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MARINELLO, Poliana Camila. Participacdo do estresse oxidativo no mecanismo
de acdo da metformina na citotoxicidade e nos processos de inducéo
experimental de resisténcia a quimioterapia com doxorrubicina em células de
adenocarcinoma mamario humano. 2015. 116 f. Tese (Doutorado em Patologia
Experimental) — Universidade Estadual de Londrina, Londrina, 2015.

RESUMO

O céncer de mama € o segundo tipo de neoplasia mais frequente entre as mulheres
no mundo todo. A metformina € uma droga antihiperglicemiante segura e eficaz,
amplamente utilizada no tratamento do diabetes tipo 2. Nos ultimos anos, o seu uso
tem sido associado a menor incidéncia de cancer e, por esses motivos, 0s seus
efeitos na proliferacdo de células de cancer de mama e na sensibilizacdo dessas
células ao tratamento tém sido investigados. Pesquisas recentes demonstram que a
metformina reduz a proliferagcao de células de cancer de mama sensiveis e € capaz
de ressensibilizar células com multipla resisténcia a drogas. Entretanto, os
mecanismos de acdo da metformina ainda nao foram totalmente esclarecidos, e a
sua capacidade de sensibilizar as células tumorais ao tratamento nunca foi descrita.
Portanto, o objetivo desse trabalho foi investigar a participagdo do estresse oxidativo
(EO) nos mecanismos de citotoxicidade da metformina em células de
adenocarcinoma mamario humano positivas para receptores hormonais e triplo
negativas, MCF-7 e MDA-MB- 231, respectivamente, e investigar os efeitos da
metformina no processo de indugdo experimental de resisténcia a doxorrubicina.
Para a analise da participagdo do EO nos mecanismos de citotoxicidade da droga,
avaliou-se o padrdao de morte celular, a presenca de danos oxidativo ao DNA,
parametros de estresse oxidativo e efeito da metformina sobre algumas proteinas de
sinalizagao importantes no controle do crescimento e proliferagao celular (ERK1/2,
AKT, TGF — B1 e p53). Para isso, quatro concentragdes diferentes da droga foram
utilizadas: duas clinicamente relevantes, que correspondem as concentracdes
plasmaticas encontradas em individuos apos tratamento (6 e 30 uM), e duas
experimentais (1000 e 5000 uM). Para a investigagdo dos efeitos da metformina no
processo de indugao de resisténcia a doxorrubicina, as células foram expostas a
concentracdes crescentes do quimioterapico e a metformina foi associada em
diferentes momentos, simultaneamente e através de um prétratamento. Foram
analisados o estado oxidativo celular ao longo do processo de inducdo da
quimiorresisténcia, os niveis de 6xido nitrico (NO) e os efeitos da droga em vias que
poderiam relacionar-se com a quimiorresisténcia, como a p53, NF-kB, Nrf2 e TGF-
B1. Com base nos primeiros resultados (em células sensiveis), escolhemos uma
concentragdo de metformina que identificamos como nao citotoxica (6 uM) para ser
estudada no modelo de inducdo de resisténcia a doxorrubicina. Os resultados
demonstraram que a metformina, nas células de cancer de mama sensiveis, &
citotoxica a partir de concentragdes clinicamente relevantes (30 uM) e que esse
efeito ocorre através da inducdo simultdnea de estresse oxidativo, dano de DNA e
aumento dos niveis citoplasmaticos de TGF-B1. Além disso, a droga, em
concentragbes mais elevadas (1000 e 5000 uM), induz apoptose celular, diminui a
ERK1/2 e a Akt (5000 uM), e aumenta os niveis nucleares de p53 (1000 e 5000 uM).
No processo de indugcdo de quimiorresisténcia, o pré-tratamento com metformina
preveniu a resisténcia a doxorrubicina nas duas linhagens celulares estudadas, além



de sensibilizar as células MCF-7 ao quimioterapico. Essa prevengao ocorreu através
da geragdo de estresse oxidativo, reducdo nos niveis de NO, aumento de p53
nuclear e de TGF-B1 citoplasmatico, e redugcdo de Nrf2 nuclear. Esses resultados
ajudam a entender os mecanismos de acdo da metformina em células MCF-7 e
MDA-MB-231 e sugerem que o tratamento com a droga pode exercer efeito benéfico
na prevengao da resisténcia a doxorrubicina, ressaltando a potencial utilidade clinica
da metformina como adjuvante na terapia do cancer de mama.

Palavras-chave: Cancer de mama. Metformina. Estresse oxidativo.
Quimioresisténcia.
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ABSTRACT

Breast cancer is the second type of the most frequent neoplasia among women
worldwide. Metformin is a safe and effective anti-hyperglycemic drug widely used in
the treatment of type 2 diabetes. In the last years, its use has been associated with a
lower cancer incidence and, for these reasons, their effects on breast cancer cells
proliferation and in the sensitization of these cells to treatment have been
investigated. Current research demonstrated that metformin reduces proliferation of
breast cancer cells and sensitize multidrug resistance cells. However, the metformin
mechanisms of action has not yet been fully elucidated, and its interference with the
process of chemoresistance induction has never been described. Therefore, the
objective of this study was to investigate the involvement of oxidative stress (OS) in
the mechanism of metformin cytotoxicity in human mammary adenocarcinoma cells
positive for hormone receptors and triple negative, MCF-7 and MDA-MB-231,
respectively, and investigate the metformin effects in the process of experimental
doxorubicin resistance induction. For the analysis of the participation of OS in the
mechanisms of drug cytotoxicity, it was evaluated the cell death pattern, the
presence of oxidative DNA lesions, oxidative stress parameters and the drug effect
on some important signaling proteins involved in the control of cell growth and
proliferation, such as ERK1/2, AKT, TGF - 31 and p53. Four different concentrations
of metformin were used: two clinically relevant, corresponding to plasmatic
concentrations found in patients after diabetes treatment (6 e 30 yM), and two
experimental (1000 and 5000 uM). For the investigation of metformin participation in
the process of chemoresistance induction, the cells were exposed to increasing
concentrations of the chemotherapic and metformin was associated at different
times, simultaneously and through a pretreatment. It was evaluated the cellular
oxidative status during the process of chemoresistance induction, the nitric oxide
(NO) levels and the drug effects on pathways that could be related to
chemoresistance, such as p53, NF-kB, Nrf2 and TGF-B1. Based on the first results
(in sensitive cells), we chose a non-cytotoxic metformin concentration (6 uM) to be
studied in the model of doxorubicin resistance induction. The results demonstrated
that metformin is cytotoxic to tumor cells from clinically relevant concentrations (30
MM) and that this effect occurs by the simultaneous induction of oxidative stress,
DNA damage and increase in cytoplasmic TGF-B1. In addition, at higher
concentrations, the drug induces apoptosis (1000 and 5000 uyM), reduces the ERK1 /
2 and Akt (5000 uM), and increases nuclear p53 (1000 and 5000 uM). In the process
of chemoresistance induction, metformin pretreatment prevented the doxorubicin
resistance in both cell lines, as well as sensitize MCF-7 cells to chemotherapy. This
prevention occurred by the generation of oxidative stress, reduction in the NO levels,
increases in nuclear p53 and cytoplasmic TGF-B1, and reduction of nuclear Nrf2.
These findings helps to understand the metformin mechanism of action on MCF-7
and in MDA-MB-231 breast cancer cells and suggests that metformin treatment could



exert a beneficial role in the prevention of doxorubicin chemoresistance, highlighting
the potential clinical utility of metformin as adjuvant during breast cancer treatment.

Keywords: Breast cancer. Metformin. Oxidative stress. Chemoresistance.
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1 INTRODUCAO

1.1 CANCER DE MAMA

O cancer de mama € o segundo tipo mais frequente de cancer no mundo, e é
responsavel por 22% dos novos casos de cancer a cada ano. O espectro de
anormalidades proliferativas nos lobulos e ductos mamarios inclui hiperplasia,
hiperplasia atipica, carcinoma in situ e carcinoma invasivo. Dentre esses ultimos, o
carcinoma ductal infiltrante € o tipo histol6gico mais comum e compreende entre 80 e
90% do total de casos (INCA, 2014).

O estadiamento do cancer de mama € baseado na classificacdo dos tumores
malignos, TNM, proposta pela Unido Internacional Contra o Cancer (UICC), conforme
as caracteristicas do tumor primario (T) dos linfonodos das cadeias de drenagem
linfatica do 6rgdo em que o tumor se localiza (N) e a presenca ou auséncia de
metastases a distancia (M). Aproximadamente 5% dos pacientes com essa neoplasia
maligna apresentam metastases quando descobrem a doenca pela primeira vez, mas
a grande maioria desenvolve meses ou anos apés o diagnostico e tratamento inicial
(BRASIL, 2004).

O cancer de mama é uma doenca muito heterogénea, sendo classificado em
diferentes subtipos de acordo com o perfil de expressao génica das células tumorais
(PEROU et al., 2000; SORLIE et al, 2003): subtipo luminal, subtipo com
superexpresséo de receptor para o fator de crescimento epidermal 2 (HER-2), triplo-
negativo, basal-simile e subtipo normal-simile (RINGNER; STAAF; JONSSON, 2013).
O subtipo luminal é caracterizado pela presenca de receptores hormonais, como de
estrogénio (RE) e ou receptores de progesterona (RP) pelas células tumorais, e é
dividido em luminal A e B (RINGNER; STAAF; JONSSON, 2013). Os dois subtipos
apresentam RE e RP, porém o luminal A apresenta baixos indices de proliferagédo
celular e grau histolégico, enquanto que o luminal B apresenta maiores taxas de
proliferacdo celular e maior grau histolégico. JA& o subtipo HER-2 apresenta
superexpressio de receptor HER-2 (RINGNER; STAAF; JONSSON, 2013), e o triplo-

negativo (TN) ndo possui nenhum dos trés receptores (RE, RP e HER-2).
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Além da classificacdo que relaciona receptores de membrana, o cancer de
mama pode ser ainda subdividido em basal-simile, cujas células tumorais apresentam
perfil de expressdo génica semelhante as células basais, e subtipo semelhante a
mama normal, onde a massa de células mutadas assemelham-se as células normais
da mama (RINGNER; STAAF; JONSSON, 2013), com expressdo de genes
caracteristicos de células adiposas relativamente elevada e um baixo nivel de
expressdo de genes de células epiteliais luminais, com RE e RP (RAKHA; REIS-
FILHO; ELLIS, 2008).

E importante ressaltar que esses subtipos de cancer de mama estdo
associados com resultados clinicos diferentes, sendo que os pacientes com tumores
luminais apresentam um melhor progndéstico e os pacientes com tumores triplo-
negativos e basais apresentam um pior prognoéstico (RAKHA; REIS-FILHO; ELLIS,
2008). As diferentes caracteristicas das células tumorais e o fendétipo do cancer de
mama auxiliam na escolha do tratamento e também a prever o local mais provavel de
metastases. Pacientes com tumores que possuem receptores endocrino-positivos sao
mais propensos a desenvolverem metastases 6sseas, enquanto que pacientes com
tumores triplo-negativos, sdo mais propensos a desenvolverem metastases
pulmonares (JOLLY et al., 2012).

1.2 CANCER DE MAMA E ESTRESSE OXIDATIVO

O estresse oxidativo e a ativagao de vias sinalizadoras redox acompanham a
patogenia do cancer de mama. Estresse oxidativo cronico e a inflamacdo tém sido
indicados como os principais mediadores durante a carcinogénese e progressao da
doenca (PANIS et al., 2012). Pacientes com cancer de mama em estagios avancados
gue nunca receberam quimioterapia possuem elevados niveis de estresse oxidativo
com altos indices de lipoperoxidagéo e oxido nitrico e atividade reduzida de enzimas
antioxidantes como a catalase, por exemplo (PANIS, et al., 2011).

Entretanto, a idéia de que o estresse oxidativo funciona apenas como agente
lesivo tem mudado nos ultimos anos. Hidroperoxidos lipidicos e produtos oxigenados
provenientes da degradacdo peroxidativa de lipideos, assim como os iniciadores

desse processo, as espécies reativas de oxigénio (ERO), podem participar de
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cascatas transdutoras de sinais, no controle da proliferagédo celular, e na inducao da
diferenciacdo, maturacdo e apoptose (GAGO-DOMINGUEZ; JIANG; CASTELAO,
2007). Alguns trabalhos mostraram inclusive o0 aumento da lipoperoxidacdo como um
mecanismo preventivo no cancer de mama (GAGO-DOMINGUEZ; JIANG;
CASTELAO, 2007; GAGO-DOMINGUEZ et al., 2005).

Neste contexto, o sistema antioxidante tiorredoxina, formado pela tiorredoxina
(Trx), tiorredoxina redutase (TrxR), proteina ligadora de tiorredoxina (TrxIP), e a
nicotinamida adenina dinucleotideo fosfato (NADP) € um exemplo de que o estresse
oxidativo pode funcionar como modulador de importantes vias intracelulares. A
tiorredoxina-1, a isoforma citoplasmatica da tiorredoxina, € o principal antioxidante
oxidoredutase intracelular e encontra-se normalmente em seu estado reduzido,
guando as proteinas intracelulares sédo oxidadas, a tiorredoxina as reduz, tornando-se
oxidada. Normalmente, a tiorredoxina oxidada é rapidamente reduzida, por acdo da
tiorredoxina redutase e da NADP (SUN et al., 2012).

Estudos recentes tém demonstrado papel regulador da apoptose por esse
sistema. Parece que, em seu estado reduzido a Trx liga-se a quinase reguladora do
sinal de apoptose 1 (ASK1), e inibe a sua capacidade de induzir apoptose mediada
por estresse e citocinas. Da mesma forma, quando a Trx encontra-se oxidada, ela
dissocia-se da ASK1 e estimula a apoptose. Além disso, o ambiente reduzido,
mediado pela tiorredoxina, € necessario para que fatores de transcricdo redox-
sensiveis se liguem ou ndo ao DNA, como o p53 e o fator nuclear kB (NF-kB),
ressaltando a importéancia desse sistema na controle do ciclo celular e reparo de DNA
lesado (LU; HOLMGREN, 2012).

A TrxIP tem a funcéo de se ligar & Trx reduzida e inibi-la, bloqueando suas
atividades e sua interacdo com outros fatores, inclusive com a ASK1, atuando portanto
como uma proteina pro-apoptotica. Expressao elevada de TrxR e diminuida de TxrIP
foi associado a um pior prognéstico em pacientes com cancer de mama (CADENAS
et al., 2010).

Ainda com relacdo aos sistemas antioxidantes, ja foi investigada a relacéo entre
polimorfismos em um Unico nucleotideo (SNP) em enzimas antioxidantes como a
superéxido dismutase (SOD), a glutationa peroxidase (GPx) e a catalase (CAT)

associado ao maior risco de desenvolvimento de cancer. Esses resultados mostraram
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gue SNP dessas enzimas nao puderam ser correlacionados a maior incidéncia de
cancer de mama (CRAWFORD et al., 2012). Entretanto, essas enzimas e o controle
redox parecem possuir papel importante na progressao do cancer de mama, pacientes
em estagios iniciais da doenca apresentam, sistemicamente, reducao na atividade da
CAT, niveis diminuidos de 8-isoprostanos e de glutationa reduzida (GSH), altos
indices de lipoperoxidacdo e de malondialdeido (MDA) (PANIS et al., 2012). Com a
progressao da doenca, o estresse oxidativo é intensificado, com reducéo significativa
da CAT e da capacidade antioxidante total e aumento ainda maior da lipoperoxidacao
e dos niveis de 6xido nitrico (NO) e MDA (PANIS et al., 2012). Como visto, 0 estresse
oxidativo esta presente na progressao da doenca e, portanto, € relevante investigar a

sua participacdo na modulacédo de diferentes vias intracelulares durante o tratamento.

1.3 TRATAMENTO DO CANCER DE MAMA

Embora o tratamento e diagnéstico do cancer de mama tenha tido um
significante progresso nas ultimas duas décadas, a doenca continua sendo uma das
principais responsaveis por morte de mulheres no mundo todo. Importantes avancos
na abordagem da doenga aconteceram nos ultimos anos, principalmente no que diz
respeito a cirurgias menos mutilantes, assim como a busca da individualizacdo do
tratamento (BRASIL, 2004). O tratamento varia de acordo com o estadiamento da
doenca, suas caracteristicas biolégicas, bem como das condi¢cdes da paciente (idade,
estado menopausal, comorbidades e preferéncias). As modalidades de tratamento
podem ser divididas em local (cirurgia e radioterapia) e sistémicas (hormoénio-terapia,
guimioterapia e terapia bioldgica) (BRASIL, 2004).

A conduta habitual no tratamento consiste de cirurgia, seguida por radioterapia.
O tratamento sistémico € determinado de acordo com o risco de recorréncia (idade da
paciente, comprometimento linfonodal, tamanho tumoral, grau de diferenciacao),
assim como das caracteristicas tumorais que irdo ditar a terapia mais apropriada
(BRASIL, 2004). O fenétipo da célula tumoral auxilia na escolha da terapia.
Recentemente, o termo terapia alvo tem sido empregado para descrever novas drogas
gue foram planejadas com base no conhecimento da patologia molecular fundamental

da doenca, visando marcadores moleculares especificos (WICKI; ROCHLITZ, 2012).
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Dentre as terapias alvo, temos aquelas que séo destinadas ao tratamento do
cancer de mama luminal A e B, que possuem receptores hormonais. O estrogénio,
através de interacdo com seu receptor (RE), exerce efeito indutor de proliferacéo e
exerce papel importante na patogenia do cancer de mama (REIS-FILHO;
WESTBURY; PIERGA, 2006). Diversos medicamentos estdo disponiveis atualmente
visando diminuir seus efeitos, seja interagindo diretamente com seu receptor, com a
utilizacdo de moduladores seletivos para RE (MSRE), como exemplo o tamoxifeno,
ou por inibicdo da producéao sistémica do horménio, com a utilizac&do de inibidores de
aromatase, como o anastrozol (REIS-FILHO; WESTBURY; PIERGA, 2006). A
progesterona também participa da patogenia do cancer de mama, muitos tipos de
carcinomas além de RE também expressam RP, e por isso também tem sido
desenvolvidos moduladores seletivos para RP (REIS-FILHO; WESTBURY; PIERGA,
2006).

O RE possui atividade transcricional. E constituido por um dominio que se liga
ao DNA, um dominio que interage com o ligante e um dominio N-terminal com funcéo
ativadora (WILLIAMS; LIN, 2013). ApGs a ativacdo pelo ligante, o RE regula a
transcricdo de genes — alvo através da ligacdo com elementos reguladores chamados
de elementos responsivos ao estrogénio. O estrogénio também modula a expressao
génica através da interagcdo com outros fatores de transcricdo, como a proteina
ativadora 1 (AP-1) e a proteina de especificidade 1 (Sp-1), que controlam o
crescimento e proliferacdo celular (ZHAO; DAHLMAN-WRIGHT; GUSTAFFSON,
2008). Além das ag¢Oes nucleares, o RE também exerce efeitos ndo genémicos
através da interacdo com receptores para fatores de crescimento situados na
membrana celular e componentes que regulam negativamente vias transdutoras de
sinais, no citoplasma (WILLIAMS; LIN, 2013).

Os RE séo divididos em dois subtipos, alfa (RE-a) e beta (RE-B), que possuem
acOes diferentes de acordo com o tecido. Esses receptores localizam-se no cérebro,
atero, 0ssos, mama, ovario e figado (HADJI, 2012; ZHAO; DAHLMAN-WRIGHT;
GUSTAFFSON, 2008). Uma diferenca observada entre os subtipos alfa e beta do RE
€ no sitio da AP-1, na presenca de estrogénio o RE-a induz atividade da AP-1,
enquanto que o RE-B nao apresenta nenhum efeito (ZHAO; DAHLMAN-WRIGHT;
GUSTAFFSON, 2008). Ja foi descrito que o RE-a é superexpresso na maioria dos
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canceres de mama, enquanto que o RE-f encontra-se diminuido nas células tumorais
(ROGER et al., 2001). Dessa forma, o RE-a € considerado um marcador prognostico
para a resposta a hormonio-terapia, e a caracterizacdo do RE-a nas amostras
tumorais € um procedimento padrédo na oncologia clinica (WILLIAMS; LIN, 2013).

O Tamoxifeno € um MSRE de primeira geracao e possui atividade antagbnica
de RE na mama, sendo considerado primeira escolha para tratamento do cancer de
mama em mulheres antes do climatério sendo também eficaz na prevencéo da doenca
(HADJI, 2012). Entretanto, a utilizacdo do medicamento aumenta os riscos de cancer
endometrial, acidente vascular encefalico, embolia pulmonar e trombose venosa
profunda em mulheres com idade igual ou superior a 50 anos, limitando sua utilizagao
na prevencao da doenca em mulheres apoés o climatério (FISCHER et al., 1998). Isso
ocorre porque o tamoxifeno exibe efeito agonista em RE no endométrio, estimulando
a proliferacdo do tecido (HADJI, 2012). Os MSRE também exercem efeito agonista
em RE nos 0ssos e sistema cardiovascular enquanto que nos receptores localizados
na mama e no miométrio, o efeito predominante € antagénico (GRODSTEIN et al.,
1996).

Apesar do relativo sucesso do tratamento com tamoxifeno, ja foi demonstrado
que os inibidores de aromatase (anastrozol, letrozol) sdo mais eficientes como
primeira escolha na terapia adjuvante do cancer de mama e possuem menos efeitos
adversos nos casos avancados da doenca (PARIDAENS et al., 2008). Isso ocorre
porque os MSRE bloqueiam apenas a atividade transcricional do receptor, mas nao
reduzem os niveis absolutos do horménio livre, o que acontece com a utilizacdo de
inibidores de aromatase (KNUTSON; LANGE, 2014).

A progesterona também medeia a proliferacdo e o desenvolvimento da mama
através da interacdo do hormdnio com seu receptor, que possui duas isoformas: A
(RP-A) e B (RP-B), com alvos de transcrigédo especificos e com capacidade de mediar
fungbes teciduais especificas (KNUTSON; LANGE, 2014). De maneira geral, RP-A
esta relacionado com a capacidade reprodutiva e RP-B, com o desenvolvimento da
glandula mamaéria, regulando positivamente um importante fator paracrino que
direciona a expansao lobular durante a gravidez, o RANKL (ativador do receptor do
ligante do fator nuclear k-B) (KNUTSON; LANGE, 2014). Esse fator possui expressao

aumentada em mais de duas vezes em carcinomas de mama invasivos quando
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comparados a mama normal e é necessario para a expansao da glandula maméria e
para iniciacdo tumoral mediada por progesterona em estudos utilizando camundongos
(TANOS et al., 2013). O RP também possui atividade transcricional, apds interacao
com o ligante, o RP-B é fosforilado na Se234 e é translocado para o nucleo, onde
ativa a expressao de genes relacionados a progresséao do ciclo celular, proliferacao e
sobrevivéncia celular (MOORE et al., 2000).

Os moduladores seletivos de receptores de progesterona (MSRP) séo
responsaveis pela inibicdo da atividade transcricional desse receptor, porém, de
maneira geral, apresentam eficacia limitada e elevados indices de efeitos colaterais,
devendo ser indicados apenas para pacientes que possuem RP com alta atividade
transcricional, e ndo levando-se em conta apenas a positividade para expressao
desse receptor (KNUTSON; LANGE, 2014).

Ainda dentro das terapias alvo, existem aquelas que séo especificas para o
tratamento do cancer de mama onde as células superexpressam o receptor HER-2.
Existem quatro subtipos conhecidos deste receptor (1, 2, 3 e 4) que se agrupam
formando dimeros, que séo classificados como receptores transmembrana do tipo
tirosina-quinase e sao capazes de desencadear a ativacao de vias sinalizadoras a
favor da proliferagdo, motilidade e invasdo celular tanto na forma de homo, como
heterodimeros (HOWE; BROWN, 2011). Estudos mostram que de 20 a 30% dos
carcinomas de mama superexpressam especificamente o receptor HER2 e essa
expressdo aumentada € mais frequente em células que ndo possuem receptores para
estrogénio (RE) do que nas que possuem (THERY et al., 2014; HOWE; BROWN,
2011).

A sinalizacdo intracelular induzida pelo receptor ocorre através da
transfosforilagdo no dominio intracitoplasmatico de tirosina quinase, que inicia a
transducgéo de sinal através da via da proteina quinase ativada por mitogeno (MAPK)
e da fosfatidilinositol 3-quinase (PI3K), que regula proliferacdo, apoptose,
diferenciacdo e migracao celular (THERY et al., 2014). Esse tipo de cancer possui
caracteristicas mais agressivas do que os subtipos luminal A e B, e o0 alvo de sua
terapia consiste na administracdo de um anticorpo monoclonal especifico para HER2,
0 trastuzumabe, ou da administragdo de inibidores de tirosina quinase de
EGFR/HER2, como o lapatinibe (CADOO; FORNIER; MORRIS, 2013; HOWE;
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BROWN, 2011). O aumento de recorréncia local ap6s mastectomia é maior nesse
subtipo da doenca quando comparado aos subtipos luminal A e B, mas ndo quando
comparado ao basal simile (CADOO; FORNIER; MORRIS, 2013). Ja foi demonstrado
experimentalmente, através da utilizacdo de camundongos transgénicos para HER-2,
gue o tratamento preventivo com lapatinibe retarda o desenvolvimento de tumores de
mama positivos para HER-2 (HOLLANDER; SAVAGE; BROWN, 2013).

Existem ainda células tumorais que nao expressam receptores hormonais (para
estrogénio e progesterona) nem amplificacdo do gene HER-2, sdao as chamadas
linhagens triplo-negativas. O fato do subtipo basal simile normalmente apresentar um
fenotipo triplo negativo tem sido responsével por uma confuséo na classificacdo desse
subtipo, frequentemente sendo tratado como sinbnimo para cancer de mama triplo
negativo (LEIDY; KHAN; KANDIL, 2014). Entretanto, o cancer de mama basal simile
é definido como o subtipo que expressa genes caracteristicos de células basais ou
mioepiteliais (RAKHA; REIS-FILHO; ELLIS, 2008). Além das funcdes estruturais,
varios dos produtos desses genes caracteristicos de células basais tem sido
implicados na proliferacdo celular, supressao de apoptose, migracdo e ou invasao
celular (RAKHA; REIS-FILHO; ELLIS, 2008). Entretanto, apesar de boa parte dos
tumores de mama basal simile ndo apresentarem receptores hormonais e receptor
HER-2, ja foi descrito que de 15 a 45% desses tumores podem acabar apresentando
pelo menos um desses receptores (RAKHA; REIS-FILHO; ELLIS, 2008), ndo sendo
correto portanto classificar esse subtipo como triplo-negativo. Além disso, nem todos
0s canceres de mama triplo-negativos apresentam um genotipo basal simile (RAKHA,
REIS-FILHO; ELLIS, 2008).

Diferentemente dos tumores luminais, o cancer de mama basal simile é mais
comum em mulheres com elevada paridade, menarca precoce e primeira gestacao
antes dos 26 anos de idade (LEIDY; KHAN; KANDIL, 2014). Molecularmente, ja foi
descrito que esse subtipo da doenga possui frequentemente mutacdo nos genes
supressores tumorais TP53 (aproximadamente 83% de frequéncia) e BRCAL (cancer
de mama 1, inicio precoce), responsavel pelo reparo de quebras de dupla fita de DNA,
além de apresentar expressdo aumentada de proteinas relacionadas com o ciclo
celular, como a ciclina E, angiogénese, como o VEGF (fator de crescimento vascular

endotelial), e proteinas anti-apoptoéticas, como a a-cristalina (LEIDY; KHAN; KANDIL,
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2014; RAKHA; REIS-FILHO; ELLIS, 2008). Comparado com todos os tipos da doenca,
o basal simile possui o pior prognoéstico, com grandes taxas de metastases,
frequentemente viscerais (principalmente cérebro e pulmdes) (LEIDY; KHAN;
KANDIL, 2014).

O céancer de mama triplo negativo corresponde a aproximadamente 15% de
todos os tipos de cancer de mama e a sua incidéncia € relativamente maior em
mulheres mais jovens e com mutacao no gene supressor tumoral BRCA1 (CADOO,;
FORNIER; MORRIS, 2013). Tanto os canceres de mama basal simile como triplo-
negativos ndo possuem tratamento especifico sendo a quimioterapia sistémica com
antraciclinas e taxanos bastante indicada (HOWE; BROWN, 2011). Além desses
agentes, também sdo frequentemente empregados agentes quimioterapicos
baseados em platina (cisplatina, carboplatina), inibidores de poli-ADP-ribose
polimerase (PARP), terapia anti-angiogénica, com um anticorpo monoclonal que se
liga ao VEGF e, nos tumores basal simile onde ocorre expressdo de HER-2, o
lapatinibe também € indicado (LEIDY; KHAN; KANDIL, 2014; HANAHAN;
WEINBERG, 2011).

O subtipo da doenca semelhante a mama normal ainda ndo foi muito bem
caracterizado, mas estudos demonstram que esse tipo de cancer de mama parece
nao responder a quimioterapia neoadjuvante (ROUZIER et al., 2005). Entretanto, esse
tipo parece possuir melhor prognéstico quando comparado ao basal simile (RAKHA,;
REIS-FILHO; ELLIS, 2008). Os objetivos da quimioterapia no contexto tratamento
adjuvante € reduzir a probabilidade de recorréncia da doenca e prolongar a sobrevida
dos pacientes (WARDLEY, 2006). J4 na quimioterapia neoadjuvante, 0s principais
objetivos sao reduzir o tamanho tumoral e aumentar a possibilidade de serem
realizadas cirurgias conservadoras de mama (WARDLEY, 2006). Entre todos os
pacientes com cancer de mama indicados para terapia adjuvante, aproximadamente
metade acaba sendo tratada com quimioterapia, a outra metade acaba recebendo
terapia hormonal ou cirurgia e/ou radioterapia (WARDLEY, 2006).

Os agentes citotoxicos mais ativos incluem antraciclinas, taxanos, agentes
antimetabolitos, alcaldides da vinca, quimioterapicos baseados em platina e inibidores
de PARP (ESTEVA et al., 2001). Essa grande variedade de agentes tem sido utilizada,

isoladamente ou em associa¢do, na tentativa de induzir remisséo em pacientes em
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gue a quimioterapia inicial falhou (ESTEVA et al., 2001). Enquanto na quimioterapia
adjuvante a combinacdo de agentes é frequentemente utilizada, no tratamento da
doenca metastatica, a abordagem terapéutica com um uUnico agente € preferida
(ALKEN; KELLY, 2013). Nesse ultimo caso, varios fatores devem ser considerados
para a escolha do melhor agente a ser utilizado, como por exemplo quais foram os
medicamentos utilizados na terapia adjuvante, o tempo de recorréncia apds terapia
adjuvante, duracdo da resposta as terapias utilizadas previamente (terapia — alvo,
guimioterapia), além de fatores relacionados ao paciente, como a localizacdo da
doenca metastatica e a presenca de comorbidades (ALKEN; KELLY, 2013).

Em vérios paises, a quimioterapia padrdo adotada para o tratamento do cancer
de mama em estagios iniciais € a combinacéo de antraciclinas com administracdo de
taxanos de forma simultanea ou sequencial (WARDLEY, 2006). Cada vez mais tém
sido utilizados tratamentos com regimes sequenciais em bloco, com trés ou quatro
ciclos de antraciclinas, seguidos por um ciclo de taxanos ou ciclofosfamida,
metotrexato e 5-fluorouracil ( WARDLEY, 2006). Dentro da classe das antraciclinas, 0s
agentes comumente utilizados para o tratamento do cancer de mama sao a
doxorrubicina e 0 seu epimero, a epirrubicina (KHASRAW; BELL; DANG, 2012). As
antraciclinas apresentam diferentes mecanismos de agéo e sao indicadas tanto para
o tratamento do cancer de mama metastatico como na quimioterapia adjuvante em
estagios iniciais da doenca (ESTEVA et al., 2001). Dentre os mecanismos de acéo
dessa classe de quimioterapicos, incluem-se a capacidade de ligagdo com grupos
fosfolipidicos da membrana celular, alterando sua fluidez, assim como o transporte de
ions (ESTEVA et al., 2001). Também promovem a formacéo de espécies reativas de
oxigénio, induzindo lesbes celulares e morte celular, sdo capazes também de formar
ligagOes interfilamentares com o DNA, bloqueiam a sintese de DNA e RNA e diminuem
a atividade da topoisomerase Il, promovendo a ruptura dos filamentos da
macromolécula (DNA) (ESTEVA et al, 2001). A principal diferenca entre a
doxorrubicina e a epirrubicina consiste no fato de que o tempo de meia-vida médio do
altimo agente e de seu metabdlito, o epirrubicinol, sdo menores do que os da
doxorrubicina e do doxorrubicinol e consequentemente, 0s agentes possuem
diferentes perfis de toxicidade (KHASRAW; BELL; DANG, 2012; ESTEVA et al., 2001).
A epirrubicina apresenta menor toxicidade cardiaca e hematoldgica quando
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comparada a doxorrubicina, porém ambas as drogas apresentam eficacia semelhante,
e por essa razdo a epirrubicina oferece vantagens ao ser inserida em regimes
terapéuticos onde outros medicamentos cardiotoxicos sdo associados, como 0
trastuzumabe, por exemplo (KHASRAW:; BELL; DANG, 2012). Ja foi descrito que a
utilizacdo de antraciclinas no tratamento de pacientes por aproximadamente seis
meses reduziu as taxas de morte por cancer de mama em cerca de 38%, para
pacientes com idade no momento do diagndstico menor ou igual a 50 anos, e em 20%
para mulheres diagnosticadas com 50 a 69 anos de idade (ALKEN; KELLY, 2013).

Os taxanos vieram anos apoés a introducdo das antraciclinas e existem duas
drogas comercialmente disponiveis dessa classe, o0 paclitaxel e o docetaxel (ALKEN;
KELLY, 2013). O equilibrio entre as formas polimerizadas e despolimerizadas de
microtubulos é necessario para a divisao celular (ALKEN; KELLY, 2013). O paclitaxel
€ um produto natural obtido através da casca da arvore Taxus brevifolia que se liga
reversivelmente a subunidade beta da tubulina e induz a sua polimerizacao, rompendo
esse equilibrio e levando a interrupcao do ciclo celular na fase G2/M. O docetaxel é
um produto semi-sintético do teixo europeu Taxus baccata L. e também age
impedindo a divisdo celular, por impedir a despolimerizacao de microtibulos, (ALKEN;
KELLY, 2013). Os taxanos, de forma geral também sdo bastante utilizados tanto na
terapia adjuvante como neoadjuvante e no tratamento da doenca metastatica
(WARDLEY, 2006).

Outros medicamentos frequentemente usados na terapia adjuvante sao os
agentes antimetabdlicos, definidos como drogas que interferem com 0s processos
metabdlicos normais dentro das células, sendo duas vias principalmente descritas, as
responsaveis pela sintese de purinas e pirimidinas (KAYE, 1998). Dentro dessa classe
de medicamentos, alguns sdo bastante utilizados na terapia do cancer de mama,
como o metotrexato, 5-fluorouracil e a capecitabina (JOENSUU; GLIGOROV, 2012).
O metotrexato inibe a enzima dihidrofolato redutase, reduzindo as reservas
intracelulares de folatos reduzidos e consequentemente, reduzindo a sintese de
purinas e pirimidinas (KAYE, 1998). A 5-fluorouracil pertence a classe dos analogos
de nucleosideos e age substituindo os nucleosideos em suas funcdes celulares
normais, podendo ser incorporados na sintese de DNA e RNA e também podem agir

inibindo a enzima timidilato sintase, levando ao desbalanco das reservas de
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nucleotideos intracelulares, que culmina na incorporacao de uracil na cadeia de DNA
(KAYE, 1998). A capecitabina também € um analogo de nucleosideo e € administrada
por via oral, sofrendo biotransformacdo no figado e nas células tumorais e dando
origem ao 5-fluorouracil (KAYE, 1998).

Os alcaléides da vinca com propriedades antineoplasicas usados em
quimioterapia tém como representantes a vincristina, a vinblastina, a vinorrelbina e a
vindesina (MOUDI et al., 2013). A vincristina e a vinblastina sdo extraidas diretamente
da planta Catharanthus roseus G., enquanto que a vinorrelbina e a vindesina sao
obtidas por semi-sintese (MOUDI et al., 2013). O principal mecanismo de ac¢éo dessa
classe de agentes é a interacdo com a tubulina, prejudicando a funcdo dos
microtubulos, interrompenso o ciclo celular na metafase (MOUDI et al., 2013).

Como falado anteriormente, o cancer de mama basal simile, por apresentar
frequentemente mutacdo em BRCA, podem ser tratados com quimioterapicos
baseados em platina e inibidores de PARP (LEIDY; KHAN; KANDIL, 2014). Os
primeiros sdo representados pela cisplatina e carboplatina e seus mecanismos
antineoplasicos baseiam-se na inducdo de quebra de dupla fita de DNA, que
normalmente é reparado por mecanismos de recombina¢do homologa envolvendo o
gene BRCA, sendo as células deficientes nesse gene susceptiveis a esses
medicamentos (LEIDY; KHAN; KANDIL, 2014). Ja os inibidores de PARP, como o
olaparibe, desencadeiam morte celular apés dano de DNA em células deficientes de
BRCA, uma vez que a enzima é responsavel pelo reparo de DNA por excisédo de bases
(LEIDY; KHAN; KANDIL, 2014).

Embora diferentes estratégias terapéuticas estejam disponiveis para o
tratamento do cancer de mama, em seus diferentes subtipos, um grande problema
encontrado atualmente é o crescente aparecimento de células tumorais resistentes
aos medicamentos utilizados. Os principais mecanismos de resisténcia serdo

discutidos a seguir.

1.4 RESISTENCIA AO TRATAMENTO NO CANCER DE MAMA

A resisténcia ao tratamento do cancer de mama constitui um obstaculo

importante para a melhora da sobrevida dos pacientes acometidos por essa doenca.
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Os eventos causadores de resisténcia sao selecionados de maneira darwiniana, e
podem depender da base histologica e genética do tumor, do estagio clinico da
doenca e do tratamento prévio utilizado (LORD; ASHWORTH, 2013). Uma populacéo
de células neoplasicas malignas pode tornar-se resistente a partir da selecdo de uma
célula geneticamente resistente através do tratamento com o agente citotoxico ou
através da selecado de uma subpopulacdo de células com caracteristicas fenotipicas
relacionadas a resisténcia, sendo que nesse caso, a expansao dessas variaveis
aumenta as chances de que células geneticamente mutadas (resistentes) sejam

geradas, como ilustrado na figura 1 (PRADOS et al., 2012).

Tratamento Expansao

y—\b {}—b

.\‘ Selecdo genética:
células resistentes

Geneticamente

mutada
Tratamento -
e g Expansao
_ citotoxico 0
ey

Seleg¢do fenotipica: células ndo
geneticamente resistentes Célula geneticamente mutada

Figura 1. Diferentes formas de selecdo de células resistentes. Selecao de células resistentes a partir
de células geneticamente resistentes (a) ou fenotipicamente resistentes (b). Adaptado de Prados et al.
(2012).

Com relacao a terapia endocrina, nem todos os pacientes com cancer de mama
metastatico positivo para RH respondem ao tratamento (HASSON et al., 2013). Além
disso, boa parte dos pacientes que respondem inicialmente ao tratamento, irdo
eventualmente adquirir resisténcia (HASSON et al.,, 2013). Os mecanismos

responsaveis pela resisténcia a esse tipo de tratamento podem ser divididos em trés
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categorias principais, a primeira inclui a desregulacdo de componentes da via do RE
propriamente, como perda da expressédo de RE-a, modificagdes pds-traducionais e a
atividade alterada de co-ativadores e co-repressores da via do estrogénio em células
tumorais (HASSON et al., 2013). A segunda categoria consiste na alteracdo do ciclo
celular e de moléculas sinalizadoras de sobrevivéncia, os mecanismos ainda néo
estdo completamente definidos mas parece que ocorre uma inducao de reguladores
do ciclo celular, como a proteina Myc, ciclinas E1 e D1, controlando a progresséao da
fase G1 da divisdo celular, e uma supresséao de reguladores negativos do ciclo, como
as proteinas p21 e p27, que inativam a ciclina E1 e a ciclina A, promovendo assim um
favorecimento da proliferacdo celular (HASSON et al., 2013). A terceira categoria
inclui a ativacdo de vias sinalizadoras que estimulam proliferacdo e sobrevivéncia
celular na presenca de inibidores da via do RE, dentro dessas vias destacam-se as
vias do EGF, do fator de crescimento semelhante a insulina (IGF-1), a via da PI3K, da
proteina quinase B (Akt) e a via do alvo mamifero da rapamicina (mTOR), a via
PI3K/Akt/mTOR (HASSON et al., 2013).

Vérios fatores contribuem para a ativacao rapida da via PI3K/Akt/mTOR, como
quinases (enzimas que transferem fosfato da molécula de ATP para um substrato
especifico) e substancias que regulam a localizacdo de seus alvos (muitas delas,
promovendo sua ligacdo ao lado interno da membrana celular) (HASSON et al., 2013).
A cadeia de eventos que leva a ativacdo da via PISK/Akt/mTOR e as consequéncias
decorrentes dessa ativacao estéo ilustrados na figura 2. A ativacéo classica comeca
com a ligacao de um fator de crescimento extracelular, como por exemplo o EGF, IGF-
1 ou mesmo a insulina a um receptor do tipo tirosina quinase da superficie da
membrana celular, apos a ligacdo, o receptor sofre dimerizacdo, se autofosforila e
recruta proteinas adaptadoras, como por exemplo o substrato para receptor de
insulinale 2 (IRS1elRS2) (HASSON et al., 2013). A ativacao da PI3K ocorre atraves
do recrutamento e ativacdo da PI3KIA, a classe da PI3K mais envolvida no céncer,
pelo receptor do tipo tirosina quinase (RTK) fosforilado (HASSON et al., 2013). A
PI3KIA possui uma subunidade catalitica (p110) e uma subunidade reguladora (p85),
e ¢é responsavel pela fosforilagdo do PIP2 (fosfatidilinositol 4,5-bifosfato),
transformando-o em PIP3 (fosfatidilinositol 3,4,5-trifosfato), que € um segundo

mensageiro que promove a translocagédo da Akt para a membrana celular (HASSON
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et al., 2013). Um importante regulador dessa etapa é o homélogo da fosfatase e da
tensina (PTEN) e o inositol polifosfato-4-fosfatase, tipo I, que desfosforilam PIP3 e
PIP 2, respectivamente (MILLER et al., 2011).

A Akt é uma proteina quinase de serina (Ser) e treonina (Thr), a translocacéo
da Akt para a membrana permite a sua fosforilacdo e consequente ativagcédo de outra
quinase, a quinase dependente de fosfoinositidio 1 (Pdk1), que por sua vez fosforila a
Akt na Thr 308 (HASSON et al., 2013). Entretanto a ativacdo completa da Akt ocorre
somente quando o complexo 2 do mMTOR (MTORC?2) a fosforila na Ser473, apds sua
ativacdo, Akt se dissocia da membrana e transloca-se para o citoplasma e para o
nacleo, onde fosforila varias proteinas envolvidas na tradugdo, metabolismo,
proliferacdo, sobrevivéncia celular e angiogénese, inclusive o complexo 2 da
esclerose tuberosa (TSC2), também chamado de tuberina (HASSON et al., 2013). O
TSC2 normalmente age inibindo o Rheb (homdlogo do Ras enriquecido no cérebro),
e consequentemente a ativagao do seu alvo, o mTOR (HASSON et al., 2013). Dessa
forma a fosforilacdo de TSC2 pela Akt permite a ativacdo de mTOR, que € uma
proteina quinase do tipo serina/treonina que funciona como subunidade catalitica de
dois complexos, 0 mMTORC1 (quando o mTOR encontra-se complexado como a
proteina reguladora associada ao mTOR, a RAPTOR) e o mTORC2 (quando o mTOR
complexa-se com o companheiro insensivel a rapamicina, o rictor) (HASSON et al.,
2013). Os principais efeitos do MTORC1 é induzir 4E-BP1 e a kinase 1 de S6
ribossomal (S6K1), que aumentam a traducdo de proteinas relacionadas com a
proliferacdo e sobrevivéncia celular, jA o mTORC2 possui como principal funcdo a
ativacdo da Akt (HASSON et al., 2013). E importante ressaltar que mutacées na via
da PI3K é a alteracdo genética mais comum no cancer de mama que possui RH, e

ocorre em mais de 70% desses céanceres (MILLER et al., 2011).



O 00 N o U b

10
11
12
13
14
15
16
17
18
19

31

RTK
e @@
IRS1
pes _._-——>\ /
PI3K/p110 o™
AKT
sar3'P J_
/’ TSC2 Tsc1
rictor mtoR raptor mToR
mTORC2 1 -7 mTORC1
Rheb) /Rheb
o e L1
[‘4EBP1
ss!( ? elFde

N/

\‘ ‘ﬁTBiogénese Ribossémica ‘ ‘Metabolismo ‘ ‘ﬁprouferagﬁo |

ﬁ Crescimento

‘ ﬁTradu;ﬁo ‘ ‘
celular

Figura 2- Ativagéo da via PI3K/Akt/mTOR. Adaptado de Hasson et al. (2013).

Com relacdo ao cancer de mama com superexpressao de HER-2, cerca de
40% dos pacientes ndo respondem ao tratamento com trastuzumabe e muitos dos
gue respondem, acabam desenvolvendo resisténcia dentro de um ano apés o inicio
do tratamento com o medicamento (THERY et al., 2014). Como visto anteriormente,
a ativacao de HER-2 envolve redes complexas de vias sinalizadoras intracelulares e,
por esse motivo, 0s mecanismos de resisténcia sdo classificados de acordo com
alteracdes genéticas ou ambientais dos receptores do tipo tirosina quinase e seus
efetores, chamada de resisténcia de novo, ou de acordo com a ativacdo de vias
sinalizadoras alternativas que ignoram a inibicdo de HER-2 ap0s exposicdo ao seu
antagonista, chamada de resisténcia adquirida (THERY et al., 2014).

O receptor HER-2, assim como outros receptores da familia do HER (como
EGFR, HER-3 e HER-4) apresenta dominios extracelulares, ou ectodominios, que
consistem de dois dominios de ligacdo a ligantes semelhante ao IGF (dominios | e 1lI)
e dois dominios ricos em cisteina (Il e IV), normalmente envolvidos nos processos de
dimerizagdo (THERY et al., 2014). E importante ressaltar que o HER-2 apresenta

naturalmente uma conformacéo aberta, independente de ligante, que favorece sua
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homo ou heterodimerizacdo, que induz a transfosforilacdo no dominio
intracitoplasmatico tirosina/quinase e a consequente ativacdo da sinalizacdo
intracelular (THERY et al., 2014).

Dentro da resisténcia de novo, trés mecanismos ja foram descritos, como a
presenca de enzimas chamadas sheddases, ou secretases, como a ADAM10 (uma
desintegrina e metaloproteinase 10) que sé@o capazes de clivar os ectodominios de
HER-2 e ativa-lo, mediando portanto a resisténcia ao trastuzumabe, mas ndo ao
lapatinibe (THERY et al., 2014; LIU et al.,2006). Outro mecanismo para esse tipo de
resisténcia inclui a presenca de polimorfismos em receptores que reconhecem a
porcdo constante (por¢do Fc) do Trastuzumabe, uma vez que esse medicamento €
um anticorpo monoclonal e um de seus mecanismos de acéo inclui a citotoxicidade
mediada pela interacdo antigeno-anticorpo (THERY et al.,, 2014). O terceiro
mecanismo consiste nas mudancgas da transmissao de sinais, como mutagfes em
proteinas que inibem a ativacédo da via da PI3K/Akt/mTOR, como a PTEN ou a PISKCA
(subunidade catalitica da PI3K) (THERY et al., 2014).

Com relacédo a resisténcia adquirida a terapia com trastuzumabe e lapatinibe,
também existem trés principais mecanismos descritos, como a superexpressao de
outros receptores do tipo tirosina quinase ou de seus ligantes, como o HER-3 e 0 HER-
1, a ligacéo entre HER-2 e IGF-1R (receptor do fator de crescimento semelhante a
insulina) e em alguns casos até a heterotrimerizacdo, com a associa¢ao entre HER-2,
HER-3 e IGF-1R também j& foi descrita (THERY et al., 2014; HUANG et al., 2010). O
terceiro mecanismo de resisténcia adquirida refere-se aos tumores com
superexpressao de HER-2 e que também apresentam receptores hormonais, uma vez
gue existe um aumento na sinalizacdo do RE em resposta ao tratamento com
trastuzumabe e com lapatinibe, sendo recomendavel nesses casos associar ao
tratamento a terapia endocrina (THERY et al., 2014).

Como visto anteriormente, a quimioterapia € amplamente utilizada no
tratamento do cancer de mama, porém as células tumorais frequentemente
desenvolvem mecanismos de resisténcia a esse tipo de tratamento. Esses
mecanismos podem se dar através da exclusdo da droga para fora da célula,
deficiéncia na ativagcdo da pro-droga em sua forma ativa, aumento na sua

detoxificagdo, aumento da capacidade reparativa celular apds injaria ou mesmo a
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deficiéncia em promover uma resposta apropriada na célula, capaz de induzir
apoptose (PRADOS et al., 2012). Algumas células que sao resistentes a uma droga
em especial frequentemente apresentam resisténcia cruzada a outros tipos de drogas,
estruturalmente distintas, esse tipo de fendbmeno € conhecido como resisténcia a
multiplas drogas (MDR) (PRADOS et al., 2012). Nos ultimos anos, esse fendmeno tem
sido bastante estudado e a glicoproteina-P (P-gp) possui participagédo importante nos
seus mecanismos (NAKANISHI; ROSS, 2012). A P-gp é codificada pelo gene MDR1
e é uma proteina transportadora dependente de ATP, que possui participacao
importante nos mecanismos de secrecdo e detoxificacao celular, sendo responsavel
pelo efluxo ativo de quimioterapicos e consequentemente, resisténcia ao tratamento
(NAKANISHI; ROSS, 2012). Além da P-gp, ja foram identificadas outras duas
proteinas envolvidas nesse mesmo mecanismo, a proteina associada a resisténcia a
multiplas drogas 1 (MRP1) e a proteina de resisténcia do cancer de mama (BCRP),
todas essas proteinas ja foram isoladas em linhagens celulares de cancer de mama
humano MDR, isoladas através de selecdo in vitro (NOGUCHI; KATAYAMA;
SUGIMOTO, 2014; NAKANISHI; ROSS, 2012).

Algumas vias de sinalizagdo intracelular parecem estar relacionadas com a
sensibilidade das células tumorais ao tratamento, por exemplo, ja foi descrito que a
via da PI3K/Akt parece regular a expressdo da BCRP (NAKANISHI; ROSS, 2012).
Além disso, outras vias parecem possuir papel importante nesse processo como a via
do p53, NF-kB, o fator de transcricdo nuclear associado a E2 (Nrf2), e o fator de
crescimento transformante 1 (TGF-B1), que serdo discutidas a seguir.

A proteina p53 € um fator de transcri¢do capaz de inibir a tumorigénese através
da regulagéo da transcricdo de genes responsaveis pelo controle da parada do ciclo
celular, apoptose, crescimento celular e traducédo de proteinas (HASTY; CHRISTY,
2013). Além disso, o p53 também possui participacdo em outros processos que
independem de sua acdo sobre a transcricdo, como a capacidade de ativagcdo em
resposta ao estresse genotoxico intracelular, como dano de DNA, hipOxia e ativagédo
de oncogenes, e posterior indugdo de programas supressores tumorais como a
parada no ciclo celular e apoptose (JIN; LEVINE, 2001). O p53 também é responsavel
pela inibicdo da via do mTOR, uma via importante para o crescimento e sobrevida

celular. O mecanismo de inibicdo envolve a ativacdo da quinase de adenosina
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monofosfato (AMPK) (FENG et al., 2005). Mutacdes no p53 foram associadas com
pior prognaostico clinico e resisténcia a quimioterapia tanto em pacientes como em
células tumorais em cultura (MASCIARELLI et al., 2013).

Alguns quimioterapicos ao agirem induzindo danos de DNA, como a
doxorrubicina, por exemplo, podem induzir a ativagao do NF-kB, o que poderia limitar
a sensibilidade ao tratamento (WU et al., 2006; BANIN et al., 1998). J& foi descrito que
a doxorrubicina ativa a via do NF-kB em células de cancer de mama BT474 e que a
inibicdo farmacoldgica dessa via aumenta os efeitos citotoxicos da droga (TAPIA et
al., 2007). Além disso, a ativacdo da via do NF-kB foi correlacionada com resisténcia
a doxorrubicina (INGLES-ESTEVE et al., 2012), isso pode ocorrer porque a ativacao
dessa via induz a producdo de proteinas antiapoptéticas (DALMASES et al., 2013).
Muitos agentes quimioterapicos também acabam induzindo apoptose celular através
da geracdo de ERO, dentro desse contexto, o papel do Nrf2 na sensibilidade ao
tratamento também é muito importante. O Nrf2 é um fator de transcricdo que regula
moléculas antioxidantes, enzimas detoxificadoras e proteinas de efluxo de drogas,
sendo responsavel pela protecdo de células neoplasicas contra o estresse oxidativo,
apoptose (através da inducdo de Bcl-2), e pela detoxificacdo de drogas
antineoplasicas (CHEN et al., 2012). J& foi relatado que os niveis basais de Nrf2 em
diferentes linhagens tumorais correlaciona-se com a sensibilidade a quimioterapia (HU
et al., 2010). Especificamente em células de cancer de mama, niveis menores de Nrf2
e proteinas de detoxificacdo reguladas por esse fator constituiram um fenétipo mais
frequente em células mais sensiveis ao tratamento com doxorrubicina e paclitaxel (HU
et al., 2010).

Ainda dentro de proteinas relacionadas com a resposta ao tratamento no
cancer de mama, alguns trabalhos relataram a participacado do TGF-1 como um fator
contribuidor para a quimiorresisténcia em diferentes tipos de cancer, como no céancer
do trato biliar (YAMADA et al., 2013), em gliobastomas (HELD-FEINDT et al., 2012),
no carcinoma hepatocelular (KIM et al., 2012) e no cancer de mama (YU et al., 2010).
Portanto, o papel do TGF-B1 no cancer de mama é paradoxal, embora sua agdo como
um supressor tumoral candnico na mama seja inquestionavel, ha evidéncias de que

este pode participar de mecanismos relacionados com a progressado do cancer de
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mama (BARCELLOS-HOFF; AKHURST, 2009), sendo portanto necessario que sua
participacdo seja melhor investigada.

Como visto, a resisténcia ao tratamento no cancer de mama limita a eficacia
dos diferentes tipos de agentes disponiveis atualmente para o tratamento dessa
doenca. Portanto, a descoberta de novas alternativas terapéuticas, assim como a
compreensao dos mecanismos responsaveis pela inducao da quimioresisténcia sao
muito importantes e possibilitam o desenvolvimento de novas estratégias visando
aumentar a eficacia do tratamento. Por esses motivos, a acédo de diferentes drogas,
novas ou nao, nessa neoplasia maligna, vem sendo estudadas nos ultimos anos.
Neste trabalho o enfoque foi dado sobre o efeito da metformina no cancer de mama
horménio dependente e triplo negativo, utilizando-se como modelo células MCF-7
(RE+ e RP+) e MDA-MB-231 (triplo negativas).

1.5 LINHAGEM CELULAR MCF-7 E MDA-MB-231

MCF-7 é uma linhagem celular de cancer de mama isolada em 1970 de uma
mulher caucasiana de 69 anos de idade. A linhagem foi derivada de efusao pleural
proveniente de um carcinoma ductal de mama invasivo e possui receptores para
estrogénio e progesterona, ndo possuindo superexpresdo de HER-2 (SOULE et al.,
1973). Essa linhagem tem sido amplamente utilizada desde entdo como uma
ferramenta para se estudar in vitro o cancer de mama positivo para receptores

hormonais.

A linhagem MDA-MB-231 foi isolada através de efusdo pleural de uma paciente
com cancer de mama de 51 anos de idade, em 1973 (CAILLEAU et al., 1974). A
linhagem é negativa para RE, RP e para HER-2, sendo muito utilizada para estudos

do cancer de mama triplo negativo (NEVE et al., 2006).
1.6 METFORMINA

A metformina € um anti-hiperglicemiante oral amplamente utilizado no
tratamento do diabetes tipo 2 (NATHAN et al., 2009). O farmaco pertence a classe
das biguanidas e seus principais efeitos anti-hiperglicemiantes consistem na reducao

da gliconeogénese hepatica, diminuicdo da absorcdo gastrointestinal de glicose e
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aumento da sensibilidade a insulina nos tecidos muscular e adiposo (GONZALEZ-
ANGULO; MERIC-BERNSTAM, 2010). Além disso, a metformina diminui a beta-
oxidacdo de acidos graxos e facilita o transporte de glicose por aumentar a
translocacao do transportador da glicose (GLUT4) para a membrana celular no tecido
adiposo e muscular (SCARPELLO; HOWLETT, 2008). A metformina é capaz ainda de
melhorar indiretamente a funcdo das células [ pancreaticas, uma vez que ao
aumentar a sensibilidade a insulina, reduz a toxicidade da glicose sobre essas células
(SCARPELLO; HOWLETT, 2008).

O principal mecanismo de acédo da metformina se deve, pelo menos em patrte,
a ativacdo da AMPK, uma quinase importante na regulacdo da expressao de proteinas
necessarias para a gliconeogénese, e que também participa em vias envolvidas na
proliferacdo e crescimento celular (SCARPELLO; HOWLETT, 2008; ZHOU et al.,
2001). O crescimento celular e a proliferacdo sé&o regulados coordenadamente por
varios sinais, incluindo fatores de crescimento, disponibilidade de nutrientes e energia
(ATP intracelular) (GONZALEZ-ANGULO; MERIC-BERNSTAM, 2010). A via de
sinalizacdo do IGF-1 é ativada quando nutrientes estdo disponiveis, enquanto que a
via da AMPK é ativada quando as células estdo privadas de energia (TOWLER;
HARDIE, 2007). Nos mamiferos, a insulina promove a sintese de proteinas, lipideos
e glicogénio, enquanto que a AMPK inibe essas vias biossintéticas (TOWLER,;
HARDIE, 2007). O efeito da insulina na sintese proteica se deve a sua interacdo com
seu receptor na membrana celular (IR), uma vez ligada, a insulina estimula a
autofosforilagéo da regiéo intracelular do seu receptor que fosforila IRS1 (BELFIORE
et al., 2009). Quando fosforilados em tirosina, IRS 1 se ligam e ativam a PI3K, que &
responsavel pela maior translocacdo do transportador de glicose GLUT-4 para a
membrana, além de ativar a via da Akt que culmina na ativacéo da via sinalizadora do
alvo mamifero da rapamicina, 0 mTOR (Gonzalez-Angulo; Meric-Bernstam, 2010). A
ativacdo da AMPK, entretanto, fosforila a TSC-2 em sitios diferentes inibindo a mTOR
(Gonzalez-Angulo; Meric-Bernstam, 2010).

O mecanismo exato pelo qual a metformina leva a ativacdo da AMPK ainda néo
foi completamente esclarecido, mas pode ocorrer indiretamente devido a inibicdo do
complexo | da cadeia respiratoria, 0 que resulta em diminuicdo da sintese de ATP e

aumento da relagcdo AMP/ATP, levando a ativacao dessa quinase (ZOU et al., 2004).
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A AMPK também pode ser ativada através de sua fosforilacdo no aminoacido treonina
172 e essa fosforilagcdo € regulada pela serina-treonina quinase LKB1 (ZOU et al.,
2004). Sabe-se que a LKB1 pode ser ativada pelo aumento da concentracdo de
espécies reativas de nitrogénio (ERN) (ZOU et al., 2004). Ja foi descrito que a
metformina aumenta os niveis de ERO em células endoteliais adrticas bovinas, e que
a deplec&o mitocondrial, ou a superexpressao da enzima SOD, bem como a inibigéo
da 6xido nitrico sintase, resultava em auséncia de ativacdo de AMPK nesse modelo,
indicando que a metformina induz ativacdo dessa quinase através da geracédo de ERN
(ZOU et al., 2004). Isso poderia ser explicado porgue ao interferir no complexo | da
cadeia respiratoria mitocondrial a metformina aumentaria a producgéo de radical &nion
superoxido (02°*), que ao interagir com o oxido nitrico intracelular da origem a outro
radical altamente reativo, o peroxinitrito (ONOO"), que poderia ativar LKB1 e
consequentemente, a AMPK.

No musculo esquelético, a ativacdo da AMPK aumenta a capacidade de
contracdo muscular para estimular a captacdo de glicose (Gonzalez-Angulo; Meric-
Bernstam, 2010). Embora o mecanismo ainda nédo seja perfeitamente conhecido, isso
pode ocorrer devido a capacidade da AMPK inibir a via da mTOR, que é ativada pela
insulina e exerce uma regulacédo por feedback na sinalizacdo da insulina através da
regulacdo negativa do IRS 1 (Gonzalez-Angulo; Meric-Bernstam, 2010). Uma vez que
o mTOR é inibido, essa regulacdo negativa deixaria de ocorrer (Gonzalez-Angulo;
Meric-Bernstam, 2010). Além disso, no figado e no tecido adiposo a AMPK diminui a
expressdo de proteinas necessarias para a gliconeogénese, diminuindo a secre¢ao
de insulina e consequentemente a sinalizacdo da insulina em favor do crescimento
celular (Gonzalez-Angulo; Meric-Bernstam, 2010).

Como visto, a sinalizagéo intracelular mediada por IGF-1 e insulina exercem
papéis fundamentais no crescimento celular normal. Entretanto, também sé&o
encontradas mediando fendtipos malignos de crescimento celular, uma vez que essas
vias frequentemente encontram-se desreguladas em diferentes tumores. Com base
nisso, a via sinalizadora da PI3K/Akt/mTOR consiste num importante alvo para
terapias visando a reducao do crescimento tumoral e por isso a metformina tem sido
estudada como uma possivel alternativa terapéutica em diferentes modelos de cancer,

inclusive no de mama.
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1.7 METFORMINA E CANCER DE MAMA

Recentemente tem sido demonstrado que o uso regular da metformina em
pacientes diabéticos pode reduzir o risco de incidéncia de cancer (LEONE et al., 2014;
QUINN et al., 2013). No cancer de mama, o uso desse medicamento no momento do
diagnostico foi associado com melhora nas propriedades clinico-patologicas das
pacientes, como menor incidéncia de tumores basal-simile e com grau histologico
(AKSOY; SENDUR; ALTUNDAQ, 2013). Além disso, pacientes diabéticos com cancer
de mama tratados com metformina, apresentaram maior sensibilidade a radioterapia
do que pacientes diabéticos que recebiam outro medicamento e pacientes nao
diabéticos (FERRO et al., 2013). Apds essas e outras evidéncias sobre o papel da
metformina no céncer, varios trabalhos utilizando linhagens celulares de céancer de
mama tém sido desenvolvidos com o intuito de esclarecer os mecanismos de acao da
droga nesse tipo de cancer.

Em células MCF-7, ja foi relatado que a metformina € capaz de induzir apoptose
através da interrupcao das células na fase G1, diminuicdo dos niveis de ciclina D e
aumento da expressdo de p2l1 (MALKI; YOUSSEF, 2011). Além disso, a droga
aumenta os niveis de p53 e Bax e reduz os niveis de Bcl-2, além de aumentar a
ativacdo de SAPK/INK (proteina quinase ativada por estresse/c-Jun NH2-terminal
quinase), conhecidas por possuirem papel regulador na apoptose (MALKI; YOUSSEF,
2011). Essa ativacdo se da através da regulacdo negativa da via da ERK (MALKI,
YOUSSEF, 2011). Na mesma linhagem celular, a metformina potencializou a agéo do
tamoxifeno sobre a inibicdo do crescimento celular (MA et al., 2014).

Dowling e colaboradores (2007) concluiram que a agcdo da metformina sobre
MCF-7 ocorre atraves da inibicdo de mTOR, e isso esta relacionado ao aumento da
atividade de AMPK, sendo esse aumento dependente de LKB1. A droga age inibindo
o crescimento tanto em células de cancer de mama com RH como em células triplo-
negativas, como demonstrado por Hadad e colaboradores (2013), sendo que o efeito
parece ser mediado pela ativacdo de AMPK e inducéo da parada do ciclo celular na
fase G1. Entretanto, apesar do conhecido efeito mitocondrial da metformina, Marini e
colaboradores (2013) observaram que a droga inibe a enzima hexoquinase 1 e 2,

fundamental para a glicélise anaerdébia, em células de céncer de mama triplo-
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negativas, in vitro e in vivo. Essa observacéo indica que a metformina dificulta um
aspecto fundamental da biologia de células neoplasicas, uma vez que se sabe que a
qguantidade de ATP oriunda da glicélise nessas células é cerca de cinquenta vezes
maior do que em células normais (MARINI et al., 2013).

Recentemente, Buac e colaboradores (2013) demonstraram que a resposta de
células tumorais de mama a metformina pode estar associada ao gene associado ao
cancer de mama 2, o BCA2, que esta superexpresso em mais de 50% dos tumores
de mama. O BCA2 codifica uma E3 ligase e funciona como um inibidor endégeno da
ativacdo da AMPK em células de cancer de mama, e sua importancia na resposta a
metformina justificaria o fato da metformina ndo possuir agao protetora contra o cancer
de mama em todas as mulheres (BUAC et al., 2013). O efeito do BCA2 sobre a AMPK
ocorre provavelmente devido a sua ligacdo com alguma proteina responsavel pela
fosforilacdo de AMPK, favorecendo a posterior degradacgéo da proteina pelo sistema
proteassomal (BUAC et al., 2013). Os autores observaram que a associagdo da
metformina com um inibidor de BCA2 € uma estratégia mais eficiente no tratamento
do cancer de mama do que a droga utilizada sozinha (BUAC et al., 2013).

Portanto, pode-se concluir que apesar do crescente interesse na metformina
como alvo de estudos no cancer de mama, os mecanismos de acdo desse farmaco

na doenca ainda ndo foram completamente esclarecidos.

1.8 METFORMINA E RESISTENCIA AO TRATAMENTO DO CANCER DE MAMA

A influéncia da metformina na resisténcia ao tratamento do cancer de mama
ainda nao foi muito estudada. Kim e colaboradores (2011) observaram que a droga é
capaz de reduzir a expressao de P-gp, que esta diretamente relacionada a MDR, em
células MCF-7 sensiveis e resistentes a terapia com doxorrubicina. Essa modificacéo
na expressao da proteina foi relacionada com a reducéo na ativacdo do NF-kB (KIM
et al., 2011).

Ja foi previamente descrito que a metformina possui acao citotoxica intensa
sobre as chamadas células tronco tumorais (CSC) (SONG et al., 2012). A existéncia
desse tipo de célula neoplasica (CSC) resistente a terapia com trastuzumabe, poderia

bY

explicar as altas taxas de resisténcia primaria a monoterapia com trastuzumabe
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encontradas em pacientes com céancer de mama com superexpressao de HER-2
(CUFI et al., 2012). Baseado nisso, Cufi e colaboradores (2012) investigaram se a
metformina poderia apresentar efeitos citotoxicos, e ressenssibilizar células tumorais;
enxertadas em camundongos a terapia com trastuzumabe. O enxerto foi feito
utilizando-se células JIMT, que foram isoladas de metéstase pleural de um paciente
clinicamente resistente ao medicamento. Os autores observaram que enquanto o
tratamento dos animais com trastuzumabe durante sete semanas néo foi capaz de
reduzir o tamanho tumoral, a administracdo sistémica de metformina utilizada
isoladamente resultou em diminuicao significativa tumoral, e a associacado dos dois
agentes potencializou essa reducao. Nesse estudo, a citotoxicidade da metformina
nas células tumorais foi comprovadamente maior nas CSC quando comparado as
outras células neoplasicas, sugerindo que o efeito da metformina sobre essas células
é suficiente para reestabelecer a resposta ao tratamento com trastuzumabe in vivo,
em células com resisténcia primaria ao medicamento.

Martinez-Outschoorn e colaboradores (2011) observaram que a metformina
reduzia a resisténcia ao tratamento com tamoxifeno, in vitro. Essa resisténcia era
mediada através da interacdo com o microambiente tumoral, uma vez que a co-cultura
de MCF-7 e fibroblastos presentes no estroma, diminuia as taxas de apoptose em
resposta ao tratamento com o medicamento quando comparado com as células
cultivadas sozinhas. Os autores mostraram que a resisténcia nesse contexto ocorre
devido a inducdo pelo tamoxifeno, em co-cultura com os fibroblastos, da
superexpressao do gene regulador da glicélise e apoptose induzido pela TP53 (gene
TIGAR), um gene regulado pela p53 que simultaneamente inibe a glicolise, autofagia,
apoptose e diminui a geracdo de ERO, promovendo assim o metabolismo oxidativo
mitocondrial e protegendo a célula neoplasica da apoptose induzida pelo tamoxifeno.
Isso sugere que o0 aumento da fungédo mitocondrial esta relacionado com a resisténcia
ao tamoxifeno, o que foi comprovado através da utilizagdo de substancias que
diminuem a atividade mitocondrial, como a metformina e o trioxido de arsénico, e
subsequente recuperacao da sensibilidade celular ao medicamento. Esse mecanismo
esta ilustrado na figura 3. Além disso, 0os autores observaram que a co-cultura de
MCF-7 com fibroblastos também induzia resisténcia, nha mesma linhagem celular, a

hY

outras drogas como por exemplo a doxorrubicina e ao veliparib, que possuem
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mecanismos de acdo completamente diferentes do tamoxifeno, mostrando que o
microambiente tumoral e a atividade mitocondrial exercem papel importante no
mecanismo geral de inducao de resisténcia a drogas (MARTINEZ-OUTSCHOORN et
al., 2011).

Substancias que la atividade
mitocondrial (metformina e trioxido de

arsénico)
Autofagia
Glicdlise
Produg¢do de EROs

Apoptose

IAtividade mitocondrial

P
l

Resisténcia ao tratamento

Co-cultura celular

. Células com receptores de estrogénio

Fibroblastos associados ao cancer

Figura 3. Participagdo da metformina na nos mecanismos de ressensibilizacdo ao tratamento com
tamoxifeno em células MCF-7 em co-cultura com fibroblastos.

O trabalho mais recente onde se investigou o efeito da metformina na
resisténcia ao tratamento do cancer de mama foi realizado por Qu e colaboradores
(2014). Esse estudo demonstrou que a metformina reverte a MDR e a transi¢ao
epitelial-mesenquimal em células MCF-7 e células MDA-MB-231, e que esse efeito é
mediado através da ativacdo de AMPK. Entretanto, apesar desse efeito observado,
nenhum trabalho investigou a participagdao da metformina no processo de indugéo da
resisténcia ao tratamento com quimioterapicos. Além disso, apesar de a metformina
seguir apresentando ao longo dos anos potencial promissor como adjuvante no

tratamento do cancer de mama, 0s mecanismos pelos quais a droga exerce efeito
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antiproliferativo sobre as células de cancer de mama ainda ndo foram completamente
esclarecidos.

Baseado nisso, o presente trabalho buscou investigar a participacdo do
estresse oxidativo nos mecanismos de citotoxicidade da metformina em células MCF-
7 e MDA-MB-231 e investigar os efeitos da metformina no processo de inducéo
experimental de resisténcia a doxorrubicina. Para a analise da participacdo do EO nos
mecanismos de citotoxicidade da droga, avaliou-se o padrdo de morte celular, a
presenca de danos oxidativo ao DNA, parametros de estresse oxidativo e efeito da
metformina sobre algumas proteinas de sinalizacdo importantes no controle do
crescimento e proliferacdo celular (ERK1/2, AKT, TGF — B1 e p53). Para isso, quatro
concentracdes diferentes da droga foram utilizadas: duas clinicamente relevantes, que
correspondem as concentracdes plasmaticas encontradas em individuos apés
tratamento (6 e 30 uM), e duas experimentais (1000 e 5000 uM). Para a investigacéo
dos efeitos da metformina no processo de inducdo de resisténcia a doxorrubicina, as
células foram expostas a concentracdes crescentes do quimioterapico e a metformina
foi associada em diferentes momentos, simultaneamente e através de um pré-
tratamento. Foram analisados o estado oxidativo celular ao longo do processo de
inducdo da quimiorresisténcia, os niveis de 6xido nitrico (NO) e os efeitos da droga
em vias que poderiam relacionar-se com a quimiorresisténcia, como a p53, NF-kB,
Nrf2 e TGF-B1. A concentracdo da metformina utilizada nesse experimento foi
baseada nos primeiros resultados (obtidos em células sensiveis) e uma concentracao

nao citotoxica (6 uM) foi escolhida.
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2 OBJETIVOS

Investigar a participagdo do estresse oxidativo nos mecanismos de
citotoxicidade da metformina em células MCF-7 e MDA-MB-231 e investigar os efeitos

da metformina no processo de inducéo de resisténcia experimental a doxorrubicina.
2.1 OBJETIVOS ESPECIFICOS

Caracterizar a citotoxicidade da metformina em células MCF-7 e MDA-MB-231,
especificando o padrdo de morte celular, em diferentes concentragdes.

Investigar os efeitos antiproliferativos da metformina em células MCF-7 e MDA-
MB-231, em diferentes concentracoes.

Avaliar os efeitos da metformina, em diferentes concentracdes, sobre o
estresse oxidativo celular, dano de DNA e na expressao de ERK1/2, AKT, TGF — 1
e p53.

Avaliar os efeitos do pré-tratamento e tratamento simultdneo com metformina
na inducao experimental de resisténcia a quimioterapia com doxorrubicina.

Avaliar o estresse oxidativo intracelular, os niveis de 6xido nitrico e a expressao
de p53, NF-kB, Nrf2 e TGF-B1 ao longo do processo de inducdo de resisténcia a
terapia com doxorrubicina.

Avaliar como a metformina age no estresse oxidativo intracelular, nos niveis de
oxido nitrico e nas vias do p53, NF-kB, Nrf2 e TGF-B1 ao longo do processo de

inducdo de resisténcia a doxorrubicina.
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3 ARTIGOS PARA PUBLICACAO

O presente trabalho originou dois artigos cientificos que serdo incluidos nessa
tese como apéndices. Ambos foram realizados na Universidade Estadual de Londrina,
nos laboratorios de Patologia Molecular e no laboratério de Fisiopatologia e Radicais
Livres.

O primeiro trabalho foi submetido para publicacdo na revista “Plos One” e
intitula-se “Mechanism of metformin action in MCF-7 and MDA-MB-231 human breast
cancer cells involves oxidative stress generation, DNA damage, and transforming
growth factor £1 induction.” O artigo estd formatado de acordo com as normas da
revista “Plos One”.

O segundo trabalho intitula-se “Metformin pretreatment prevents doxorubicin
resistance induction in MCF-7 and MDA-MB-231 human breast cancer cells through

oxidative stress generation, induction of p53 and TGF-B1 and decrease of Nrf2”.
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4 CONCLUSAO

Com os resultados apresentados nesses trabalhos pode-se concluir que a
citotoxicidade da metformina nas células MCF-7 e MDA-MB-231 envolve
preferencialmente indugcédo de apoptose. Esse processo esta fortemente relacionado
com o aumento do estresse oxidativo, que provoca lesdes oxidativas de DNA celular
e consequente aumento de p53 e apoptose celular. Além disso, a droga aumenta 0s
niveis de TGF-p1, o que provavelmente contribui para a apoptose em resposta ao
dano de DNA. A metformina exerce efeito antiproliferativo sobre as células analisadas,
e esse efeito provavelmente estd relacionado com a diminuicdo da expressdo de
ERK1/2 e Akt.

Com relacdo a participacdo da metformina nos mecanismos de inducao
experimental de resisténcia a doxorrubicina, os resultados sugerem que a droga pode
exercer um papel benéfico na prevencéo desse processo. Esse efeito relaciona-se
com a capacidade da metformina de modular o estresse oxidativo celular, os niveis
de NO e os niveis de p53, NF-kB, Nrf2 e TGF-31.

Entretanto, estudos mais detalhados devem ser feitos para investigar os efeitos
da metformina in vivo, tanto no contexto de células tumorais sensiveis como
resistentes aos diferentes tratamentos disponiveis, para que sejam estabelecidos a
seguranca e o potencial uso dessa droga clinicamente como adjuvante na terapia do

cancer de mama.
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APENDICE A - Mechanism of metformin action in MCF-7 and MDA-MB-231 human
breast cancer cells involves oxidative stress generation, DNA damage, and

transforming growth factor g1 induction.
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Mechanism of metformin action in MCF-7 and MDA-MB-231 human breast
cancer cells involves oxidative stress generation, DNA damage, and
transforming growth factor 1 induction.
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Abstract

The participation of oxidative stress in the mechanism of metformin action in breast
cancer has not been fully elucidated. We investigated the effects of clinical (6 and 30 uM) and
experimental concentrations of metformin (1000 and 5000 pM) in MCF-7 and in MDA-MB-
231 cells, verifying cytotoxicity, oxidative stress, DNA damage, and intracellular pathways
related to cell growth and survival after 24 hours of drug exposure. The proliferation and
viability curves were made after 24/48 hours of treatment. Clinical concentrations of metformin
decreased metabolic activity of MCF-7 cells in the MTT assay, which showed increased
oxidative stress and DNA damage, although cell death and impairment in the proliferative
capacity was observed only at higher concentrations. The reduction in metabolic activity and
proliferation in MDA-MB-231 cells was present only at experimental concentrations after 24
hours of drug exposition, however after 48 hours, clinical concentrations reduced the
proliferation and cell viability. Oxidative stress and DNA damage was induced in this cell line
at experimental concentrations. The drug decreased cytoplasmic ERK1/2 and AKT and
increased nuclear p53 and cytoplasmic TGF-B1 in both cell lines. These findings suggest that
metformin reduces cell survival by increasing reactive oxygen species, which induce DNA
damage and apoptosis. A relationship between the increase in TGF-B1, p53 levels and the
decrease in ERK1/2 and AKT was also observed. These findings suggest that the mechanism
of action of metformin in both breast cancer cells lineage, whereas cell line specific, undergoes
redox changes in the cells in which proliferation and survival signaling are modified. Taken
together, these results highlight the potential clinical utility of metformin as an adjuvant during

the treatment of luminal and triple negative breast cancer.

Keywords: metformin, MCF-7, MDA-MB-231, oxidative stress, breast cancer
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Introduction

Metformin is an anti-diabetic medication and a putative antineoplastic drug. Metformin
use, at the time of breast cancer diagnosis, has been associated with better clinical-pathological
characteristics and a lower incidence of triple negative and histological grade Ill tumors [1].
Metformin affects cancer through direct and indirect mechanisms. The direct mechanisms are
related to the capacity of metformin to reduce the proliferation of many breast cancer subtypes
in vitro [2]. One well-described mechanism for this anti-proliferative effect involves the
activation of adenosine-5"-monophosphate-activated protein kinase (AMPK) [3], which inhibits
the mammalian target of rapamycin (MTOR) pathway, reducing translation initiation and
inhibiting cell growth [4]. The indirect mechanisms for the effects of metformin on cancer
include reductions in insulin levels and in the bioavailability of sex hormones [5]. Numerous
other studies have used breast cancer cells to investigate the mechanisms of action of metformin
[3,6-9].

Because oxidative stress modulates several intracellular pathways related to cellular
growth and death [10], it is reasonable to hypothesize that the ability of metformin to interfere
with breast cancer cell growth is related to its effect on the cellular redox status. Furthermore,
our group has shown that different oxidative stress statuses occur at distinct stages in breast
cancer patients [11]. Recently, it was demonstrated that metformin inhibited the proliferation
of MCF-7 cells due to the promotion of cell cycle arrest and the induction of cell apoptosis and
necrosis and was associated with increased cellular oxidative stress [12].

However, despite the related involvement of oxidative stress in metformin cytotoxicity
to MCF-7 cells, it is known that breast cancer is a heterogeneous disease, classified into
different subtypes according to the gene expression profile, such as luminal, subtype with

overexpression of HER2, triple-negative, basal-like and normal-like [13]. MCF-7 cells could
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correspond to only one subtype of the disease, the luminal subtype, but it is known that
prognosis and treatment response differ between disease subtypes [13]. Triple negative breast
cancer (TNBC) represents 10 to 20% of all breast cancer in women and it is associated with
poor prognosis due to its aggressiveness, the absence of molecular treatment and resistance
against usual therapeutic methods [14]. Given this context, there is little information available
concerning the mechanisms of metformin cytotoxicity in TNBC, and none regarding the
participation of oxidative stress.

The proliferation and survival of breast cancer cells are strongly associated with several
signaling pathways, such as the phosphatidylinositide 3-kinase/protein kinase B (AKT),
transforming growth factor Bl (TGF-B1) and p53 pathways [15-17]. Most of these are
modulated by oxidative stress. With this in mind, we investigated the cytotoxic and anti-
proliferative mechanisms of metformin in two distinct human breast cancer cell lines; a human
breast cancer cell line positive for estrogen and progesterone receptors and negative for human
epidermal growth factor receptor 2 (HER-2 receptor), and a triple negative cell line, MCF-7
and MDA-MB-231, respectively. We evaluated the effects of the drug on oxidative stress, DNA
damage, and several important signaling pathways, the extracellular signal-regulated kinases

(ERK1/2), AKT, TGF-B1, and p53 pathways.

Materials and Methods

Cell culture and treatment

MCF-7 (ATCC® HTB-22™; ATCC, Manassas, VA, USA) and MDA-MB-231 cells
(ATCC® HTB-26™; ATCC, Manassas, VA, USA) were grown in high glucose Dulbecco’s

modified Eagle’s medium (Gibco® Life Technologies, Carlsbad, CA) supplemented with 10%
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fetal bovine serum and a 1% penicillin/streptomycin mixture. Cells were maintained in a
humidified atmosphere of 5% CO; at 37°C (Sanyo CO; Incubator; Sanyo, Kitanagoya, Aichi).
The cytotoxicity, proliferation and genotoxicity assays were performed by seeding 10° cells in
24-well plates and culturing them in fresh culture media for 24 h. Cells were then exposed to
metformin (Santa Cruz Biotechnology, Dallas, TX) at two clinically relevant concentrations (6
and 30 uM) and two experimental concentrations (1000 and 5000 uM) for 24 h or 48 h.
Immunocytochemistry and cell death assays were performed similarly: 10° cells were cultured
on circular glass coverslips distributed in 24-well plates. To analyze oxidative stress parameters,
10° cells were seeded in 25-cm? cell culture flasks, allowed to grow, and then exposed to
metformin as described above. All the experiments were performed in triplicate and repeated
thrice. The only technique performed with two time points of metformin exposure (24 and 48
h) was the proliferation assay; all other analyses were performed after 24 h of metformin

treatment.

Cytotoxicity and cell proliferation assays

Cytotoxicity assays

The 2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5-dimethyl-1,3-thiazole bromide (MTT)
assay [18] and neutral red assay [19] were used to investigate the effect of metformin on cell
viability by assessing alterations in mitochondrial and lysosomal function, respectively. For
MTT assay, histidine (1uM — hydroxyl radical k = 3.0 x 10° M s%; singlet oxygen k = 5 x 10’
M1 s [20, 21], SOD (50U/mL, k = 5.0 10° M1 s1) [20] and Trolox (200uM, k= 2.5 106 M
s1) [22] were used at metformin concentrations of 30 and 5000 uM for MCF-7 cells and at
1000 and 5000 uM for MDA-MB-231 cells to verify the participation of these reactive oxygen

species in metformin action on metabolic cellular activity.
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Cell proliferation assays

Cells were treated as previously described. After 24 h and 48 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.

Cell death patterns - Ethidium bromide (EB) and acridine orange
(AO) staining

The rates of cellular apoptosis and necrosis were assessed by EB/AO staining. After
treatment, adherent cells were washed with PBS and incubated with 10 puL PBS containing 10
pg/mL of EB and 3 pg/mL of AO, as described by Sun et al. [23]. The stained cells were
immediately visualized under an Olympus BX3-URA Fluorescence System Microscope
(Olympus Corporation, Tokyo). Twenty photos were taken of randomly selected areas of the

coverslips to ensure that the data obtained were representative.

Oxidative stress parameters

Catalase activity [24] and total thiol levels [25], with modifications, were measured to
determine the antioxidant profile of the cells. Lipid peroxidation was estimated by
chemiluminescence [26], and the malondialdehyde (MDA) content was determined by high-

performance liquid chromatography [27].

DNA damage



10

11

12

13

14

15

16

17

18

19

20

21

22

63

The comet assay

Single-cell gel electrophoresis (Comet assay) was performed according to the procedure
described by Tice et al. [28]. After treatment, the cells were harvested, suspended in low-
melting-point agarose (0.5%) and deposited on pre-gelatinized slides (1.5% agarose).
Subsequently, the slides were placed in an electrophoresis buffer (pH 13.0) for 20 min for DNA
denaturation. The slides were then submitted to alkaline electrophoresis (pH 13.0; 25 V; 300
mA,; 4°C). All steps were performed under indirect light. Finally, the slides were treated with
pH-neutralizing buffer, fixed with ethanol, and stained with GelRed (33%). For each slide, 100
random nucleoids were blindly examined at a magnification of 400x%, using a fluorescence
microscope (excitation filter: 420-490 nm; emission filter: 520 nm) connected to an image
capture system. To determine the % DNA in the tail of each nucleoid, CometScore™ freeware
(version: 1.5; TriTek, Sumerduck, VA) was used. Apoptotic/necrotic nucleoids with extensive
DNA damage were not included in the analysis. The mean value of the % DNA in the tail was

considered an index of DNA damage [29].

Determination of free 8-hydroxy-2-deoxyguanosine (8-Oh-dG)

Oxidative DNA damage was investigated by determining free 8-Oh-dG, in culture
medium samples without fetal bovine serum, using the 8-Oh-dG EIA Kit (Cayman, Ann Arbor,

MI). The experimental procedures were conducted following the manufacturer’s protocol.

Immunocytochemistry labeling for p53, ERK1/2, AKT and TGF-

Bl
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Immunocytochemistry analysis was performed on cells using the labeled streptavidin-
biotin method, with a LSAB KIT (DAKO Japan, Kyoto). The sections were incubated with
0.1% Triton X-100 solution for 1 h, washed 3 times in PBS, and treated for 40 min at room
temperature with 10% bovine serum albumin. Coverslips were then incubated overnight at 4°C
with the primary antibodies (anti-p53, anti-ERK1/2, anti-AKT and anti-TGF-B1, diluted 1:400;
Santa Cruz Biotechnology, Dallas, TX). After secondary antibody treatment (2 h at room
temperature), horseradish peroxidase activity was visualized by treatment with H202 and 3,3'-
diaminobenzidine for 5 min. During the last step, the sections were weakly counterstained with
Harris’ hematoxylin (Merck, Darmstadt). For each case, the primary antibody was omitted as a
negative control. The intensity and localization of the immunoreactivity was examined using a
photomicroscope (Olympus BX41; Olympus Corporation). Color images of representative
areas (400x) were digitally acquired for analysis. The images were processed using the ImageJ
program (National Institutes of Health, Bethesda, MD, USA). After color deconvolution and
thresholding, the total labeled area was calculated and corrected for the total number of cells.

For p53 analysis, the percentage of cells with a labeled nucleus was calculated.

Statistical analysis

Data, expressed as the mean * standard error of the mean, were analyzed using one-way
analysis of variance (ANOVA). Intergroup differences were analyzed by Dunnett’s test, and p
< 0.05 was considered statistically significant (*p < 0.05, **p < 0.001, and ***p < 0.0001).
Data was analyzed using GraphPad Prism (version 5; San Diego, CA, USA). Two-way

ANOVA was used to analyze the chemiluminescence, proliferation and cell viability curves.

Results
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Cytotoxic effect of metformin

To investigate the cytotoxic effect of metformin, four doses of metformin were tested
in vitro using MCF-7 and MDA-MB-231 cells. The 6 and 30 uM concentrations are clinically
relevant, corresponding to the plasma concentration range observed with a metformin dosage
of 850 mg/day. The 1000 uM and 5000 pM concentrations were used to investigate the
mechanisms of metformin-driven cytotoxicity. In the MTT assay, metformin significantly
reduced the cellular metabolic activity of MCF-7 cells at concentrations equal to or greater than
30 uM and had no effect at 6 uM (Fig. 1A, black columns), the same effect was observed in
MDA-MB-231 cells at 1000 and 5000 uM (Fig. 1A, gray columns). In the neutral red assay, a
reduction in MCF-7 metabolism was observed with 1000 and 5000 uM of metformin (Fig. 1B,
black columns) and with 5000 uM, but not 1000 uM, of metformin in MDA-MB-231 cells (Fig.
1B, gray columns). The proliferation curves demonstrated that 24 h of exposure to 1000 or 5000
UM metformin interfered with cell proliferation in both cell lines (Fig. 1C and 1D) and, after
48 h of exposure, the same profile was observed in MCF-7 cells (Fig. 1C) , but in MDA-MB-
231 all the metformin concentrations significantly reduced cell proliferation (Fig. 1D). The
concomitant evaluation of cell viability using trypan blue exclusion showed that metformin had
a cytotoxic effect on proliferation in both cell lines after 24 h at a concentration of 5000 uM
(Fig. 1E and 1F). After 48 h the cytotoxic effect of metformin was observed at concentrations
of 1000 and 5000 puM in MCF-7 cells (Fig. 1E) and at concentrations equal to or greater than

30 uM in MDA-MB-231 cells (Fig. 1F).

Cell death induction by metformin

As demonstrated by EB/AO staining, metformin significantly increased apoptosis in

MCF-7 and in MDA-MB-231 cells at 1000 and 5000 uM (Fig. 2A). The staining also
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demonstrated that metformin treatment did not alter the necrosis rate in MCF-7 cells (Fig. 2B,
black columns) but induced necrosis in MDA-MB-231 cells at 1000 and 5000 uM (Fig. 2B,

gray columns).

Metformin induces oxidative stress and DNA damage in human

breast cancer cells

Quantification of total thiol levels demonstrated that metformin reduced cellular
antioxidant defenses at all concentrations used in MCF-7 cells and at concentrations equal to or
greater than 30 uM in MDA-MB-231 cells (Fig. 3A). Moreover, treatment increased the activity
of the antioxidant enzyme catalase at 1000 and 5000 pM metformin in MCF-7 cells and at 5000
UM in MDA-MB-231 cells (Fig. 3B). The chemiluminescence curves all differed, but the
increase in lipid peroxidation was only statistically significant after treatment with 1000 and
5000 uM of metformin in MCF-7 cells (Fig. 3C) and with 5000 uM in MDA-MB-231 cells
(Fig. 3D). However, the results of the MDA quantification showed that metformin increased
MDA in a dose-dependent, statistically significant manner, starting at a concentration of 30 uM
in MCF-7 cells and of 1000 uM in MDA-MB-231 cells (Fig. 3E).

The comet assay demonstrated that metformin increased DNA lesions at concentrations
equal to or greater than 30 uM in MCF-7 cells and at 5000 uM in MDA-MB-231 cells (Fig.
4A). The determination of free 8-Oh-dG demonstrated that metformin increased oxidative DNA
damage at concentrations equal to or greater than 30 UM in MCF-7 cells and at 1000 and 5000

UM in MDA-MB-231 cells (Fig. 4B).

Role of ROS in metformin cytotoxicity
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To investigate which reactive species were involved in the oxidative stress-driven
cytotoxic mechanism of metformin in MCF-7 and MDA-MB-231 cells, two concentrations of
the drug that significantly reduced the cellular metabolic activity in the MTT assay were tested
(30 and 5000 uM for MCF-7 and 1000 and 5000 uM for MDA-MB-231). The cells were
stimulated with metformin in the presence or absence of different specific ROS scavengers:
superoxide dismutase (SOD), histidine, and trolox (superoxide anion, singlet oxygen and
hydroxyl radicals, and peroxyl radical scavengers, respectively). In MCF-7 cells, at both
concentrations of the drug, the presence of all three scavengers restored cell metabolic activity
to control levels (Fig. 5A and B). In MDA-MB-231 cells, the use of SOD and histidine did not
alter the effects of metformin at a concentration of 1000 uM, while trolox did alter them (Fig.
5C). All three scavengers restored cellular activity to control levels at a concentration of 5000

uM (Fig. 5D).

Metformin increases nuclear p53 and cytoplasmic TGF-p1 and

reduces the cytoplasmic ERK1/2 and AKT

Metformin exposure increased the nuclear p53 at 1000 and 5000 uM in MCF-7 cells
and at 5000 uM in MDA-MB-231 cells (Fig. 6A). The drug increased the cytoplasmic TGF-
B1, at all the concentrations tested, in MCF-7 cells and, at concentrations equal to or greater
than 30 pM, in MDA-MB-231 cells (Fig. 6B). At 5000 puM, a significant reduction in
cytoplasmic AKT was observed in both cell lines (Fig. 6C). Cytoplasmic ERK 1/2 decreased
significantly with metformin concentrations of 5000 puM in MCF-7 cells and 1000 and 5000
UM in MDA-MB-231 cells (Fig. 6D). An illustrative panel showing the results of the
immunocytochemistry analysis of MCF-7 and MDA-MB-231 cells is available in the

supporting information 1 (Supporting information 1. A and B, respectively).
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Discussion

The antineoplastic activity of metformin and its possible use as an adjuvant in traditional
cancer therapies have been highlighted in numerous types of cancer [30-32]. However, the
involvement of oxidative status underlying the mechanisms of the effects of metformin in
different cellular lineages of breast cancer is still poorly understood. Thus, herein, two different
cell lines (MCF-7 and MDA-MB-231) of human breast cancer were used to verify the effects
of metformin. Analysis of our results showed that metformin induced the same response pattern
in both cell lines, but in different concentrations, suggesting some particularity in the use of
metformin. In this report, we investigated the effects of several concentrations of metformin
and for this we chose to work with distant ranges of concentrations to verify whether the effects
of metformin could be achieved using clinical relevant concentrations or only at higher
concentrations, so-called experimental concentrations. The intensity of the cell response
towards different concentrations of metformin was different, although the response pattern was
similar.

After 24 hours, 30 uM of metformin decreased metabolic activity of MCF-7 cells in the
MTT assay, although cell death was observed only at higher concentrations. The reduction in
metabolic activity in MDA-MB-231 cells was present only at experimental concentrations after
24 hours of drug exposition, however after 48 hours, clinical concentrations of metformin
significantly reduced the cell viability. In both cell lines, the observed reduction in the cellular
metabolism by MTT assay occurred through an oxidative stress-dependent mechanism, which
has not been previously described. The activation of AMPK is known to support the in vitro

anti-proliferative action of metformin in cancer cells [33]. However, this study demonstrated
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that metformin cytotoxicity in MCF-7 and MDA-MB-231 cells is related to increased oxidative
stress and DNA damage.

The MTT assay measures cellular metabolic activity by NAD(P)H-dependent
oxidoreductases. It predominantly occurs in mitochondria, but may also occur in the presence
of non-mitochondrial pyridine nucleotide-dependent enzymes [18]. The basis of the method is
neutral red diffuses through the plasma membrane and concentrates in the lysosomes, which
measures lysosomal function based on the ability of viable cells to incorporate and bind the

supravital dye neutral red in the lysosomes [19].

When reducing cellular metabolism, metformin had a greater action on the MTT results,
which predominantly reflects mitochondrial function, than on the neutral red results, which
reflects lysosomal function. In fact, the concentrations that significantly reduced cell activity in
the neutral red assay in MCF-7 cells were equal to or greater than 1000 uM, whereas in the
MTT assay, they were equal to or greater than 30 uM. In the MDA-MB-231 cells, the same
was observed, but the reduction in cell activity was only achieved with higher concentrations,
from 1000 uM in the MTT assay, and 5000 UM in the neutral red assay. Despite the reduction
in cellular metabolic activity, the proliferative capacity of both cells lines was only impaired at
the experimental concentrations (1000 and 5000 uM) after 24 hours of drug exposure, via a
cytotoxic rather than a cytostatic effect, as indicated through the analysis of the trypan blue
staining (viability curve) and by the apoptosis induction at these doses. However, after 48 hours,
6 M of metformin was cytostatic to MDA-MB-231 cells and 30 uM was cytotoxic, indicating
that this cell line was more sensitive to metformin effects after 48 hours of exposure. Relevant
comparisons between the results obtained herein and the results available in the literature are

difficult because previous research evaluating the impact of metformin on the viability of these
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cell lines frequently used higher concentrations of the drug or increased periods of exposure
[34-36].

At concentrations of metformin equal to or greater than 30 uM, a dose-dependent
reduction in antioxidants and an increase in MDA levels were observed in MCF-7 cells,
indicating the occurrence of oxidative stress (OS). In MDA-MB-231 cells, the same parameters
were increased from a concentration of 1000 uM, however, despite it was possible to detect OS
at this concentration, other analyzed parameters (catalase activity and lipid peroxidation
estimated by chemiluminescence) is increased only at 5000 uM. The levels of free 8-Oh-dG,
which is DNA damage by reactive oxygen and nitrogen species, increased after metformin
treatment in both cell lines at the same concentrations that we detected OS, indicating oxidative
DNA damage. However, in MDA-MB-231 cells, in despite of the increase of free 8-Oh-dG
levels with metformin at 1000 uM, treatment increased DNA strand breaks, observed in the
comet assay, only at 5000 puM. This could happen because OS in these cells was more intense
with 5000 uM of metformin, with a greater increase in MDA levels. It is known that MDA is
areactive aldehyde that interacts with intracellular proteins and DNA bases to induce mutagenic
lesions and cell death [20]. Thus, this reactive metabolite, derived from the lipid peroxidation
process, could be affecting the DNA structure in breast cancer cells during metformin exposure.
The participation of OS in the process of metformin-induced cytotoxicity to MCF-7 cells
became clear once the use of different scavengers recovered cell metabolic activity to control
levels. However, in the triple negative cell line, this was observed only with metformin at 5000
UM, At 1000 uM, only trolox was able to recover MDA-MB-231 vitality, which indicated that
trolox protected cells against oxidative membrane damage in both metformin 1000 and 5000
KM concentrations. The decrease in cellular vitality measured by the MTT assay in MDA-MB-

231 indicates that at metformin 5000 pM there is a more pronounced reduction in whole cell
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activity, and consequently, in the production of superoxide anion, singlet oxygen and hydroxyl
radicals, suggesting that one of the mechanisms of cellular response to metformin action is
dependent on these oxygen species and that at this concentration, the scavengers are more
efficient.

Queiroz et al. (2014) studied the effects of metformin on MCF-7 cells and demonstrated
that 10000 uM of metformin increased cellular total reactive oxygen species after 72 h of drug
exposure [12]. The authors also demonstrated that the same concentration increased cellular
apoptosis and that OS was related to metformin-dependent apoptosis induction. However, at
this concentration (10000 puM), other mechanisms were associated with metformin effect, since
percentage of dead cells with the association of metformin and antioxidant enzymes was still
higher than the control group [12].

Our results show that incubating the cells for 24 h with a metformin concentration of
30 uM, an increase in the formation of MDA was verified, and that a significant increase in p53
nuclear levels was observed after treatment with experimental concentrations (1000 to 5000
uM) of metformin, in both cell lines. p53 is a well-known transcription factor that inhibits
tumorigenesis in mammals by regulating the transcription of a large number of genes
responsible for the control of cell cycle arrest, apoptosis, cell growth and protein translation
[37]. Furthermore, p53 presents transcription-independent activities, including the initiation of
cellular tumor suppression programs, such as apoptosis or cell cycle arrest, in response to
intracellular genotoxic stresses, such as DNA damage, hypoxia and oncogene activation [38].
p53 also inhibits the mTOR pathway via a mechanism that involves AMPK activation [39].
Therefore, the oxidative stress and DNA damage induced by metformin in this study could
contribute to the increase in p53 nuclear levels, thus reducing cell proliferation and leading to

apoptosis.
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At 1000 and 5000 uM of metformin, the expression of ERK1/2 and AKT were
significantly reduced. When ERK1/2 are activated, several nuclear and cytoplasmic effector
genes involved in diverse cancer-related responses, such as cell proliferation, survival,
differentiation, motility and angiogenesis, are broadly phosphorylated [40]. AKT is a positive
regulator of mTOR. Thus, the reduced expression of AKT could result in decreased mTOR
activation, contributing to the reduced cell proliferation observed in both cell lines.

The interplay between TGF-B1 and ROS in tumorigenesis and cancer progression have
been related [41]. It is known that OS/ROS can influence TGF-B1 signaling and increase its
expression as well as its activation, as well as TGF-1 can control ROS production directly or
by downregulating antioxidative systems [41]. Because its relation, we decided to investigate
if metformin treatment interfered in cellular TGF-B1. All concentrations of metformin used
significantly increased cytoplasmic TGF-f1 in MCF-7 cells and concentrations equal to or
greater than 30 UM produced the same effect in MDA-MB-231. The role of TGF-B1 in breast
cancer is paradoxical. Although its action as a tumor suppressor in the breast is unquestionable,
TGF-B1 is frequently identified as a malignant molecule that drives breast cancer [15]. TGF-B1
is a major regulator of the response to DNA damage. Thus, loss of responsiveness to this growth
factor could increase genomic instability through an ineffective DNA repair response and
checkpoint failure, leading to the apoptosis of aberrant cells [42]. Analysis of the present study
results suggests that the oxidative stress response of the cells to increased concentrations of
metformin is related in some degree with TGF-B1 induction.

In conclusion, our data suggest that the pro-apoptotic effect of metformin in breast
cancer cells, whereas cell line specific, is related to an increase in oxidative stress, which
probably involves DNA damage and, consequently, the induction of p53. Moreover, the

metformin-induced increase in TGF-B1 probably contributes to the induction of apoptosis in
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response to DNA damage. Further studies are required to understand the effects of metformin
in vivo and to investigate the potential clinical utility of metformin as an adjuvant during breast

cancer treatment.
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Figure 1: Cytotoxic effect of metformin in human breast cancer cells. Evaluation of
metformin cytotoxicity at different concentrations (6, 30, 1000, and 5000 uM) in MCF-7 (black
columns) and MDA-MB-231 cells (gray columns). A: MTT assay. B: Neutral red assay. C:
Proliferation curve of MCF-7 cells. D: Proliferation curve of MDA-MB-231 cells. E: Viability
curve obtained by trypan blue exclusion in MCF-7 cells. F: Viability curve obtained by trypan
blue exclusion in MDA-MB-231 cells. Statistical analyses were performed. *p < 0.05, **p <
0.001, ***p < 0.0001 vs. the MCF-7 cells control group. + p < 0.05, ++ p < 0.001, +++ p <
0.0001 vs. the MDA-MB-231 cells control group.
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Figure 2: Metformin induces cell death in human breast cancer cells. Evaluation of cell death patterns in MCF-7 (black columns) and MDA-
MB-231 cells (gray columns) exposed to different metformin concentrations (6, 30, 1000, and 5000 uM) for 24 h by ethidium bromide and acridine
orange staining. A: Apoptosis rate. B: Necrosis rate. *p < 0.05, **p < 0.001, ***p < 0.0001 vs. the MCF-7 cells control group. +p < 0.05, ++p <

0.001, +++p < 0.0001 vs. the MDA-MB-231 cells control group.
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Figure 3: Metformin induces oxidative stress in human breast cancer cells. Evaluation of
oxidative stress parameters in MCF-7 (black columns) and MDA-MB-231 cells (gray columns)
exposed to different metformin concentrations (6, 30, 1000, and 5000 uM) for 24 h. A: Total
thiol levels. B: Catalase activity. C: Tert-Butyl hydroperoxide-stimulated chemiluminescence
curves in MCF-7 cells. D: Tert-Butyl hydroperoxide-stimulated chemiluminescence curves in
MDA-MB-231 cells E: Malondialdehyde levels. *p < 0.05, **p < 0.001, ***p < 0.0001 vs. the
MCF-7 cells control group. +p < 0.05, ++p < 0.001, +++p < 0.0001 vs. the MDA-MB-231 cells
control group.
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Figure 5: Oxidative stress mediates metformin cytotoxicity in human breast cancer cells. Evaluation of cytotoxicity in human breast cancer
cells by MTT assay after metformin treatment in the presence or absence of specific ROS scavengers: SOD (50U/mL), histidine (1uM), and trolox
(200uM). A: MTT assay of MCF-7 cells treated with 30 uM of metformin. B: MTT assay of MCF-7 cells treated with 5000 uM of metformin. C:
MTT assay of MDA-MB-231 cells treated with 1000 uM of metformin. D: MTT assay of MDA-MB-231 cells treated with 5000 uM of metformin.
*p < 0.05, **p < 0.001, ***p < 0.0001 vs. the MCF-7 cells control group. +p < 0.05, ++p < 0.001, +++p < 0.0001 vs. the MDA-MB-231 cells

control group.
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Figure 6: Metformin increases nuclear p53 levels and cytoplasmic TGF-$1 levels and reduces the expression of ERK1/2 and AKT in human
breast cancer cells. Immunocytochemistry analysis of MCF-7 cells (black columns) and MDA-MB-231 cells (gray columns) exposed to different
metformin concentrations (6, 30, 1000, and 5000 uM) for 24 h. A: Quantitative results for p53. B: Quantitative results for TGF-p1. C: Quantitative
results for AKT. D: Quantitative results for ERK1/2. *p < 0.05, **p < 0.001, ***p < 0.0001 vs. the MCF-7 cells control group. +p < 0.05, ++p <
0.001, +++p < 0.0001 vs. the MDA-MB-231 cells control group.
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APENDICE B - Metformin pretreatment prevents doxorubicin resistance induction in MCF-
7 and MDA-MB-231 human breast cancer cells through oxidative stress generation, induction

of p53 and TGF-B1 and decrease of Nrf2
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Abstract

Chemoresistance is an emergent problem in the therapy of breast cancer. Metformin has been
investigated about its effects on breast cancer cells proliferation and sensitization of
chemoresistant cells. The exact mechanism regarding metformin interference during the
chemoresistance induction has not been described. In this study, we experimentally induced
resistance of MCF-7 and MDA-MB-231 cells to doxorubicin in the presence or not of
metformin and evaluated the cellular oxidative status, nitric oxide levels (NO), and nuclear p53,
nuclear factor kB (NF-kB), nuclear factor (erithroid-related-2)-like 2 (Nrf2), and cytoplasmic
transforming growth factor beta 1 (TGF-B1) during the process of resistance induction. We
observed that the pretreatment with metformin prevented the resistance induction in both cell
lineages and sensitized MCF-7 cells to doxorubicin. However, when the experiment was
conducted using cells being concomitantly treated with metformin and doxorubicin, metformin
was not effective in preventing the cell to became resistant towards doxorrubicin treatment. The
prevention in chemorresistence to doxorrubicin occurred through the generation of oxidative
stress, reduction in NO levels, increase in nuclear p53 and cytoplasmic TGF-B1, and reduction
in nuclear Nrf2, in both cell lines. These data suggests that metformin pretreatment could exert
a beneficial role in the prevention of the doxorubicin chemoresistance, highlighting its

therapeutic potential investigation in patients bearing chemoresistant breast tumors.

Key words: Metformin, chemoresistance, doxorubicin, oxidative stress.
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1 Introduction

Breast cancer is a heterogeneous disease. Although the advances in early diagnosis and
targeted therapeutics, an important factor that limits the success of the treatment is the arising
resistance to chemotherapy. The mechanisms of chemoresistance are multiple and enable the
cancer cells to become resistant to several structurally and functionally unrelated drugs, a
concept known as multidrug resistance, MDR (Alpsoy, Yasa, Gunduz, 2014). The capacity of
a subject to not respond against anticancer agents can be influenced by many factors related to
inherent systemic pharmacology characteristics, as well as to single properties acquired by
cancer cells, like modifications in cellular pharmacokinetics, leading to drug
activation/inactivation, drug-target interactions, altered DNA damage repair mechanisms,
evasion of apoptosis and resistance to drug-induced oxidative stress (Hu et al., 2010, Fojo,
Coley, 2007).

The generation of oxidative stress is implied in the mechanism of action of several
chemotherapeutic drugs, as evidenced by the systemic detection of altered oxidative profiling
in cancer patients after chemotherapy (Panis et al., 2012). In this scenario, it is known that some
cancer cells acquire the MDR phenotype during this prooxidant treatment, and may develop
some additional mechanisms to protect themselves against this chemotherapy-driven oxidative
injury (Zhang et al., 2009; Cho et al., 2006)

In order to design rational and efficacious therapies, the molecular mechanisms used by
cells to develop resistance have been investigated. One of the most used drug to treat solid
tumors is doxorubicin (Dalmases et al., 2013). Although it has been relatively successful for
treating breast cancers, studies have described its involvment as a potent inducer of

chemoresistance (Ingles-Esteve et al., 2012).
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In this context, novel drugs have been investigated aiming to overcome breast cancer
chemoresistance, such as metformin. This drug presented antiproliferative effects in many
breast cancer subtypes, in vitro (Dowling et al., 2012) and was able to resensitize MDR breast
cancer cells (Qu et al., 2014). However, the mechanisms underlying this fact remains unknown.
Furthermore, the metformin interference in the process of chemoresistance induction has not
already been described.

In breast cancer, prognosis and treatment response differ among disease subtypes, and
among them, triple negative breast cancer is associated with poor prognosis due to the absence
of specific treatment and to the resistance against usual therapeutic methods, in addition to the
aggressiveness of tumor cells (Ringnér; Staaf; Jonsson, 2013). Based on this, in this work, we
experimentally induced the doxorubicin-driven chemoresistant phenotype in two human breast
cancer cells, which correspond to two different subtypes of the disease: MCF-7 (estrogen and
progesterone receptor positive) and MDA-MB-231 cells (triple negative). To investigate the
participation of oxidative stress in the mechanism of chemoresistance induction in the two cell
lines, we evaluated the cellular oxidative status, NO levels, and intracellular pathways that
could be related to chemoresistance as the p53, NF-kB, Nrf2 and the TGF-B1. Furthermore, to
understand the role of metformin in the prevention of the doxorubicin-chemoresistant
phenotype in the two subtypes of breast cancer cells, we analysed such cellular responses in
conditions when cells were submitted to metformin pretreatment, before and during the
doxorubicin resistance induction, and further with the metformin administration simultaneously

with the chemotherapic.

2 Materials and Methods

2.1 Cell culture and treatments
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MCF-7 cells (ATCC ® HTB-22™, ATCC, Manassas, VA. USA) and MDA-MB-231
cells (ATCC® HTB-26™; ATCC, Manassas, VA, USA) were grown in Dulbecco’s modified
Eagle’s medium (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% CO at 37°C (Sanyo CO> Incubator; Sanyo,

Japan). All experiments were performed in triplicate and repeated thrice.
2.1.1 Chemoresistance induction

To the induction of the doxorubicin-chemoresistance phenotype, MCF-7 and MDA-
MB-231 cells were grown in DMEM 10% FBS and exposed to increasing concentrations of
doxorubicin (10nM to 100 nM), as previously described by Fairchild et al., (1987), during
sequential passages. The experimental design is illustrated in the figure 1. Cells were considered
as chemoresistant when the exposition to the crescent concentration of doxorubicin did not
cause its death. In this study, cells become resistant to doxorubicin in the end of seven passages
(P7). Throughout the induction period, samples of each cell passage (P1 to P7) were collected
for the analysis of oxidative stress parameters, for the detection of NO levels and further grown
on glass coverslips for immunocytochemistry analysis. At the end of the process of doxorubicin
resistance induction, the cells were distributed in 24 well plates (1 x 10° cells/well) and exposed
during 24 hours to doxorubicin (1.0, 2.5 and 5.0 uM), to test the cell responsiveness to drug.

This group was called doxorubicin resistant (DR) group.

2.1.2 Metformin treatments

Initially, it was done a characterization of metformin effects at 6 uM in MCF-7 and in
MDA-MB-231 cells, during seven and fourteen passages. As there were no differences between

the results obtained after seven and fourteen metformin administrations, the results of the group
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exposed seven times to metformin were omitted from the results and only the results from the
group exposed fourteen times to metformin are showed. This group was called metformin
(MET) group (Figure 1). The concentration of metformin was chosen based on previous studies
of our research group (unpublished data), which demonstrated that metformin at 6 uM did not
present cytotoxic effects to these breast cancer cell lines after 24 and 48 hours of exposure.

After the characterization of metformin effects in both cell lines, it was investigated if
metformin administration could interfere in the process of doxorubicin chemoresistance
induction. Two different metformin treatments were employed. First, it was investigated
metformin (6 uM) effects when administered simultaneously to the doxorubicin resistance
induction, during seven passages, this group was called metformin treated doxorubicin resistant
(MDR) group (Figure 1). Later, the metformin effects (6 uM) when administered during seven
passages before and along the seven passages of doxorubicin resistance induction were
investigated. This last group was called pre — metformin treated doxorubicin resistant (PMDR)
group and received metformin along fourteen passages (Figure 1).

For all the metformin — treated groups, samples were collected for the analysis of
oxidative stress parameters, for the detection of NO, as well cells coverslips for
immunocytochemistry analysis, in each passage (P1 to P7). For the MET group, only samples
after the seventh passage of metformin were collected and they were also referred as P1 to P7
(Figure 1). For the PMDR group, samples were collected after the beginning of the doxorubicin
administration and were called P1 to P7. At the end of the experiments, the cells from the MET,
MDR and PMDR groups were distributed in 24 well plates (1 x 10° cells/well) and exposed

during 24 hours to doxorubicin (1.0, 2.5 and 5.0 uM), to test the cell responsiveness to the drug.

2.2 Oxidative stress parameters
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Total thiol levels (Panis et al., 2013) were measured to determine the antioxidant
profiling of cells. Lipid peroxidation profile was estimated by chemiluminescence (Gonzalez-
Flecha, Llesuy and Boveris, 1991). The results were corrected by number of cells and expressed

as UM thiol / 10° cells and as area under the chemiluminescence curves (AUC) / 10° cells.

2.3 Detection of NO/peroxynitrite profiling by high-sensitivity chemiluminescence

A highly sensitive technique developed by Kikuchi et al., 1993, was modified and used
for the determination of NO levels. The assay was based on the reaction of NO with hydrogen
peroxide, which leads to the formation of peroxynitrite. Peroxynitrite in the presence of luminol
generates triplet oxygen that decays to singlet oxygen with photon emission. Photon emission
was recorded using a luminometer system and software. Cells were diluted in fresh sterile
Na,COj3 buffer (2 mM; pH: 8.5), which was degassed by N2 bubbling for 20 min to eliminate
molecular oxygen and prevent the oxidation of NO to nitrite/nitrate. The starting reagent was
prepared by mixing equal volumes of luminol solution (4.39 uM dissolved in KOH 1M) diluted
with desferoxamine (36.58 uM) in the ratio 1:10 and H20- (2.44 uM); subsequently, three parts
of degassed Na>COs buffer (2 mM; pH: 8.5) was added to the reagent. To the reaction, 500 puL
of samples were mixed with an equal volume of buffer. Samples were mixed with 50 pL of the
starting reagent and the reaction was performed in a Glomax luminometer (Promega). The
results were corrected by number of cells and the peak height was used. Results were expressed

as NO peak / 108 cells.

2.4 MTT assay
To evaluate the cellular responsiveness to doxorubicin, the MTT assay was performed

as described by Mosmann (1983). The doxorubicin response of different groups was compared
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with the MTT results for MCF-7 and MDA-MB-231 cells (controls) and the results were

expressed as percentage (%) of control viability.

2.5 Immunocytochemistry labeling for p53, NF-kB, Nrf2 and TGF-B1

Immunocytochemistry analysis was performed on coverslip-adherent cells using the
labeled streptavidin biotin method using a LSAB KIT (DAKO Japan, Kyoto, Japan). The
sections were incubated with 0.1% Triton X-100 solution during 1 hour, washed 3 times in PBS
and treated for 40 min at room temperature with 10% BSA. In addition, coverslips were
incubated overnight at 4°C with the primary antibodies (anti-p53, anti-p65-NF-kB, anti-TGF-
B1, diluted 1:400 and anti-Nrf2, diluted 1:300, Santa Cruz Biotechnology). After, secondary
antibody treatment was started (2 hours, room temperature), and horseradish peroxidase activity
was visualized by treatment with H,O> and 3,3'-diaminobenzidine (DAB) for 5 min. At the last
step, the sections were weakly counterstained with Harry’s hematoxylin (Merck). For each case,
negative controls were performed by omitting the primary antibody. Intensity and localization
of immunoreactivities against primary antibody used were examined on all coverslips using a
photomicroscope (Olympus BX41, Olympus Optical Co., Ltd., Tokyo, Japan). For the image
analysis study, photomicroscopic colour slides of representative areas (400 x) were digitally
acquired. The images were processed by Image J program. After the colour deconvolution, they
were thresholded and the total labelled area was calculated and corrected by the number of total
cells. For the p53, p65-NF-kB and Nrf2 analysis, the percentage of cells with nucleus labeled

were calculated.

2.6 Statistical analysis
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Data were expressed as mean + standard error of the mean and analyzed using one-way
analysis of variance (ANOVA). Intergroup differences were analyzed by Bonferroni post-test.
For almost all the tests, it was compared the difference between cells at the several passages
with the cells at the first passage (passage 1). For the MTT assay, the doxorubicin
responsiveness of different groups was compared with the responsiveness of the correspondent
controls (MCF-7 and MDA-MB-231 cells). p < 0.05 was considered statistically significant. *
was used for p<0.05 in MCF-7 cells and + was used for p < 0.05 in MDA-MB-231 cells. Data

analysis was conducted using GraphPad Prism (version 6; California, USA).

3 Results
3.1 Characterization of metformin effects

Metformin treatment significantly reduced total thiol levels (Figure 2A) and increased
the lipid peroxidation in MCF-7 and in MDA-MB-231 cells (Figure 2B). Treatment also
progressively reduced the levels of NO (Figure 2C), but did not alter the cellular sensitivity to
doxorubicin, since control cells and metformin — treated cells responded similarly to the
chemotherapic: doxorubicin only significantly reduced cell viability in MCF-7 cells at 2.5 and
5 uM and in all concentrations used in MDA-MB-231 cells (Figure 2D). Metformin increased
the nuclear p53 and cytoplasmic TGF — B1, (Figure 5A and 5D, respectively). Treatment

decreased the nuclear NF-kB (Figure 5B) and did not alter the nuclear Nrf2 (Figure 5C).

3.2 Oxidative profile and doxorubicin responsiveness of DR cells
The induction of doxorubicin resistance progressively increased the levels of total thiol
(Figure 3A). In relation to lipid peroxidation, the chemotherapic exposure led to a transient

increase in these levels (passages 2, 3 and 4), followed by a significant decrease (Figure 3B).
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The NO levels increased from the fourth passage (Figure 3C) and the cells were resistant to
doxorubicin in all employed concentrations of the drug (Figure 3D). The nuclear p53 and the
cytoplasmic TGF — B1 significantly reduced in DR cells (Figure 5E and 5H, respectively) and

nuclear NF-kB and Nrf2 increased in DR cells (Figure 5F and 5G, respectively).

3.3 Oxidative profile and doxorubicin responsiveness of MDR cells

The total thiol levels increased during the passages in MDR cells (Figure 4A) and lipid
peroxidation decreased (Figure 4B). The NO levels showed a transient reduction in the third
passage (only in MCF-7 cells), followed by an increase (Figure 4C), and cells remained resistant
to all doxorubicin concentrations employed (Figure 4D). The nuclear p53 and the cytoplasmic
TGF — B1 did not altered in MDR cells (Figure 6A and 6D, respectively). TGF — 1 presented
a transient elevation in MDA-MB-231 MDR cells (passages 2, 3 and 4) but it was reverted
during the other passages. Nuclear NF-kB and Nrf2 significantly increased (Figure 6B and 6C,

respectively).

3.4 Oxidative profile and doxorubicin responsiveness of PMDR cells

The total thiol levels did not modify during passages in MCF-7 PMDR cells, but
significantly reduced in MDA-MB-231 PMDR cells (Figure 4E). Lipid peroxidation
progressively increased (Figure 4F) and the NO levels decreased (Figure 4G). PMDR cells were
sensitive to all employed concentrations of doxorubicin (Figure 4H). The nuclear p53 and the
cytoplasmic TGF — B1 significantly increased (Figure 6E and 6H, respectively). The nuclear

levels of NF-kB did not alter (Figure 6F) and the nuclear Nrf2 decreased (Figure 6G).

4 Discussion and Conclusions
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Metformin was recently described to resensitize multidrug-resistant breast cancer cells
due to activating AMPK signal pathway (Qu et al., 2014). However, the mechanism by which
this reversion of phenotype occurs remains unclear. In this paper, we evaluated the metformin
effect during the process of doxorubicin resistance induction, by using two different
approaches, the pretreatment and the cotreatment. Our results strongly demonstrated that the
pretreatment of MCF-7 and MDA-MB-231 cells with metformin prevents cells from becoming
resistant to doxorubicin chemotherapy.

Here we showed that the experimental process of doxorubicin resistance induction, with
increasing cellular exposure to the drug, involved the regulation of some intracellular pathways
related to cell proliferation and survival, with significant alteration in the cellular oxidative
status. These findings suggest the involvement of oxidative stress during the acquisition of
doxorubicin-chemoresistance in MCF-7 and in MDA-MB-231 cells. According to the
immunocytochemistry analysis, from the fourth passage with doxorubicin, it was observed that
the nuclear p53 significantly reduced and NF-kB increased in MCF-7 DR cells. It was also
observed in MDA-MB-231 DR cells, but the reduction in p53 was significant only in the
seventh passage and the increase in NF-kB, from the sixth. p53 is a tumor suppressor protein
involved in the regulation of cellular proliferation and apoptosis through the control of several
molecular pathways (Ali et al., 2012). Mutations in this protein were associated with poor
clinical prognosis, resistance to chemotherapeutic treatments and to chemoresistance of
cultured tumor cells (Masciarelli et al., 2013). It has been demonstrated that the p53 can act as
an antioxidant protein. At low oxidative stress levels, p53 can activates other genes implicated
in the antioxidant response against reactive species generation (Macip et al., 2003).
Furthermore, it was previously described that p53 signaling pathway is necessary to re-sensitize

ovarian cancer cells to DNA-damaging chemotherapeutic agents (Woo et al., 2012, Abedini et
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al., 2010). These findings suggest the existence of a crosstalk between the p53 pathway and the
generation of oxidative stress during the induction of the doxorubicin-chemoresistant
phenotype in breast cancer cells.

It is known that the induction of DNA damage by doxorubicin may result in the
activation of the p53 (Banin et al., 1998) and NF-kB, which could impair drug cytotoxicity (Wu
et al., 2006). In this context, we also investigated the nuclear NF-kB during the induction of the
chemoresistant phenotype. We detected increased levels of nuclear NF-kB during the
exposition of cells to crescent doses of doxorubicin. It was previously demonstrated that
doxorubicin activates NF-kB in breast cancer cells and the pharmacological inhibition of this
pathway increased the antitumoral effects of this drug (Tapia et al., 2007). Clinically, the
activation of NF-kB was correlated with resistance to anthracycline-based chemotherapy and
worse outcome (Ingles-Esteve et al., 2012), suggesting that NF-kB activation during
doxorubicin-based treatment is pivotal to the occurrence of poor prognosis events, such as
chemoresistance. NF-kB is deeply correlated with the acquisition of chemoresistance
(Dalmases et al., 2013). Therefore, the concomitant reduced levels of nuclear p53 and the
increased nuclear NF-kB in response to doxorubicin exposition observed in this work in the DR
group, corroborate with the the literature that associated the reduction of p53 and increased NF-
kB activation, with a chemoresistance phenotype.

In addition to p53 and NF-kB results, the DR group also presented increased nuclear
Nrf2, a critical transcription factor that regulates antioxidants molecules, (Chen et al., 2012). It
was previously described that the basal Nrf2 levels in different cell lines correlate with their
respective sensitivity to a common cytotoxic chemotherapy, specifically in breast cancer cells,
low levels of Nrf2 and of Nrf2-regulated detoxification proteins, constitute a frequent

phenotype in chemosensitive breast cancer cells (Hu et al., 2010). Similarly, the increased Nrf2
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levels, were associated with both doxorubicin and paclitaxel resistance (Hu et al., 2010). The
model of doxorubicin resistance induction used in this work, significantly increased the nuclear
Nrf2 in DR cells and this result was consistent with the significant reduction in cellular
oxidative stress, observed by the increased total thiol levels and by the reduction on lipid
peroxidation across the passages with doxorubicin. Furthermore, the NO/peroxynitrite levels in
DR group significantly increased during doxorubicin administrations. NO, at physiologically
relevant concentrations, is able to induce an EGFR/Src-mediated activation of oncogenic signal
transduction pathways (such as c-Myc, Akt and B-catenin) and the loss of PP2A tumor
suppressor activity in estrogen receptor-negative (ER -) breast cancer cells. It was also
demonstrated that NO increases the cellular epithelial mesenchymal transition (EMT), and
chemoresistance to doxorubicin and paclitaxel in MCF-7 cells (Switzer et al., 2012). Our results
showed that the augmented NO levels could be associated with the development of the
chemoresistance, while Nrf2 increasing should respond by the attenuation in the prooxidant
status of cells acquired during doxorubicin exposition.

In addition to such factors, we also reported that the DR group presented a reduction in
cytoplasmic TGF-B1 during the period of resistance induction. Although the participation of
TGF-B1 in the mechanisms of chemoresistance in cancer is not completely established, there
are some reports pointing to a possible participation of TGF-B1 as a factor that contributes to
chemoresistance in different cancer types (Yamada et al., 2013; Held-Feindt et al., 2012; Kim
et al.,, 2012), including breast cancers (Yu et al.,, 2010). Our data revealed that the
chemoresistance induction was accompanied by a reduction in cytoplasmic TGF-B1, showing
that its participation in the doxorubicin resistance in MCF-7 and MDA-MB-231 breast cancer
cells could be predominantly as a tumor suppressor. Previous studies of our group have

implicated the systemic TGF-B1 levels in the prognosis of human breast cancer, since patients
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ongoing doxorubicin chemotherapy presented depletion in circulating TGF-pB1 levels and it was
associated with a poor disease prognosis (Panis et al., 2013).

Once established the profiling of doxorubicin-resistance induction and its putative
mechanism of action, we performed some experiments to investigate if the chemoresistant
phenotype could be prevented by metformin treatment. To reach this goal, we first evaluated
the effects of the isolated administration of metformin on MCF-7 cells aiming to better
understand the drug mechanisms over the same evaluated parameters in chemoresistance
experiments. Our data showed that the treatment of MCF-7 and MDA-MB-231 cells with
metformin did not modify the cell sensitivity to doxorubicin and significantly increased the
activation of p53 and TGF-B1, with further reduction of the NF-kB pathway, without alter the
Nrf2. These results are consistent with the antiproliferative and proapoptotic effect described
for this drug (Dowling et al., 2012), since these pathways are important in the control of cellular
proliferation and survival, as discussed earlier. Additionally, metformin significantly increased
the cellular oxidative stress and reduced the NO levels. This profile could also contribute to the
cytotoxicity of the drug, since oxidative stress is able to induce cell death (Acharya et al., 2010)
and lower levels of NO is associated with a better phenotype characteristics in cancer cells
(Switzer et al., 2012).

In relation to metformin action in doxorubicin resistance induction, we observed that
the pretreatment with this drug (maintained during the resistance induction period) significantly
prevented the chemoresistance phenotype and also sensitized MCF-7 cells to doxorubicin, since
the concentration of 1.0 uM of the chemotherapic significantly decreased the cell viability. On
the other hand, the simultaneous administration of metformin and doxorubicin did not
prevented the cells to becoming resistant. This difference in the metformin ability to act on the

induction of chemoresistance depending on the time of its introduction was directly related to
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the regulation of the oxidative status and NO levels, as well as modulated the analyzed
intracellular pathways. In this context, MDR group did not significantly differ from the DR
group in relation to the cellular oxidative stress and the NO levels, but the PMDR group
presented increased cellular oxidative status, observed by the increase in lipid peroxidation and
by the recovery in the total thiol levels. Additionally, the PMDR group presented reduced levels
of NO. Moreover, we clearly observed that the pretreatment with metformin significantly
increased p53 and TGF-B1 and further reduced Nrf2 and NF-kB. In the MDR group, however,
this effects were not observed, the activity of the NF-kB and the Nrf2 pathways remained
increased, similarly to the results observed in the DR group. However, in despite of these
results, an initial effect could be observed in the MDR group, with constant levels of p53 and
TGF-B1, in contrast to the reduced levels observed in the DR group. These findings implicates
metformin as a putative candidate for future trials regarding the prevention or the reversion of
chemoresistance in patients submitted to doxorubicin-based treatment, such as the patients
bearing luminal or triple negative tumors.

In conclusion, the results of this study proposes an oxidative stress-based mechanism
for explaining, at least, in part the doxorubicin-driven chemoresistance. Furthermore, our data
suggests that metformin treatment could be beneficial in the prevention of the doxorubicin
chemoresistance, by modulating the cellular oxidative status and some known pathways related
to cell survival, proliferation and response to chemotherapeutic drugs. More detailed studies
investigating the metformin mechanisms of action in chemoresistance are necessary, to ensure
the security of the drug use as a possible agent in the clinical breast cancer treatment, especially

in situations of doxorubicin chemoresistance.
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Figure 2. Oxidative profile and doxorubicin responsiveness of metformin - treated human breast cancer cells. A, B and C: Total thiol levels,
area under the chemiluminescence curves and peak of the nitric oxide curves, respectively, during seven passages in MCF-7 (black columns) and
MDA-MB-231 cells (gray columns) treated with 6 uM of metformin. * and +: Statistically different (p<0.05) from the first passage (passage 1) of
MCF-7 and MDA-MB-231 cells, respectively. D: MTT assay of control MCF-7 (black columns) and control MDA-MB-231 cells (gray columns)
and metformin — treated MCF-7 and MDA-MB-231 cells after 24 hours of exposure to three doxorubicin concentrations (1.0, 2.5 and 5.0 uM). *
and +: Statistically different (p<0.05) from the control MCF-7 and MDA-MB-231 group, respectively.
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Figure 3. Oxidative profile and doxorubicin responsiveness of human breast cancer cells experimentally induced to doxorubicin resistance.
A, B and C: Total thiol levels, area under the chemiluminescence curves and peak of the nitric oxide curves, respectively, during seven passages
in MCF-7 (black columns) and MDA-MB-231 cells (gray columns) experimentally induced to doxorubicin resistance (doxorubicin dosage intervals
during resistance induction ranging from 10nM to 100 nM). * and +: Statistically different (p<0.05) from the first passage (passage 1) of MCF-7
and MDA-MB-231 cells, respectively. D: MTT assay of MCF-7 and MDA-MB-231 cells induced to doxorubicin resistance after 24 hours of
exposure to three doxorubicin concentrations (1.0, 2.5 and 5.0 uM).
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Figure 4. Oxidative profile and doxorubicin responsiveness of human breast cancer cells experimentally induced to doxorubicin resistance
treated with metformin simultaneously or before and during the resistance induction. A, B and C: Total thiol levels, area under the
chemiluminescence curves and peak of the nitric oxide curves, respectively, during seven passages in MCF-7 (black columns) and MDA-MB-231
cells (gray columns) treated with metformin (6 M) simultaneously to the induction of doxorubicin resistance (doxorubicin dosage intervals during
resistance induction ranging from 10nM to 100 nM). E, F and G: Total thiol levels, area under the chemiluminescence curves and peak of the nitric
oxide curves, respectively, during seven passages in MCF-7 and in MDA-MB-231 cells treated with metformin (6 pM) before (7 passages before)
and during the induction of doxorubicin resistance. * and +: Statistically different (p<0.05) from the first passage (passage 1) of MCF-7 and MDA-
MB-231 cells, respectively. D and H: MTT assay of MCF-7 and MDA-MB-231 cells treated with metformin (6 pM) simultaneously or before and
during the induction of doxorubicin resistance, respectively, after 24 hours doxorubicin exposure (1.0, 2.5 and 5.0 uM). * and +: Statistically
different (p<0.05) from the control MCF-7 and MDA-MB-231 group, respectively.
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Figure 5. Immunocytochemistry analysis of human breast cancer cells treated with metformin and experimentally induced to doxorubicin
resistance. A, B, C and D: Quantitative results for nuclear p53, p65-NF-kB, Nrf2 and cytoplasmic TGF-f1, respectively, during seven passages in
metformin — treated (6 pM) MCF-7 (black columns) and MDA-MB-231 cells (gray columns). E, F, G and H: Quantitative results for nuclear p53,
p65-NF-kB, Nrf2 and cytoplasmic TGF-B1, respectively, during seven passages in MCF-7 and MDA-MB-231 cells experimentally induced to
doxorubicin resistance (doxorubicin dosage intervals during resistance induction ranging from 10nM to 100 nM). * and +: Statistically different
(p<0.05) from the first passage (passage 1) of MCF-7 and MDA-MB-231 cells, respectively.



116

) 2
© § 10+ 2 ] @ MCF-7
E 8- S . . 9 30 %5 15000+ MDA-MB-231
9 3 * 3
3 o 8- K% E-1
2% o o [S
2 L | 20 3 10000
= m 64 ~ <
84 = ™ .
2 w © g
. ] 2 44 + =z <
g & I & 10- T 50004
S 2- 2 2 T
= ° 24 ] R
c g 2 =
=
< 0- 5 o % o = 04
ES 5 ;
= = 6
E F Passages G Passages H" Passages
. » @8 MCF-7
n = 3
) D 15- o MDA-MB-231
% 0 8 8- (3] s 20000+
o k=] ° - *
o * 9 i @
k] %, 3 E 15000
2 0 © + S 104 3
[} 1 T c
o @ & 3 MEEE E
S,; o 4 o Epeos 1 o1 W1
=
. — k] o
T 10 s s 59 * o
3 3 2 o * S 50001 L
2 g g :
E c < = :
S 4l ‘S 0- S oA ¢ 0-
R 3 o)
X ES o
[l

Passages

Passages Passages Passages

Figure 6. Immunocytochemistry analysis of human breast cancer cells experimentally induced to doxorubicin resistance treated with
metformin at different times. A, B, C and D: Quantitative results for nuclear p53, p65-NF-kB, Nrf2 and cytoplasmic TGF-f1, respectively, during
seven passages in MCF-7 (black columns) and MDA-MB-231 cells (gray columns) induced to resistance simultaneously treated with metformin
(6 uM). E, F, G and H: Quantitative results for nuclear p53, p65-NF-kB, Nrf2 and cytoplasmic TGF-B1, respectively, during seven passages in
MCF-7 (black columns) and MDA-MB-231 cells (gray columns) induced to resistance treated with metformin (6 puM) before and during the
induction. * and +: Statistically different (p<0.05) from the first passage (passage 1) of MCF-7 and MDA-MB-231 cells, respectively.



	Tese Poliana Marinello
	Ficha_Tese_Poliana Camila Marinello
	Tese Poliana Marinello

