidium iodide staining

The cells were washed and trypsinized after treatment. Cellular suspension
was centrifuged 600 xg (4°C, 3 min) and cells were stained using the Annexin V-
FITC/PI kit (BD, USA), as described previously by Cai et al., 2015 by flow cytometry.
Double-negative cells were considered intact, annexin*/PI- cells are presumably in
early apoptosis and the annexin’/PI* were considered necrotic. Results were

expressed in percentage of apoptotic and necrotic cells.

Oxidative stress parameters
To determine the treatment effects on cellular oxidative stress, we evaluated

total thiol, malondialdehyde and reduced and oxidized glutathione.

Determination of total thiol levels
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Total thiol levels were measured as previously described by Panis et al., 2013.
Thiol groups were calculated using a calibration curve prepared with reduced
glutathione (GSH) (Sigma Aldrich) and the results were expressed in yM thiol/ g of
total protein. Total protein content was determined based on the method of Lowry,
modified by Miller (Lowry et al., 1951, Miller, 1959).

Determination of intracellular malondialdehyde levels

The malondialdehyde was measured as previously described by Victorino et
al., 2013, with some modifications, described by Marinello et al., 2016. It was used a
high performance liquid chromatograph (Shimadzu HPLC-20AT) equipped with a
pump and LC20AT UV absorbance detector SPDM20A diode-array employing a
reverse phase C18 column, without the use of pre-column. The cells suspension
were incubated with perchloric acid and then with 0.5M thiobarbituric acid (TBA) at
100°C for 30 minutes. The reaction was cooled in an ice bath and centrifuged at
5000 xg at 4°C. The readings are taken at 535nm during 11 minutes and the results

were expressed in nM MDA / protein (g).

Determination of glutathione levels

Reduced and oxidized glutathione (GSH and GSSG, respectivety) were
determined in cell suspension as previously described by Locatelli et al., (2009),
using 60 pM 5,5'-dithiobis (2-nitrobenzoic acid) in a 1 M TRIS buffer. Results were
expressed in UM GSH or GSSG/ g of total protein.

Statistical analysis

Data were analysed for normality. For parametric data it was used one-way
analysis of variance (ANOVA), followed by Tukey’'s post test. Data analysis was
conducted using GraphPad Prism (version 5; San Diego, CA, USA) and significance

was assigned for p < 0.05.

Results

Cellular metabolic activity and proliferation

In the MTT assay, the two metformin concentrations, when used alone,

significantly decreased the metabolic activity of the cell compared to the control, in
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the three situations in which the inhibitors were used (Fig. 1A, B and C). When
treatment with Z-vad alone and when metformin was associated with Z-vad,
metabolic activity was reestablished to control levels, at both metformin
concentrations (Fig. 1A), as well as in the treatment with Nec-1 (Fig. 1B). Regarding
treatment with DFO, the concentration of 1mM metformin associated with DFO
intensified the reduction of the metabolic activity of the cell, as well as when DFO
was used alone (Fig. 1C).

The proliferation assay demonstrated that the two concentrations of metformin
were able to decrease cell proliferation in the three conditions (Fig. 1, D, E and F).
When Z-vad and Nec-1 was used alone, they don'’t alter cell proliferation, but when
metformin was used concomitantly with Z-vad and Nec-1, the proliferation was
significantly increased (Fig. 1D and 1E, respectively). However, when DFO was used
alone its decrease cell proliferation, but when associated with metformin, only the

concentration of 5 mM of metformin was able to reestablish proliferation (Fig. 1F).

Cell death patterns

The analysis of cell death pathways by flow cytometry demonstrated that
treatment with the two concentrations of metformin significantly increased the
percentage of apoptotic cells when compared to the control, in the three conditions of
treatment with cell death inhibitors (Fig. 2, A, B and C). The association with Z-vad
and metformin only reverted apoptosis induction in the highest concentration of
metformin (Fig 2A). When Nec-1 and DFO were used, it was observed reduction in
apoptosis with the two concentrations of metformin (Fig. 2B and 2C, respectively).

In relation to necrotic cells, only the treatment with 5mM of metformin
significantly increased necrosis in the three situations (Fig. 2, D, E and F). The Z-vad
treatment alone was able to increase necrosis and the concomitant treatment with Z-
vad and metformin (1mM) increased the percentage of necrotic cells, when
compared with metformin treatment alone. However, the association with Z-vad and
metformin (5mM) reduced the percentage of necrotic cells (Fig 2D). Nec-1 treatment
did not alter the necrosis induced by metformin but DFO reduced the necrosis (Fig.
2F). Nec-1 and DFO treatments did not interfere in necrosis when used without

metformin.

Oxidative stress parameters
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Quantification of total thiol demonstrated that metformin reduced thiol levels in
MCF-7 cells at both concentrations (Fig. 3, A, B and C). The Z-vad treatment alone
also reduced thiol levels, but the association with metformin restored thiol to control
levels (Fig. 3A). Nec-1 treatment also reduced thiol levels and the association with
metformin only reestablished thiol in the concentration of 1mM of metformin (Fig. 3B).
DFO increased thiol when used alone and restored thiol to control levels when
associated with metformin at both concentration (Fig. 3C).

The analysis of lipid peroxidation by MDA, showed that both concentrations of
metformin were able to significantly raise MDA levels (Fig. 3, D, E and F). Z-vad also
increased MDA levels when used alone and when associated with metformin 1mM
(Fig. 3D). Nec-1 and DFO alone also increased MDA levels (Fig. 3E and F,
respectively), but the association between Nec-1 and metformin 5mM significantly
restored MDA to control levels (Fig 3E). DFO association with metformin 1mM
increased MDA when compared to metformin treatment alone (Fig. 3F).

With regard to GSH levels, both concentrations of metformin significantly
decreased their concentration (Fig. 4, A, B and C). Z-vad did not interfere with GSH
when used alone, but was able to increase this levels when associated with
metformin (Fig 4A). The same was observed for Nec-1 and for DFO (Fig. 4B and 4C,
respectively), however Nec-1 increased GSH levels when used alone (Fig. 4B).

In relation to GSSG, the two concentrations of metformin were able to reduce
their amount (Fig. 4, D, E and F). Z-vad treatment also reduced GSSG when used
alone, but return its concentrations to control levels when associated with metformin
5mM (Fig 4D). Nec-1 and DFO increased GSSG when used alone and when used
with metformin (Fig. 4, E and F, respectively).

Discussion and Conclusion

The antitumor activity of metformin and its possible use as an adjuvant therapy
has been reported for several types of cancer (LEONE et al., 2014; QUINN et al.,
2013). However, the mechanism by which metformin leads to tumor cell death is still
unclear. To better analyze this mechanism we used a human MCF-7 breast cancer
cell line.

In the MTT assay, where we analyzed cellular metabolic viability, we observed

that metformin was able to reduce cell viability at the two concentrations in which it
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was used, and according to Marinello et al. (2016) (MARINELLO et al., 2016). We
used inhibitors of cell death pathways to analyze the possible pathways that would
be related to the action of metformin. When we used the pan-caspase inhibitor, Z-
vad, it was possible to observe that both metabolic activity and cell proliferation were
restored to control levels, suggesting that Z-vad blockade of apoptosis inhibits the
effect of metformin on cell viability.

In order to investigate the importance of necroptosis, ferroptosis and apoptosis
in toxicity of metformin to cells we associated the drug with the three inhibitors and
analyzed the percentage of necrosis and apoptosis by flow cytometry. However it is
not possible to differentiate morphologically if the cell death was by necrosis,
necroptosis or ferroptosis, since these pathways present a necrotic pattern of cell
death. When analyzing the percentage of death due to apoptosis and necrosis, it was
observed that Z-vad decreased the apoptosis triggered by metformin, which indicates
that apoptosis induced by metformin is dependent of caspases. Regarding necrosis,
we observed its increase. It has been reported that there are forms of cell death that
are independent of caspases, and that caspase inhibitors can accelerate other forms
of cell death (NICOTERA; MELINO, 2004), such as necroptosis, for exemple, that is
detected by staining with PI (DEGTEREYV et al., 2005). This also explains increased
necrosis when the cell was treated with Z-vad only.

In addition to observing by which way the cell would be dying, we also decided
to observe how this death is being triggered, thus analyzing some parameters of
oxidative stress, since it was previously described that the oxidative stress is related
to the cytotoxicity induced by metformin. It has been described that the generation of
intracellular oxidative stress is responsible for the consumption of glutathione
(oxidized and reduced, GSSG and GSH, respectively), and induction of apoptosis
(GHIBELLI et al., 1998), in this work it was also observed since the cytotoxicity of
metformin was accompanied by oxidative stress, with reduction of GSH, thiol and
increase of MDA. Inhibition of apoptosis by the association between Z-vad and
metformin was accompanied by the reestablishment of cellular antioxidants (thiol and
GSH), however, MDA levels remained high. These results demonstrate that inhibition
of caspases was effective in preventing the consumption of cellular antioxidants by
metformin, but did not reverse lipoperoxidation. Interestingly, Z-vad alone also
increased MDA, suggesting that, by mechanisms not yet described, the inhibition of

cellular caspases is responsible for increasing lipoperoxidation.
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The use of Nec-1, the necroptosis inhibitor, (DEGTEREV; LINKERMANN,
2016) associated with metformin in the MTT assay, promoted the restoration of
metabolic activity and cell proliferation, indicating that the reduction of cell viability
caused by metformin is also dependent on RIPK1, a similar result was found by
Babcook et al. (2014), where metformin in combination with simvastatin promoted
cell cycle arrest in prostate cancer cells resistant to castration, and this effect is
dependent on RIPK1 and RIPK3 (BABCOOK et al., 2014). The participation of RIPK1
in the cytotoxicity of metformin in breast cancer has not been studied yet.

When analyzing apoptosis after treatment with Nec-1 in combination with
metformin, it can be observed that there was a decrease in the percentage of
apoptotic cells through annexin V staining. This could be justified by the fact that the
initial process of apoptosis and necroptosis are similar, and the externalization of
phosphatidylserine to necroptosis could be blocked by Nec-1 (MENG et al., 2016). In
addition, RIPK1 is also able to control apoptosis (NEWTON, K., 2015). With regard to
metformin-induced necrosis, the use of Nec-1 did not promote change in its rates.

Some tumors may have elevated levels of antioxidants, such as glutathione,
which is the most abundant antioxidant within the cell, and makes neoplastic cells
more resistant to chemotherapy (TRAVERSO et al.,, 2013). Due to this fact,
therapeutic strategies aimed to decrease antioxidant defenses, thus increasing the
sensitivity of tumor cells to chemotherapy treatment has been increasingly studied
(GALADARI et al., 2017). Our results show that the two concentrations of metformin
decreased the intracellular concentration of GSH, suggesting metformin as a
potential therapeutic agent capable of reducing antioxidant defense levels, which
could reduces the resistance to chemotherapeutic treatment.

Under oxidative equilibrium conditions, two molecules of GSH can be
converted into a GSSG molecule, which can be reduced to its reduced form by the
action of glutathione reductase (FLOHE, 2013). However, on certain oxidative stress
conditions an imbalance of this reaction occurs, with increase of GSSG and reduction
of GSH (KHAZIM et al., 2014). However, in our results we observed a reduction of
GSH and GSSG, which can be explained by the fact that the treatment with the two
concentrations of metformin reduced the levels of intracellular total thiol.

Concomitant treatment of metformin and Nec-1 promoted the increase in GSH
levels, which is consistent with the results found by Xu et al., (2007), who observed

that Nec-1 was able to prevent the consumption of antioxidants in neuronal cells
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treated with glutamate, suggesting that Nec-1 would increase intracellular levels of
GSH (XU et al., 2007). However, the authors observed that although Nec-1 reverses
the antioxidant consumption generated by the treatment, it has not been able to
reduce cellular damage caused by the administration of hydrogen peroxide to the
cells. Similarly, we found that although Nec-1 prevented GSH consumption, MDA
levels remained high, indicating that Nec-1 partially reversed the generation of
oxidative stress by metformin.

Ferroptosis is an oxidative and iron-dependent form of death (CAO; DIXON,
2016). Besides being important in this type of death, iron is essential for cell
proliferation, being part of several biochemical reactions of vital importance for the
cells (MACKOVA et al., 2012), this explains why we did not find recovery of cellular
metabolic activity when we associated DFO and metformin, as well as explain the
reduction of cell viability and proliferation found in the cells that received DFO only.
On the other hand, the administration of DFO was responsible for reducing apoptosis
and necrosis induced by metformin, indicating the importance of iron in the
cytotoxicity of metformin.

With respect to oxidative stress parameters, DFO promotes an increase in the
levels of thiol and GSH, which is consistent with data from Potuckova et al. (2014),
which shows the antioxidant capacity of iron chelators, including DFO in MCF-7 cells
(POTUCKOVA ET AL. 2014). The lysosomal membrane is more vulnerable to ROS-
mediated damage, due to the lack of an intrinsic antioxidant defense. When ROS
increases, hydrogen peroxide reacts with iron and occurs the formation of hydroxyl
radicals, which are highly reactive molecules, promoting membrane destabilization
and lipid peroxidation (TERMAN et al., 2006). With this in mind, when using an iron
chelator, these changes could then be suppressed, but in a study by Venkatesan et
al., (2016), DFO was not able to promote this inhibition in MCF-7 cells. Which agrees
with our analysis that despite treatment with DFO, MDA levels did not decrease after
the induction of oxidative stress by metformin (VENKATESAN et al., 2016).

From the analysis of the results we can conclude that metformin does not
induce a single type of death in MCF-7 cells (Fig. 5), since the three inhibitors of cell
death used were able to revert the toxic effects of the drug. This probably occurs
because the drug strongly interferes with the cellular metabolism, being able to
activate different mechanisms of death. In addition, the preservation of cellular

antioxidants was found in all evaluated situations and for this reason appears to have
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been important in the protection of metformin-induced cell death, corroborating with
previous studies indicating the generation of oxidative stress as an important
mechanism of metformin cytotoxicity. Together, this study reveals new mechanisms
for metformin-mediated-cell-death and clearly add one more path to metformin

anticancer activity.
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Figure 1. Effects of metformin and cell death inhibitors on cellular metabolic

activity and proliferation. A, B and C: MTT assay for concomitant treatment with
metformin (1 and 5 mM, 24h) and Z-vad (10 uM), Necrostatin 1 (Nec-1, 50 uM) and
Deferoxamine (DFO, 100 uM), respectively. C, D and F: Cell proliferation assay for

concomitant treatment metformin (1 and 5 mM, 24h) and Z-Vad, Nec-1 and DFO,

respectively.”p < 0.05; statistically different from the control group. **: different from

metformin 1mM. ***: different from metformin 5mM.
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Figure 2. Cell death patterns induced by metformin and cell death inhibitors in
MCF-7 cells. Analysis of cell death by annexin V-FITC/Propidium iodide staining by
flow cytometry after treatment with metformin and inhibitors of cell death for 24 hours.
A, B and C: percentage of apoptotic cells after concomitant treatment with metformin
(1 and 5 mM) and Z-vad (10 pyM), Necrostatin 1 (Nec-1, 50 yM) and Deferoxamine
(DFO, 100 pM), respectively. C, D and F: percentage of necrotic cells after
concomitant treatment with metformin (1 and 5 mM) and Z-Vad, Nec-1 and DFO,
respectively. *p < 0.05; statistically different from the control group. **: different from

metformin 1mM. ***: different from metformin 5mM.
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Figure 3. Evaluation of oxidative stress induced by metformin and cell death
inhibitors in MCF-7 cells. A, B and C: Total Thiol levels after concomitant treatment
with metformin (1 and 5 mM) and Z-vad (10 uM), Necrostatin 1 (Nec-1, 50 yM) and
Deferoxamine (DFO, 100 pM), respectively. C, D and F: Malondialdeyde levels after
concomitant treatment with metformin (1 and 5 mM) and Z-Vad, Nec-1 and DFO,
respectively. *p < 0.05; statistically different from the control group. **: different from

metformin 1mM. ***: different from metformin 5mM.
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Figure 4. Quantification of reduced and oxidized glutathione levels after
metformin and cell death inhibitors treatment. A, B and C: Reduced glutathione
levels after concomitant treatment with metformin (1 and 5 mM) and Z-vad (10 pyM),
Necrostatin 1 (Nec-1, 50 uM) and Deferoxamine (DFO, 100 uM), respectively. D, E
and F: Oxidized glutathione levels after concomitant treatment with metformin (1 and
5 mM) and Z-Vad, Nec-1 and DFO, respectively. *p < 0.05; statistically different from
the control group. *: different from metformin 1mM. ***: different from metformin 5SmM.
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Figure 5. Generation of oxidative stress by metformin and the induction of cell
death. The cytotoxicity of metformin is related to the generation of OE triggering the
death of the cell. Binding of TNF to TNFR triggers the formation of Complex I,
consisting of TRADD, RIPK1, clAP, TRAF 2/5. If clAP is inhibited or occurs RIPK1
deubiquitination by CYLD the formation of Complex Il occurs, which is related to the
activation of apoptosis or necroptosis. Casp-8 is triggering apoptosis and is regulated
by cFLIP. Generation of ROS by metformin prevents the action of cFLIP, which leads
to activation of Casp-8 and apoptosis. When using the pan-caspase inhibitor, Z-vad,
inhibiting Casp-8, another death pathway is activated, Necroptosis, through the
phosphorylation of RIPK1. This pathway can be blocked by using a RIPK1 inhibitor,
such as Nec-1. In addition, another death path that can be activated through the
generation of OE by metformin is ferroptosis. The cytotoxicity of metformin decreases

GSH, generating intracellular OE, which with the participation of iron and formation of
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lipid peroxides triggers death via ferroptosis. This pathway can be blocked by using

an iron chelator, such as DFO.

MET: metformin; OE: oxidative stress; TNF: tumor necrosis factor; TNFR: tumor
necrosis factor receptor; TRADD: TNF-associated death domain; RIPK1: receptor-
interacting protein kinase 1; clAP: cellular inhibitor of apoptosis; TRAF 2/5: factor 2/5
associated with TNF; CYLD: cilindromatosis; Casp-8: caspase-8; cFLIP: cellular
FLICE inhibitory protein; ROS: reactive oxygen species; Nec-1: necrostatin-1; GSH:

reduced glutathione; DFO: deferoxamine.



