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RESUMO

O cancer de mama (CAM) ¢ a neoplasia maligna mais comumente diagnosticada no mundo.
Apesar dos avangos nas estratégias terap€uticas, o numero de Obitos permanece crescente,
associados, especialmente, a resisténcia das células tumorais aos medicamentos utilizados.
Nesse contexto, metalofarmacos tém se destacado, sendo o Zinco(II) um dos conjugados mais
utilizados para quelacdo de compostos-divalentes, com promissora atividade antitumoral. O
objetivo do presente estudo foi avaliar as atividades biologicas dos compostos hidrazona,
semicarbazona, tiossemicarbazona complexados a Zinco(II) em células de CAM. Para isso,
foram cultivadas as linhagens tumorais MCF7 (CAM luminal), MDA-MB453 (CAM positivo
para HER2) e MDA-MB231 (CAM triplo-negativo), além das nao tumorais MCF-10A (mama),
HUVEC (endotelial de cordao umbilical) e HFF (fibroblasto). Ensaios de citotoxicidade foram
conduzidos em todas as linhagens e os experimentos de clonogenicidade, migracao,
quantificagdo de transcritos, quimiossensibilizacdo e de sinergismo com Vitamina D foram
conduzidos nas células MDA-MB231. Complexo 4 demonstrou ser menos citotoxico as
linhagens n3o tumorais ¢ a complexacdo com o Zinco(Il) aumentou a citotoxicidade dos
ligantes, o que nao foi observado para Complexo 1 Complexo 2 e Complexo 3. Nas células de
CAM triplo-negativo, Complexo 4 inibiu a clonogenicidade, a migracdo e induziu a morte
celular independentemente de caspase, diminuindo a atividade de caspase 8. Além disso,
quimiossensibilizou essas células aos tratamentos com Doxorrubicina e Paclitaxel, de modo
que o aumento dos transcritos de E-caderian (CDHI) sugere sua a¢cdo modulatéria no
mecanismo de transi¢do epitélio-mesenquimal. Por fim, Complex 4 foi sinérgico com a
Vitamina D, com redugdo de dose (DRI > 1,0). Espera-se validar, por meio de futuros ensaios
in vivo, um novo agente antitumoral capaz de sensibilizar células agressivas de CAM ao
tratamento com quimioterapicos, se mostrando uma estratégia promissora em casos de falha
terapéutica.

Palavras- chave: Cancer de mama, complexos metalicos, zinco, sinergismo, vitamina D,

cancer de mama triplo negativo.



ABSTRACT

Breast cancer (BC) is the most commonly diagnosed malignancy worldwide. Despite advances
in therapeutic strategies, the number of deaths still increases, associated especially with the
resistance of tumor cells to the drugs used. In this context, metallopharmaceuticals have stood
out, with Zinc(Il) being one of the most used conjugates for chelating divalent compounds, with
promising antitumor activity. The objective of the present study was to evaluate the biological
activities of the compounds hydrazone, semicarbazone, thiosemicarbazone complexed with
Zinc (1) in BC cells. For this, the tumor cell lines MCF7 (luminal BC), MDA-MB453 (HER2-
positive BC) and MDA-MB231 (triple-negative BC) were cultivated, in addition to the non-
tumor MCF-104 (breast)) HUVEC (umbilical vein endothelial) and HFF (fibroblast).
Cytotoxicity, clonogenicity, migration, transcript quantification, chemosensitization and
synergism with Vitamin D assays were conducted on MDA-MB231 cells. Complex 4
demonstrated to be less cytotoxic to non-tumor cell lines and complexation with the metal
increased the cytotoxicity of the ligands, which was not observed for Complex 1, Complex 2
and Complex 3. In triple-negative BC cells, Complex 4 inhibited clonogenicity, migration and
induced caspase-independent cell death, decreasing caspase 8 activity. Furthermore, Complex
4 chemosensitized these cells to treatments with Doxorubicin and Paclitaxel, so upregulation
of CDH1 (E-cadherin) transcripts suggests the modulatory action of Complex 4 on epithelial-
mesenchymal transition mechanism. Finally, Complex 4 was synergistic with Vitamin D, with
dose reduction (DRI > 1.0). It is expected to validate, through future in vivo assay, a new
antitumor agent capable of sensitizing aggressive BC cells to treatment with chemotherapy,
proving to be a promising strategy in cases of therapeutic failure.

Keywords: Breast cancer, metallic compounds, zinc, synergism, D vitamin, triple negative

breast cancer.
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CAPITULO 1

1.INTRODUCAO

1.1 Problema

O cancer ¢ uma das causas de maior mortalidade e morbidade no mundo, com mais de
10 milhdes de novos casos € mais de seis milhdes de mortes por ano (INCA, 2020). Devido as
mudangas estruturais na dieta, estilo de vida, fatores ambientais e aspectos bioquimicos e
moleculares, sua incidéncia tem aumentado nos ultimos anos (ZHENG, 2016). Segundo o
INCA, para o triénio 2023-2025, sdo estimados para cada 100 mil habitantes, 52,38 novos casos
na regido Sudeste; 47,31 no Centro-Oeste; 42,11 na regido Nordeste; 41,06 na regido Sul e
27,73 no Norte do pais (INCA, 2023).

O cancer de mama (CAM) ¢ o mais incidente e responsavel por cerca de 30% de todos
os diagnoésticos da doenga em mulheres americanas (AMERICAN CANCER SOCIETY, 2023).
No Brasil foi responsavel 11,84 mortes/100.000 habitantes em 2020, com os maiores valores
nas regioes Sudeste e Sul (INCA 2023). Embora os avangos na triagem, na detec¢io precoce e
no tratamento adjuvante sejam os principais responsaveis pelo declinio da mortalidade em
paises de alta renda, a maioria dos novos casos vem sendo registrado em paises de baixa e média
rendas, onde as taxas de morte por CAM estdo aumentando (BARRIOS; REINERT;
WERUTSKY, 2018). Quando localizada ou regionalmente avangada, a doenga ¢
potencialmente curdvel com terapia local e sistémica. A recorréncia a distancia ¢ comum e ¢ a
principal causa de morte pela doenca (ANAMPA; MAKOWER; SPARANO, 2015).

O desenvolvimento de novos tratamentos exige multiplas abordagens e diferentes
estratégias vém sendo desenvolvidas e testadas, com especial destaque a quimica medicinal.
Compostos organicos como semicarbazonas (SCs), hidrazonas (Hzs) e tiossemicarbazonas
(TSCs) (Figura 1), e seus complexos metalicos, j4 demonstraram atividades antitumorais (dos
SANTOS, 2016; DEMORO et al., 2019; LI et al., 2018). Bases de Schiff, ou seja, compostos
com ligagdes C=N preparados pela condensacdo de um aldeido com uma amina primaria,
quando ligadas a ions metélicos, interagem diretamente com a membrana celular e causam
danos por estresse oxidativo (MILOSAVLIJEVIC, 2016). Nesse contexto, metais de transi¢cao
como cobre - Cu(Il) e zinco - Zn(Il) tém se mostrado promissores. Zn(Il) intracelular ¢
importante para células cancerigenas que se dividem rapidamente e diferentes vias ativadas em

células normais sdao desreguladas nas células cancerigenas. Vogel-Gonzalez e colaboradores
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avaliariam diferentes marcadores metastaticos e observaram que a concentracao de Zn(II) era
essencial para regular o microambiente de células metastaticas cerebrais de CMTN, o que
também melhorou a atividade de SerpinB2, que permite que células malignas escapem do
sistema imune (SULLIVAN et al., 2021; VOGEL-GONZALEZ et al., 2021) , assim como
niveis elevados de zinco foram encontrados em canceres de mama, colorretal e de cabeca ¢
pescogo, enquanto canceres como prostata, figado e estdbmago esses niveis se encontraram
reduzidos (GRATTAN; FREAKE, 2012; GUMULEC, 2011). Esse ion ¢ responsavel por
manter a integridade do DNA, inibe a oxidagao e suprime a atividade do fator nuclear kB (NF-
kB), considerado um mediador central do processo inflamatério e da imunidade inata (HOANG,

2016).

Figura 1. Estrutura geral das tiossemicarbazonas (TSC), semicarbazonas (SC) ¢ hidrazonas (Hz).

R,. R R,. R R
1\“/ 2 '\ﬁ 2 1\L|/
NH N‘MH “NH

SJ\E’RS DA\N”% U)\Rz
4 Ry

Tiossemicarbazona Semicarbazona Hidrazona
R;. R;, Ry= grupo alquil ou aril R1. B2 = grupo alquil ouaril
Fi=metil ouH

Fonte: Adaptado Costa (2020) e Soares (2012)

Cui e colaboradores identificaram uma correlacao entre altos niveis de zinco no tecido
mamario e o inicio da carcinogénese (CUI et al., 2007). Também foi identificado um aumento
de zinco em tumores que expressavam receptores hormonais (FARQUHARSON et al., 2009).
Além disso, células cancerigenas de mama resistentes a terapia hormonal (TH) com tamoxifeno
apresentaram aumento do zinco intracelular (TAYLOR et al., 2007). Assim, o influxo de zinco
¢ favorecido em células tumorais mamarias, metabolicamente mais ativas e, portanto, propensas
a acdo farmacologica de complexos metalicos, com menor toxicidade (HOANG, 2016).

A vitamina D (VD), por sua vez, € uma vitamina lipossoluvel que desempenha um papel
importante na homeostase do calcio e do fosforo. Recentemente, uma extensa pesquisa sobre
suas agodes extra esqueléticas associou sua deficiéncia a um risco aumentado de infeccao,

diabetes mellitus tipos 1 e 2, doengas cardiovasculares, obesidade, asma, doenca inflamatoria
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intestinal e canceres de colon, mama, prostata e ovario. De fato, a VD induz a apoptose, estimula
a diferenciagdo celular, ¢ anti-inflamatodria e antiproliferativa e inibe a angiogénese, invasao e
metastase (DE LA PUENTE-YAGUE et al., 2018). Portanto, seu potencial anticarcinogénico é
evidente (SHAO; KLEIN; GROSSBARD, 2012; VOUTSADAKIS, 2021). Além disso, a
associacdo da VD com diferentes compostos vem sendo estudada, como sua combinagdo com
Talazoparibe (inibidor de poli (ADP — ribose) polimerase, PARP) para o tratamento de cancer
de mama triplo negativo (CMTN) e com metalofarmacos como cisplatina ou carboplatina para
o tratamento do cancer de prostata (MOFFATT; JOHANNES; MILLER, 1999; WONG et al.,
2022).

1.2 Hipotese
Novos metalofarmacos associados a Zn(Il) sdo ativos em células de CAM, sendo

passiveis de serem combinados a VD para o tratamento desses tumores.

1.3 Objetivos

1.3.1 Objetivo geral

Avaliar, por meio de ensaios in vitro, a agao de complexos metéalicos de Zn(Il) conjugados a

base de Schiff em modelos celulares representativos de CAM.

1.3.2 Objetivos especificos

o Avaliar a citotoxicidade dos complexos mistos de Zn(II) e seus ligantes em

linhagens tumorais mamarias;

o Avaliar a citotoxicidade dos complexos mistos de Zn(II) em linhagens nao
tumorais;
o Determinar o ICso (concentragdo capaz de inibir em 50% a viabilidade celular) e a

seletividade de cada complexo misto de Zn(Il);
. Determinar o potencial do complexo mais seletivo em inibir mecanismos tumorais

e modular a expressao génica em células de CMTN;
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. Avaliar interagdes entre o complexo mais seletivo e a VD e o potencial do
tratamento combinado em reverter a resisténcia das células de CMTN ao tratamento

com Doxorrubicina e Paclitaxel.

1.4 Justificativa

Os avancos cientificos tém viabilizado uma melhora no prognostico de pacientes com
CAM. Contudo, o numero de mortes permanece expressivo, 0 que se agrava em um cenario
crescentes de casos (LIANG et al., 2020). Novas terapias devem ser desenvolvidas para tratar
e prevenir essa doenga e o sucesso dos complexos metalicos abriu promissores caminhos nos
desenhos de estratégias terapéuticas assertivas (LI et al., 2021). Nesse contexto, a utilizacdo do
zinco em farmacos ¢ interessante, pois este ¢ associado a uma menor cardiotoxicidade e
hepatoxicidade, quando comparados as drogas a base de platina (ALAJMI, 2018), uma vez que
participa naturalmente de diferentes processos celulares. O transportador de zinco ZIP7,
presente na membrana do reticulo endoplasmatico, ¢ responsavel pelo seu transporte para o
citoplasma, controlando a homeostase intracelular do ion. Portanto, metalofarmacos associados
a Zn(II), em especial semicarbazona, hidrazona e tiossemicarbazonas podem conduzir a morte
de células tumorais. Além disso, sdo passiveis de serem combinados a outros compostos, de
modo que a VD se destaca diante de seu potencial anticancerigeno ao inibir a proliferagao,
induzir a apoptose e autofagia, além de ser capaz de suprimir a angiogénese (FLEET et al.,

2012).
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2 REFERENCIAL TEORICO

2.1 A mama e suas patologias

A glandula mamaria se encontra sobrejacente ao musculo peitoral maior, formada por
tecido glandular, camadas de gordura e pele. Anatomicamente, ¢ constituida por cerca de 12 a
20 lobos que sao divididos em 16bulos menores responsaveis pela produgao do leite. Os lobulos
se conectam através de pequenos canais denominados ductos, os quais transportam o leite até
o mamilo (Figura 2A) (AKRAM et al., 2017; BODINE, 2017). Essa por¢ao glandular possui
um parénquima epitelial embutido em uma matriz de células estromais, que regulam sua
proliferacdo, diferenciacdo e sobrevivéncia (ARENDT et al., 2010). O compartimento estromal
¢ composto por células mesenquimais (fibroblastos, células sanguineas e leucdcitos) e matriz
extracelular (laminina, fibronectina, coldgenos, proteoglicanos, por exemplo) (KASS et al.,
2007).

O epitélio mamario consiste em duas linhagens de células diferenciadas dispostas
concentricamente: uma camada interna de células epiteliais luminais e uma camada externa de
c¢lulas mioepiteliais, ambas cercadas pela membrana basal (STINGL et al., 2006) (Figura 2B).
As células mioepiteliais formam uma camada protetora semi-continua que separa o epitélio da
mama do estroma circundante (PANDEY, 2010). Contudo, a integracao dos sinais promovidos
pelas interacdes célula-célula e célula-matriz € necesséaria para regular muitos aspectos do
comportamento celular, incluindo polaridade, proliferacdo, adesdo e sobrevivéncia, essenciais
a homeostase (SHAW; WROBEL; BRUGGE, 2004).

Os fibroblastos sdo componentes importantes do estroma mamario, sendo responsaveis
pela sintese de fatores de crescimento, produ¢do de metaloproteinase e deposi¢do de matriz
extracelular (ARANDA:GUTIERREZ, 2021). J4 o sistema linfatico forma uma extensa e
complexa rede de vasos periductais e perilobulares que drenam, principalmente, para os
linfonodos axilares (GIULIANO et al., 2017; SUAMI et al., 2008). Finalmente, o tecido
adiposo cobre desde a clavicula até a axila e se estende ao redor do centro da caixa toraxica.
Sua principal fun¢do ¢ armazenar o excesso de energia e liberd-lo quando exigido pelo

organismo (KOTHARI; DIORIO; DUROCHER, 2020).

Figura 2: Representacido da anatomia mamaria e seus ductos. Em (A) glandula mamaria em plano sagital e

em plano coronal. Em (B) corte transversal de um ducto da glandula mamaria normal.
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Alteragdes na mama sdo, em sua maioria, benignas, as quais correspondem a 50% dos
diagnosticos, sendo mais comuns em mulheres em idade fértil, com pico entre 30 e 50 anos. As
Doencas Benignas da Mama (DBMs) englobam um espectro de caracteristicas histologicas,
sendo subdividas em nao proliferativas, proliferativas sem atipias e hiperplasias atipicas
(HARTMANN, 2005). Estdo incluidos os casos de fibroadenoma, papilomatose, doenga
fibrocistica, adenoma lactante, ginecomastia, tumor filodes, ectasia do ducto mamario, mastite
e mastalgia. As proliferativas ou atipicas apresentam um risco aumentado ao CAM e o tumor
filoides ¢ potencialmente maligno (ARANDA, GUTIERREZ, 2021). O diagnostico de DBMs
inclui a andlise clinica, procedimentos radioldgicos e, se necessario, histoldgicos, além do
acompanhamento de pacientes (STACHS et al., 2019).

As neoplasias malignas geralmente comecam a se desenvolver a partir da
hiperproliferagao ductal, sendo essas as lesdes mais comumente identificadas, denominadas de
carcinoma ductal. O carcinoma ductal in situ (CDIS) ¢ definido como uma proliferacdo de
células epiteliais neoplésicas que estao contidas no limen dos ductos mamarios. Ao atravessar
a membrana basal, o cancer se torna invasivo (AKRAM et al., 2017; AMERICAN CANCER
SOCIETY, 2022; BODINE, 2017; DE BOER et al., 2021; LIU et al., 2021; LOPEZ:GARCIA
et al., 2010). O CAM também pode acometer os 16bulos mamadrios e permanecer in situ ou
invadir tecidos adjacentes. Além disso, o microambiente tumoral, constituido por células
estromais, macréfagos, linfécitos e/ou fibroblastos, desempenha papel vital no surgimento e
progressao da doenca (GARDEZI et al., 2019; SUN, 2017).

A incidéncia do CAM ¢ maior durante a p6s menopausa (STACHS et al., 2019) e sua

identificacdo tornou-se mais comum com a mamografia, evidenciando a importancia de

Proteinas do
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politicas publicas dedicadas ao diagnostico precoce de doencgas cronicas (HARTMANN, 2005).
A medida que os tumores se desenvolvem, estes se tornam progressivamente menos
organizados com a perda das estruturas ductais e lobulares (MILLER, 2003). Os processos que
envolvem a disseminacao de células transformadas de uma lesao primaria para 6rgaos distantes
¢ a principal causa de letalidade por cancer (SUHAIL, 2019). Os linfonodos axilares adjacentes
ao tumor primario sdo frequentemente o primeiro local de metastase, seguido do figado,
pulmdes e ossos. O CAM metastatico permanece incuravel (WANG, 2018) e a taxa de
sobrevida em cinco anos de pacientes com a doenca localizada na mama ¢ de 98,8%. Esse valor
cai para 85,8% para pacientes com metastases nos linfonodos axilares regionais (CHANG et

al., 2020).

2.2 Cancer de mama: etiologia e classificacao

De acordo com o American Cancer Society, estima-se que, para o ano de 2023, serdo
diagnosticados 1,9 milhdo de novos casos de cancer e 600 mil 6bitos serdo registrados devido
a doenca nos Estados Unidos. Para o mesmo periodo sdo esperados 297.790 diagndsticos de
CAM e, destes, 43.170 irdo a 6bito (AMERICAN CANCER SOCIETY, 2023).

Em 2020, foram registradas 2,3 milhdes de mulheres com CAM e 685 mil mortes em
decorréncia da doenga em todo mundo. Nos Estados Unidos, o CAM ¢ a segunda maior causa
de morte entre as mulheres, ficando atrés apenas do cancer de pulmao. No final de 2020, havia
7,8 milhdes de mulheres vivas diagnosticadas com CAM, tornando-o o cancer mais prevalente
no mundo (AMERICAN CANCER SOCIETY; WHO, 2022). No Brasil, de acordo com o
INCA (Instituto Nacional de Cancer José Alencar Gomes da Silva), para cada ano do triénio
2023-2025, serdo contabilizados 704 mil novos casos de cancer. Sem considerar os tumores de
pele ndo melanoma, o CAM feminino ocupa a primeira posi¢do como o mais frequente em
todas as regides brasileiras (GOV, 2023).

O CAM ¢ multifatorial. Diversos fatores de risco sdo conhecidos atualmente e sdo
divididos em ndo modificaveis e modificaveis. Nos primeiros estdo idade, sexo, caracteristicas
genéticas (5-7%), historico familiar, menarca precoce e menopausa tardia. Os modificaveis
geralmente estdo associados a fatores reprodutivos, exposicao a radiagdo, terapia de reposi¢ao
hormonal, estilo de vida, dieta rica em gordura, exposi¢do a produtos quimicos como
organoclorados e tabaco e infe¢des recorrentes e cronicas (CLEMONS, 2001; YOUN; HAN,
2020).
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O CAM, acomete, principalmente, mulheres com idade entre 40 e 49 anos. Quando
identificado em individuos mais jovens (abaixo dos 40 anos — 10% dos casos), tendem a se
apresentar em estagios mais avangados e mais agressivos, evidenciando um pior progndstico
(SHOEMAKER et al., 2018). O histérico familiar também € importante, principalmente quando
parentes de primeiro grau sdo diagnosticados com CAM, o que aumenta de 2 a 4 vezes a chance
de desenvolver a doenca, dependendo do nimero de familiares afetados e a idade em que forem
diagnosticados (VAN DRIEL et al., 2016; ZHENG et al., 2021). Aproximadamente 15% dos
casos estdo incluidos nessa situagao (LIU et al., 2021). De fato, alguns genes tém se mostrado
relevantes em familias com CAM ou cancer de ovario, como os genes Cancer de Mama Tipo 1
e Tipo 2 (BRCAI e BRCA2). Localizados no cromossomo 17q e 13q, respectivamente, esses
genes codificam para fatores que inibem a proliferacao celular, controlando o ciclo celular, a
transcri¢do génica, o reparo do DNA e a apoptose (WANG, 2012). As mutacdes possuem
caracteristicas hereditarias autossomicas dominantes, sdo altamente penetrantes (HALL, 1990;
WOOSTER, 1994) e correlacionadas com tumores avangados (TURNER, 2012; LAKHANI,
1998; MAVADDAT 2012; BYRSKI, 2010). Finalmente, a exposi¢do prolongada ao estrogénio
aumenta o risco da doenga, uma vez que o CAM estd positivamente associado aos niveis
circulantes de estrogénios endogenos (FOLKERD; LONNING; DOWSETT, 2014). Esta ¢ uma
situagdo vivenciada por mulheres com menarca precoce e/ou menopausa tardia (UNLU et al.,
2017).

Finalmente, diferentes fatores relacionados ao estilo de vida, incluindo obesidade
(mulheres na pos-menopausa), consumo excessivo de alcool, sedentarismo e tabagismo,
associados a um padrdo alimentar ndo saudavel foram correlacionados ao desenvolvimento de
tumores mamarios. Evidéncias demonstraram que até 50% dos casos de CAM podem ser
prevenidos por praticas saudaveis ao longo da vida (ARTHUR et al., 2020). De fato, a taxa de
sobrevivéncia das pacientes com CAM aumentou significativamente no mundo ocidental nas
ultimas décadas, devido a mudangas de comportamento das mulheres em relagdo a saude, maior
e melhor acesso a ferramentas de diagnoésticos, triagem populacional bem-organizada e
tratamento apropriado. Na Australia, a sobrevida relativa de cinco anos da doenca melhorou de
74% em 1985/1989 para 91% em 2011/2015 (BASU et al., 2020). Nesse contexto, o diagndstico
precoce continua sendo uma estratégia crucial para o seu controle. A detec¢ao em estagio inicial
contribui para um melhor progndstico das pacientes, pois pequenos eventos nao metastaticos
podem ser tratados de forma eficaz (CEDOLINI et al., 2014). Diferentes tecnologias estao

disponiveis, como mamografia, ultrassonografia, ressonancia magnética e biopsia. Os métodos
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de imagens baseados em radionucleotideos, incluindo SPECT (Tomografia por emissdao de
foton tnico) e PET (Tomografia por emissdo de positrons) também tém contribuido
significativamente nas decisdes clinicas relacionadas a doenca (SHAMSI, 2017).

A mamografia utiliza imagens de raio X e ¢ amplamente difundida entre a populagao
(GOTZSCHE; JORGENSEN, 2013). Associada a uma redu¢do na mortalidade, tem sido o
método com maior custo/beneficio no rastreamento do CAM até o momento. No entanto, os
resultados falsos-negativos variam de 10 a 30%, sua sensibilidade diminui acentuadamente
quando o tecido mamario ¢ denso e para pequenas lesdes sua eficiéncia ainda ¢ discutivel
(CHEN et al., 2021; KO; MORRIS, 2019). A ultrassonografia pode superar as limita¢des da
mamografia em alguns pacientes, sendo uma ferramenta de rastreamento adicional. E utilizada
rotineiramente como medida para distinguir lesdes benignas de malignas, pois pode diferenciar
entre cistos e tumores solidos (GARTLEHNER et al., 2013; LERMAN et al., 2006).

A ressonancia magnética engloba um espectro de técnicas que permitem que processos
fisiologicos e moleculares prévios as alteragdes morfologicas sejam visiveis. E amplamente
utilizada para o diagnostico médico, estadiamento e acompanhamento da doenga. A ressonancia
magnética dindmica com contraste ¢ considerada um dos principais métodos, sendo capaz de
distinguir lesdes benignas das malignas (DONG et al., 2021; O’FLYNN; DESOUZA, 2011).
Contudo, resultados falsos-positivos podem levar a mastectomias desnecessarias (CHEN et al.,
2021; LEITHNER et al., 2018; PAVIC et al., 2004). J4 o SPECT utiliza radionucleotideos
capazes de identificar, sistemicamente, canceres primarios e metastaticos. Estudos
demonstraram que a utilizagdo do SPECT-CT pode melhorar a localizagdo de linfonodos pré-
operatorios em pacientes com CAM, detectar nodulos que antes ndo eram encontrados, excluir
falsos-positivos e localizar com precisao nodulos axilares (HUSARIK; STEINERT, 2007).

Para a confirmag¢do diagnostica, a biopsia ¢ realizada e o tumor estadiado (AKRAM et
al., 2017). O estadiamento para classificagdo de tumores malignos (TNM), publicado pelo
American Joint Committee on Cancer (AJCC), utiliza informagdes clinicas e patoldgicas do
tamanho do tumor (T), o status dos linfonodos regionais (N) e metastases a distancia (M). A
classificagdo T descreve o tamanho da lesdo principal (primaria) e se esta se espalhou para a
pele ou para a parede toracica sob a mama. Portanto, valores elevados de T denotam um tumor
maior ¢ ou uma disseminagdo mais ampla para os tecidos proximos a glandula. Para N sdo
utilizados valores de 0 a 3, os quais indicam se o cancer atingiu os linfonodos proximos a mama
e, em caso afirmativo, quantos estdo envolvidos. Ja o critério M, seguido por 0 ou 1, indica se

ha metéstases em orgaos distantes (AMERICAN CANCER SOCIETY)



20

O grau histologico também ¢ avaliado de acordo com o sistema de classificagdo de
Nottingham. Para 0 CAM, o Grau 1 caracteriza o tecido com elevada homologia com a unidade
lobular do ducto terminal mamario normal, baixo pleomorfismo nuclear e baixa contagem
mitdtica. O Grau 2 ¢ definido como intermediario e, no Grau 3, o tumor se encontra pouco
diferenciado, com grau acentuado de pleomorfismo celular e mitoses frequentes, sem formagao
tubular (RAKHA et al., 2010) (Figura 3). Na tltima edicdo (AJCC/TNMS), as informag¢des
referentes ao TNM, grau e expressao de receptores nas células malignas foram reunidas,

estratificando a doenga em 4 estagios (0, I, I, III e IV) (TSANG; TSE, 2020).

Figura 3: Grau histologico do cincer de mama avaliado pelo sistema de gradaciao de Nottingham A. Grau 1.

B. Grau 2 e C. Grau 3.
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Fonte: Breast cancer prognostic classification in the molecular

(2010).

O CAM ¢ classificado molecularmente, sendo estabelecidos quatro subtipos principais:
luminal A, luminal B, HER2-enriquecido (HER2E) e triplo-negativo (MOHAMMED, 2021).
Nestes, sdo considerados os padrdes de expressdo do receptor de estrogénio o (RE), do receptor
de progesterona (RP) e do receptor de crescimento epidérmico humano tipo 2 (HER2)
(KOBOLT, 2012). O estrogénio interage com o RE e o dimero resultante se liga a elementos
responsivos ao hormonio no DNA, recrutando cofatores de transcricdo e coordenando a
expressao de genes que regulam a proliferacdo e diferenciacdo de células mamarias
(SALVADOR; LLORENTE; GOMIS, 2019). As duas formas do RE, a e 3, sdo codificadas por
dois genes diferentes, o receptor de estrogénio 1 e 2 (ESRI e ESR2), respectivamente. O REa é
utilizado na rotina clinica e as fungdes desempenhadas pelo REP ¢ amplamente discutida na
literatura cientifica (YIP; RHODES, 2014). A progesterona, por sua vez, se liga de maneira
semelhante ao estrogénio aos receptores nucleares, sendo expressa em duas isoformas
diferentes, PRA e PRB. Estas se ligam ao RP, dimerizam e interagem com os elementos
responsivos a progesterona, regulando, também, a expressao génica. Na mama, sugere-se que

a progesterona estimula o epitélio mamario humano normal por meio de um mecanismo
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paracrino e ¢ um fator de risco para o CAM, ja que promove a progressdo pré-neopldsica
(TRABERT et al., 2020). Finalmente, o HER2 é uma proteina presente na superficie das células
do epitélio da glandula mamaria normal. Sua superexpressao ¢ identificada em
aproximadamente 20% dos CAMs, demonstrando seu papel na instabilidade genomica e
proliferacdo excessiva. Atualmente, 0o HER2 ¢ considerado um fator de progndstico importante
(DRAGANESCU; CARMOCAN, 2017), uma vez que sua amplificagio ativa
constitutivamente sua atividade tirosina quinase e estimula a via da proteina quinase ativada
por AKT/mitégeno. A amplificagdo do HER2 aumenta a hipersensibilidade celular a familia
fator de crescimento epidérmico (EGF) e contribui para a progressao tumoral (SALVADOR;
LLORENTE; GOMIS, 2019).

Os canceres de mama luminal sdo RE positivos e sdo divididos em dois subgrupos. O
luminal A é o mais comum, de baixo grau e com melhor prognéstico. E positivo para o RE e
RP, e negativo para HER2. Os canceres luminais B tendem a possuir grau mais alto e pior
prognostico, quando comparado ao luminal A. Expressam, em geral, niveis menores de RE e
superexpressam genes relacionados a proliferacdo, com ki67>14%. Além disso, podem
expressar HER2 juntamente com um dos receptores hormonais, sendo, nesse caso, definidos
como hibridos (PROVENZANO; ULANER; CHIN, 2018; TSANG; TSE, 2020; VUONG et
al., 2014, HARBECK 2019).

O subtipo HER2E compreende aproximadamente 15% de todos os canceres de mama
invasivos sendo negativos para RE e RP (PROVENZANO; ULANER; CHIN, 2018; TSANG;
TSE, 2020; VUONG et al., 2014). Também expressam altos niveis de tirosina quinase 2 do
receptor erb-b2 (ERBB2), (GRB7, PNMT, STARD3, PGAP3 e MGC1483) (HONGISTO,
2014). Os tumores HER2E estdo associados a um fenotipo agressivo de células tumorais,
resisténcia a terapias citotoxicas anti-hormonais e baixa sobrevida global (GULBEN et al.,
2014).

Os tumores que ndo apresentam RE, RP e HER2 sdo classificados como CAM triplo
negativo (CMTN) e correspondem a 15-20% dos casos (GARRIDO, STRO; LIN; POLYAK,
2019). Sao lesdes invasivas e aproximadamente 46% dos pacientes irdo apresentar quadro de
metastase, a qual atinge Orgdos viscerais € o cérebro. O tempo médio de sobrevida apos o
primeiro evento metastatico € de apenas 13,3 meses e a taxa de recorréncia pos-cirurgica chega
a 25%. Apos esta, a taxa de mortalidade atinge 75% (YIN et al., 2020).

Diversos estudos demonstraram que diferentes subtipos biologicos estdo associados a

respostas diversas ao tratamento, e, consequentemente, a distintos desfechos da doenga.
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Atualmente, a decisdo terapéutica considera a classificagdo do tumor, seu grau, estagio e subtipo

molecular (FRAGOMENI; SCIALLIS; JERUSS, 2018).

2.3 Cancer de mama: tratamento

A terapia do CAM envolve multiplas abordagens, incluindo cirurgia de lesoes operaveis,
radioterapia, terapia endocrina e/ou terapia alvo, imunoterapia e quimioterapia neoadjuvante
(antes da cirurgia) ou adjuvante (apds a cirurgia) (FISUSI; AKALA, 2019). A decisdo ¢ baseada
nas necessidades e preferéncias de cada paciente, objetivando a cura e preservando a seguranga
(HEIL, 2020). A terapia neoadjuvante foi inicialmente desenvolvida como tratamento de
resgaste em CAM ndo metastatico, mas inoperavel. Posteriormente, foi utilizada em pacientes
antes da cirurgia que possuem tumores grandes e operaveis, a fim de reduzir a extensdo da
cirurgia. Mais recentemente, essa abordagem foi estendida a pacientes com tumores menores
para monitorar a resposta e adaptar os tratamentos (MONTEMURRO; NUZZOLESE;
PONZONE, 2020).

A mastectomia foi o procedimento padrao para o tratamento do CAM no inicio do século
20, uma vez que se acredita que a doenga metastatizava de forma ordenada via disseminagao
loco-regional, o que tornava a cirurgia curativa (COTLAR; DUBOSE; ROSE, 2003). Estudos
subsequentes ndo demonstraram os beneficios da mastectomia radical em comparagdo com
procedimentos cirlirgicos menos agressivos € evidenciaram que a recorréncia a distancia
permaneceu preocupante, independente do procedimento cirargico primario (FISHER et al.,
2002; FISHER et al., 2002). Nesse sentido, as técnicas cirurgicas tém priorizado as praticas
conservadoras e o tratamento padrdo para CAM em estagio inicial ¢ a terapia de conservagao
da mama, seguida de radioterapia com ou sem agentes sist€émicos adjuvantes (CAVALCANTE
et al., 2020.

Gupta e colaboradores (2018) apontaram que o tratamento adjuvante com radiacdo
reduz significativamente a recorréncia loco-regional apos a cirurgia conservadora, resultando
em um melhor prognodstico (GUPTA; OHRI; HAFFTY, 2018). Além disso, as diretrizes mais
recentes da National Comprehensive Cancer Network (NCCN) recomendam a radioterapia
fracionada convencional, que consiste em uma dose total de 45,0 Gy e 50,4 Gy administrada
em 25 a 28 fragdes ao longo de 5 semanas ou mais (LIU et al., 2020). No entanto, os beneficios

da radioterapia precisam ser equilibrados com os riscos. Apds a terapia com radiagao, foram
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identificadas algumas doengas que podem aumentar o risco de mortalidade do paciente, como
doengas cardiacas, cancer de pulmao e de es6fago (TAYLOR et al., 2017).

Nas estratégias sistémicas, os medicamentos utilizados sdo classificados em
hormonioterapia, terapia-alvo e quimioterapia, os quais podem ser administrados
separadamente ou em combinagdo (SHIEN; IWATA, 2020). A terapia hormonal (TH) ¢ um
tratamento que suprime a producdo de hormoénios ou interfere na sinalizacdo do receptor
hormonal para prevenir o desenvolvimento tumoral. A grande parte dos tumores na mama ¢
positiva para receptores hormonais e ¢ tratavel com TH. Os medicamentos mais comumente
prescritos para a terapia enddcrina adjuvante sdo os moduladores seletivos do receptor de
estrogénio, como o Tamoxifeno, e inibidores de aromatase (IAs), como Letrozol, Anastrozol e
Exemestano (PEDDIE et al., 2021).

O tamoxifeno combinado com quimioterapia reduz o risco de recorréncia da doenca,
particularmente em mulheres na pré-menopausa. No entanto, o tamoxifeno ndo deve ser
utilizado em mulheres com tumores negativos para o RE (AAPRO, 2001). Por muitos anos,
esse farmaco vem sendo utilizado como terapia adjuvante endocrina padrdo para o CAM.
Contudo, cerca de 63% das pacientes apresentam eventos adversos como ondas de calor,
sangramento e corrimento vaginal, cancer do endométrio, histerectomia, distirbios
cerebrovasculares isquémicos e tromboembolia venosa (PEREZ, 2006). A Aromatase ¢ uma
enzima que converte o anel de enona dos precursores de androgenos, como a testosterona, em
um fenol para a sintese de estrogénio. Os [As sdo utilizados para bloquear a produgdo de
estrogénio ou bloquear a sua a¢ao nos receptores, ou seja, aplicaveis a mulheres que expressam
RE (KHARB et al., 2020). Pacientes tratados com [As, comparados com aqueles tratados com
tamoxifeno, desenvolvem, mais frequentemente, hiperlipidemia, hipercolesterolemia e
hipertensdo, que sao fatores de risco para doengas cardiovasculares (FOGLIETTA et al., 2017).

O trastuzumabe, um anticorpo monoclonal que se liga a0 dominio extracelular do
HER?2, ¢ a terapia-alvo mais antiga adotada para o controle do CAM. Lesdes HER2E possuem
baixa resposta a TH e um elevado risco de metéstase, recorréncia e obito. Portanto, a inibicao
da sinalizacdo de HER2 melhorou o prognoéstico dessas pacientes e naquelas com CAM
metastatico, quando utilizado em conjunto com outros quimioterdpicos (BRADLEY et al.,
2021; NICOLAZZI et al., 2018). No entanto, ndo estd claro como o nivel de amplificacao de
HER?2, as caracteristicas do tumor (em particular o status de expressao de RE ou RP) ou outros
fatores de risco a que a paciente estd exposta podem influenciar na magnitude e no beneficio

do tratamento. O trastuzumabe é um medicamento caro e associado a toxicidade cardiaca,
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principalmente quando administrado com antraciclinas (BRADLEY et al., 2021). De acordo
com a literatura cientifica, pacientes que recebem trastuzumabe apresentam um risco 9,54 vezes
maior de insuficiéncia cardiaca quando comparado aqueles que ndo fizeram uso do
medicamento (LONG et al., 2016).

Para o CMTN, recentemente, os inibidores de poli (ADP:ribose) polimerase (PARP)
Olaparibe e Talazoparibe foram aprovados para pacientes com mutagdo germinativa de BRCA
(LYONS, 2019). BRCAI e BRCA?2 codificam para proteinas que reparam danos no DNA e, no
CAM, mutagdes germinativas e inativagao bialélica comprometem esse sistema. PARPs sao
reguladores criticos da reposta celular a danos no DNA e da estabilidade da forquilha de
replicagdo. Em células tumorais mutadas para BRCA e tratadas com inibidores de PARP, ha um
aumento exacerbado do estresse de replicacao e desestabilidade da forquilha, sem possiblidade
de restauragdo mediada pelos supressores tumorais, pois estdo mutados. Assim, as células
morrem por apoptose (SLADE, 2020). A deficiéncia de recombinacdo homdloga e a inibi¢ao
da PARP demonstraram letalidade sintética por diferentes mecanismos relacionados a inibi¢ao
catalitica da enzima e aprisionamento de complexos PARP-DNA (PANTELIDOU et al., 2019;
TUTT et al., 2021). No estudo EMBRACA, foi realizado um ensaio clinico controlado de fase
3 envolvendo pacientes com CAM avancado com mutagdo germinativa BRCA1/2 e, para
aqueles tratados com Talazoparibe, o risco de progressdao da doenga ou morte foi 46% menor
(LITTON et al., 2018). O estudo OlympiA demonstrou que um ano de terapia adjuvante com
Olaparibe pode reduzir significativamente o risco de recorréncia e prevenir a progressao para
metastase para pacientes portadoras dessas mutacdes (TUTT et al., 2021).

Para CMTN, atualmente, também se encontra disponivel a imunoterapia utilizando
Atezolizumabe, um inibidor do ligante de morte programada 1 (PD-L1) que impede sua
interagdo com a proteina de morte programada 1 (PD-1) e B7-1 (uma proteina de superficie
celular coestimuladora), revertendo a supressdo de células T. O receptor de PD-1 ¢é regulado
positivamente em células T ativadas e se liga a dois ligantes conhecidos, PD-L1 e PD-L2. Por
meio de interagdes PD-L1 e PD-1 ocorre a inativagdo de células T, comprometendo a resposta
imunoldgica contra as células tumorais (PARDOLL, 2012). O bloqueio por anticorpos
monoclonais direcionados ao PD-L1, PD-1 e ao antigeno:4 associado a linfocitos T citotoxicos
pode restaurar a imunidade anti-cancer pré existente e obter uma resposta clinica duradora em
varios tipos de tumores (SUGIE, 2018).

Um estudo randomizado de fase 3 (Impassion 130), avaliou a atividade de nab-paclitaxel

combinado com o atezolizumab como terapia de primeira linha para o CMTN avangado
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localmente ou inoperavel. A combinagdo levou a uma sobrevida livre de progressao
significativamente maior do que o grupo controle (KWAPISZ, 2021; SCHMID, 2020).
Pembrolizumab (Keytruda, Merck Sharp & Dohme), um anticorpo monoclonal anti PD-1,
demonstrou atividade antitumoral com efeitos adversos de baixo impacto em pacientes com
CMTN metastatico, especialmente quando utilizado como tratamento de primeira linha.
Quando combinado com quimioterapia neoadjuvante, com ou sem carboplatina, apresentou
atividade antitumoral promissora, sem grandes alteracdes nos efeitos adversos graves nos
pacientes (SCHMID et al., 2020).

Finalmente, a quimioterapia visa eliminar células transformadas que escaparam do
tumor primario antes ou apds o procedimento cirurgico. Dados demonstraram que a
quimioterapia adjuvante melhora a sobrevida livre da doenga e a sobrevida global em pacientes
com CAM (EARLY BREAST CANCER TRIALISTS’COLLABORATIVE GROUP
(EBCTCG), 2005). As antraciclinas se destacam nessa estratégia, sobretudo para o CAM em
estagio inicial. A doxorrubicina (Adriamycina, Laboratorio Bedford) e a epirrubicina (Ellence,
Pfizer Pharmaceuticals) sdo as mais utilizadas na pratica clinica (KHASRAW; BELL; DANG,
2012). A doxorrubicina intercala com o DNA e inibe a topoisomerase II estabilizando-a e
impedindo que a dupla hélice do DNA seja reestabelecida, o que interrompe a replicagdo e
interfere nos mecanismos moleculares. Também ¢ capaz de gerar radicais livres que induzem
danos a0 DNA e a membrana celular, conduzindo a apoptose (RIVANKAR, 2014). A
epirrubicina ¢ um analogo da doxorrubicina, com maior permeabilidade da membrana celular
e alta eficdcia no tratamento do CAM, linfoma ndo Hodgkin, cancer de ovario e sarcomas de
tecidos moles, por exemplo (KHALESEH et al., 2021). Apesar da sua eficadcia comprovada, as
antraciclinas geralmente causam alopecia, mielossupressao e reagdes gastrointestinais. Além
disso, a cardiotoxicidade foi relata como associada a dose cumulativa do farmaco, podendo ser
aguda, crdnica e tardia. Sdo frequentemente progressivas e irreversiveis, levando a disfun¢ao
ventricular, insuficiéncia cardiaca e arritmia (ZHANG et al., 2021).

A adicdo de um taxano no tratamento contendo antraciclina, seja apds ou concomitante
ao tratamento, reduz ainda mais o risco de recorréncia (SPARANO et al., 2008). Sdo exemplos:
Paclitaxel e Docetaxel. Essa classe de medicamento estabiliza os microtubulos, inibindo sua
despolimerizagao e conduzindo a parada da divisdo celular e a degradacao cromossdmica em
fusos multipolares anormais (HORWITZ, 2004; SCHIFF; FANT; HORWITZ, 1979,
WEAVER, 2014; ZASADIL et al., 2014). No entanto, o paclitaxel contém uma combinacao de

6leo de ricino polietilado e etanol como solventes para aumentar sua solubilidade, o que o torna



26

toxico e responsavel por reacdo de hipersensibilidade e neuropatia periferia prolongada
(ZONG; WU; SHEN, 2017).

Apesar das diferentes estratégias, individuos ndo reagem as terapias, o tumor primario
aumenta ¢ metastases linfonodais ou novas metastases a distancia sdo passiveis de ocorrer
durante a quimioterapia (JIANG et al., 2021). A progressao metastatica depende de etapas
biologicas especificas que precisam ser direcionadas para melhorar as estratégias terapéuticas
atuais (MASSAGUE, 2016). Embora os avangos na deteccdo precoce € na terapia tenha
resultado na reducdo de 38% na taxa de mortalidade por CAM, os Obitos sdo crescentes.

Portanto, ha uma critica necessidade de abordagens inovadoras para a terapia do CAM.

2.4 Metalofarmacos no tratamento de tumores

Os metais e seus compostos tém sido explorados na medicina desde o inicio da historia.
De fato, complexos metalicos exibem uma série de propriedades tnicas em comparagdo com
as substancias puramente organicas. Esses complexos decorrem da presenga do &tomo metalico
e do arranjo variavel de ligantes em torno desse atomo central (HABALA, 2018), o que
determina seu estado de oxidacdo e sua geometria de coordenacdo (LAZEREVIC, 2017).

Metalofdrmacos se destacam na oncologia (HABALA, 2020). A cisplatina [cis-
diaminodicloridoplatina (II)], aprovada para uso clinico em 1978, ¢ um dos complexos mais
amplamente utilizados no tratamento de cancer de testiculo, ovario, bexiga, pulmao, cervical,
cabeca e pescoco, gastricos, prostata e mama. Contudo, efeitos colaterais adversos sdo
descritos, como problemas renais graves, reacdes alérgicas, diminui¢do da imunidade,
distirbios gastrointestinais, hemorragia e perda auditiva, principalmente em pacientes mais
jovens. Atualmente, encontram-se disponiveis drogas de platina (Pt) de segunda geracao, como
carboplatina [cis-diamina (1,1 — ciclobutanodicarboxilato) platina (I1)], aprovada em 1993, ou
oxaliplatina [trans-R, R-ciclohexano — (1, 2 — diamina) oxalatoplatina (II)], aprovada em 2002,
utilizadas para superar a resisténcia aos medicamentos e reduzir a toxicidade (DASARI, 2014).
No entanto, também estdo associadas a efeitos colaterais graves, como por exemplo,
ototoxicidade, neurotoxicidade, nefrotoxicidade e mielosupressao, bem como desenvolvimento
de resisténcia (MATOS, 2012).

Embora a quimioterapia a base de platina seja o tratamento quimioterapico de primeira
linha para a maioria dos cénceres, a resisténcia a estes medicamentos ainda ¢ um grande

obstaculo na obtencdo de um tratamento bem-sucedido. Essa resisténcia ¢ atribuida



27

principalmente a trés mecanismos: (1) diminui¢do do acimulo do farmaco nas células, (2)
inativacgao da droga e (3) aumento da capacidade de reparo do DNA (SPIRA, 2004; AMABLE,
2016). Inicialmente, a maioria dos pacientes responde muito bem, no entanto, a recorréncia de
tumores resistentes a platina representa um evento comum, geralmente associado a
disseminag¢do tumoral e metéastase (SONEGO, 2019).

Composto metalicos geralmente se ligam ao DNA gendmico (gDNA) ou DNA
mitocondrial (mtDNA) promovendo lesdes e bloqueando a sintese de acidos nucleicos, a
transcricao e tradugdo. Por conseguinte, sdo ativados mecanismos de morte como necrose ou
apoptose (GHOSH, 2019). A instabilidade gendmica ¢ uma das marcas do cancer e o reparo
de quebras da dupla fita em células normais é mediado por recombinagdo homologa e unido de
extremidade ndo homologa propensa a erros. J&4 foi descrito que o Receptor de Andrégeno
regula genes de resposta a danos no DNA (RYAN et al., 2013), o que sugere um papel
interessante de complexos metalicos no tratamento do cancer de prostata avancado. Além disso,
esses compostos induzem estresse oxidativo, com a producao de espécies reativas de oxigénios
(EROS) e peroxidagao lipidica, ativam a cascata de p53 e a parada do ciclo celular, e regulam
negativamente os proto-oncogenes e proteinas anti-apoptoticas (DASARI, 2014)

Os metais da primeira série de transi¢ao Mn, Fe, Co, Cu, Zn e Mo, juntamente com os
metais alcalinos e alcalinos terrosos como Na, K, Mg e Ca, sdo essenciais para a fisiologia
humana. No corpo humano, o Zinco - Zn (II), depois do ferro, € o segundo oligoelemento mais
abundante (PORCHIA, 2020). O Zn(Il) atua ndo apenas como cofator para as func¢des
enzimaticas, mas também como um componente essencial para os fatores de transcri¢ao (TFs)
contendo dedos de zinco (ZF) e para enzimas envolvidas no estresse oxidativo e no reparo do
DNA (LI, 2021). Todas as células mantém a concentragdo de zinco e sua distribui¢do
intracelular ideal para suas atividades, variando em diferentes orgdos (COSTELLO;
FRANKLIN, 2016). De fato, o ion Z (II) ¢ um dos conjugados mais comumente usados para
quelacdo de compostos divalentes metdlicos (MACDONALD, 2000). Previamente, foi
demonstrado que um novo complexo Zn(II) contendo um ligante de rutina (Rutina:zinco (II))
foi citotoxico a células de leucemia, mieloma multiplo e melanoma, sem efeito significativo
sobre células normais in vitro (IKEDA, 2015).

Para transportar a carga dos ions metalicos, as bases de Schiff sdo compostos organicos
com propriedades biologicas versateis, amplamente utilizados e sintetizados pela rea¢do de
condensacdo de diferentes compostos amino com aldeidos ou cetonas, conhecidas como imina.

O tipo de metal e a complexidade da base de Schiff desempenham um papel importante na
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poténcia desses compostos como agentes quimioterapicos. As bases de Schiff complexadas a
ions metalicos interagem diretamente com a membrana celular e causam danos por estresse
oxidativo (MILOSAVLIJEVIC, 2016, MORE, 2019; OLIVEIRA, 2019).

As semicarbazonas (SCs) sdo um derivado de imina, geralmente obtido pela
condensac¢do da semicarbazida com aldeido e cetona adequados (MORE, 2019). A presencga se
atomos de nitrogénio e oxigénio como atomos doadores na estrutura central das semicarbazonas
confere a este composto uma importancia especial na quimica organica e medicinal devido a
sua capacidade de se coordenar com muitos ions metalicos (AL:WABLI, 2019). Tém sido
amplamente estudadas por suas atividades anticonvulsiva, antimicrobiana, pesticida, sedativa,
anti-protozoario e anticancer (QAZI, 2018). Seus mecanismos de acdo envolvem a inibi¢ao
enzimatica, alteragcdo das reacoes redox, interagdes no DNA ou inibicdo da sintese de acidos
nucleicos (BERALDO, 2004). Derivados de semicarbazona foram previamente sintetizados
contendo a porcao fenil e demonstraram atividades anticancer in vitro nas linhagens HT29, SK-
N-SH, MDA-MB231 ¢ MKN45 (MA, 2019).

As tiossemicarbozonas (TSCs) sdo uma classe de bases de Schiff geralmente obtidas
pela condensagdo da tiosemicarbazida com um aldeido ou cetona adequados. A sintese e
desenvolvimento desses derivados tém se destacado devido a grande variedade de atividades
farmacologicas que exibem (SOLIMO, 2018). Possuem agdes antibacteriana, antiviral,
antiparasitaria, antifingica, antimalarica e, particularmente, anticancer. Atualmente, existem
diversos candidatados a medicamentos baseados em TSC relatados para terapia oncoldgica
(ZHANG, 2020). De fato, as TSCs apresentam um amplo espectro antitumoral, com eficicia
em leucemia, cancer de pancreas, de mama, de pulmao, cancer cervical, cancer de prostata e
cancer de bexiga (SHAKYA, 2020). Além do amplo perfil farmacologico das
tiossemicarbazonas, esta classe de compostos também apresenta alta versatilidade quimica,
permitindo inimeras modificagdes estruturais. Essas estruturas também podem atuar como
ligantes de complexos metalicos, podendo se coordenar via &tomos de enxofre e/ou nitrogénio,
dependendo dos diferentes substituintes da sua estrutura, que trazem uma gama de
possibilidades de variagdes sistematicas (OLIVEIRA et al., 2023). Sua atividade ¢ relacionada
a quelagdo de ions metalicos, perturbando a homeostase intracelular de metais, formando
complexos redox ativos com a geragcdo de ERO e interferindo na agdo de diferentes proteinas
PARP, proteina quinase ativada por mitogeno (MEK) e do receptor do fator de crescimento
epidérmico humano (EGFR) (HAGER, 2016). Além disso, quelantes de TSC atuam na sintese

de DNA através da estabilizacdo dos complexos clivaveis formados pela acdo entre a
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topoisomerase II e 0o DNA. Essa estabilizacdo ocorre devido a alquilagdo de tiol no complexo
topo II-DNA, o que demonstra seu potencial antiproliferativo (HE, 2020; SIQUEIRA, 2019).
Pesquisas evidenciaram que o atomo de oxigénio / enxofre e os atomos de nitrogénio das SCs/
TSCS podem interagir com quinases por meio de ligagdes de hidrogénio, inibindo-as (LIU,
2014). Além disso, complexos de paladium (II) com tiossemicarbazonas inibiram
topoisomerase I, sendo este, também, um possivel mecanismo de agdo (OLIVEIRA et al.,
2019).

In vitro, orto-Naftoquinona tiossemicarbazona (NQTS), bem como naftoquinona
semicarbazona (NQSC) e seus diferentes complexos de Ni(II) foram investigados por sua
atividade anticancer em células de cancer de mama MCF-7. Observou-se que o complexo de
niquel com NQTS e NQSC possuem maior atividade inibitoria da proliferacdo celular do que
os ligantes livres, sugerindo propriedades anticancer desses compostos (AFRASIABI, 2005;
MORE, 2019). Majzoub e colaboradores (2019) também relataram um potente efeito
anticancerigeno do derivado 4 da cisplatina com tiossemicarbazona, contra células de CMTN
(MDA-MB 231), ao modular a atividade e expressao de diferentes elementos celulares (p53,
Bax, Bcl2, PARP e miRNAs) e desencadear apoptose celular (MAJZOUB, 2019).

Ao avaliar a atividade de trés complexos de Zn(II)-criptolepina glicosada, dois dos trés
complexos foram ativos contra c€lulas de cancer de ovario resistentes a platina, os complexos
foram capazes de desencadear a apoptose através de vias de mitofagia (ZHOU et al., 2022).

Derivados de hidrazona e acilhidrazona, produzidos a partir de um aldeido reagente com
hidrazina ou acilhidrazina, também apresentam efeitos interessantes como antiinflamatorio,
anticonvulsionante e antitumoral. No entanto, 0os mecanismos exatos permanecem incertos.
Trabalhos anteriores demonstraram que derivados de piridoxal hidrazona ou acilhidrazona

podem inibir a proliferacao celular in vitro (CHEN, 2019).

2.5 O potencial da vitamina D

A vitamina D3 (VD), também chamada de Calcitriol, € um hormdnio esteroide essencial
ao equilibrio funcional, obtida através de alimentos ricos em calcio, incluindo produtos lacteos
e peixes, ou pela acdo da luz UV-B na pele (DELUCA, 2004; GARLAND et al., 2006). A VD
¢ primeiramente convertida em 25 — hidroxivitamina D (25(OH)D), seu principal metabdlito
circulante, pela enzima 25-hidroxilase no figado. A 25(OH) D sofre, entdo, uma segunda

hidroxilagdo no rim pela enzima la-hidroxilase (CYP27BI1), formando la,25-di-
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hidroxivitamina D3 (1,25(OH):D3), a forma biologicamente mais ativa da vitamina D
(BANDERA, 2017; GIOVANNUCCI, 2008). A principal fun¢do da VD é manter a homeostase
de célcio e fosfato no organismo, atuar no metabolismo dsseo, e regular a resposta imunolédgica
e o crescimento, a diferenciacao e a morte celulares (HOLICK, 2003; HOLICK, 2007).

A VD exerce sua fung¢do através do Receptor de Vitamina D (VDR), um receptor nuclear
que modula a transcri¢do de genes alvos. Uma vez dentro da célula, 1,25 — dihidroxivitamina
D3, pode ser inativada pela 24-hidroxilase mitocondrial ou pode ligar-se ao VDR. Essa ligagao
ativa o receptor que transloca do citosol para o ntcleo, onde se heterodimeriza com o receptor
retindide X (RXR). O complexo VDR/RXR se liga a sequéncias especificas na regiao
promotora dos genes alvos, chamados de elementos de resposta a Vitamina D (VDRE), recruta
fatores de transcricdo basais e moléculas co-reguladoras para aumentar ou inibir a taxa de
transcri¢do génica (DUSSO, 2003).

A expressao de VDR tem sido correlacionado ao progndstico de pacientes com CAM
(BERGER et al., 1988; FRIEDRICH et al., 2002; HAUSSLER et al., 1998; HUSS et al., 2019;
NARBAITZ et al., 1981). Além disso, diante de seus beneficios, terapias combinadas de VD
com agentes anticancerigenos para inibir multiplas vias oncogénicas tém sido exploradas (LIM
et al., 2018). De fato, o calcitriol vém apresentando efeitos sinérgicos ou aditivos com drogas
antineoplasicas (SEGOVIA-MENDOZA et al., 2021).

Ao avaliar os efeitos do tratamento combinado de ruxolitinibe, um inibidor da via Janus
quinase (JAK), e calcitriol em linhagens de CM ER e HER-2 positivos, foi observado um efeito
sinérgico entre os compostos (LIM et al., 2018). Uma revisdo de Negri et al., também relatou
que a VD possui capacidade de aumentar a eficacia da terapia convencional e combater a
resisténcia a medicamentos, ampliando seu potencial clinico na drea oncoldgica (NEGRI et al.,
2020). Portanto, explorar novos compostos € novos desenhos terapéuticos € essencial na busca
de alternativas para o tratamento de tumores agressivos, resistentes e responsaveis por um

expressivo nimero de mortes.
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Abstract

Triple-negative breast cancer (TNBC) is the molecular subtype of breast cancer (BC) that has
most challenged clinical practice, with a worse prognosis associated with restricted treatment
strategies and insensitivity to conventional drugs. Zinc is an important trace element for
homeostasis and Schiff base metal complexes have been promise in the treatment of advanced
tumors. Herein, four new Zn(IT) complexes (1-4) with Schiff bases made by semicarbazones,
hydrazones, and thiosemicarbazones were designed, synthesized and evaluated for their in vitro
activity in BC cells. The four complexes were cytotoxic to MCF-7 (luminal BC), MDA-MB-
453 (HER2-positive BC), and MDA-MB-231 (TNBC) cell lines, with ICso values ranging from
0.01 to 20 uM. However, Complex 4 demonstrated to be less cytotoxic to non-tumor cell lines
and complexation with Zn(II) increased the cytotoxicity of the ligands, which was not observed
for Complexes 1-3. Complex 4 was therefore selected for subsequent assays, and inhibited
colony formation and cell migration of TNBC cells in a dose-dependent manner. Furthermore,
this compound induced cell-death independently of caspase, decreasing the activity of caspase
8. Interestingly, Complex 4 sensitized TBNC cells to Doxorubicin and Paclitaxel, possibly
modulating the epithelial-mesenchymal transition mechanism, as it increased CDHI
expression. Finally, Complex 4 was synergistic in combination with vitamin D. Thus, our
results suggest the potential of Complex 4 in sensitizing aggressive BC cells to chemotherapy

treatment, proving to be a promising strategy in cases of therapeutic failure.

Keywords Zinc(II), MDA-MB-231, breast cancer, chemotherapy

1. Introduction

Cancer is one of the main causes of death worldwide, being an important barrier to
increasing life expectancy in all countries. Breast cancer (BC) is the most prevalent, with an
estimated 2.3 million cases in 2020 and 685,000 deaths [1]. The incidence of BC has an
increasing profile, and epidemiological data were severely impacted by the COVID-19
pandemic, so many women opted to delay healthcare treatment, which suggests the occurrence
of severe cases of the disease in the coming years [2].

BC is a heterogeneous disease with a complex of molecular alterations that drive its
development and progression. In this context, breast tumors are classified molecularly, which

has guided the clinical management to biology- centered approaches. Currently, five subtypes
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are adopted and those that express estrogen receptor (ER) and/or progesterone receptor (PR)
are considered hormone receptor- positive BCs, whereas triple negative breast cancer (TNBC)
are those that do not express ER, PR or human epidermal growth factor receptor 2 (HER2) [3].
Unfortunately, therapeutic strategies for triple-negative tumors are restricted and still focused
on surgery and chemotherapy or radiotherapy. Despite presenting a higher pathological
complete response (pCR) rate to taxanes, anthracyclines-based or platinum-based systemic
therapy, TNBC are often poorly differentiated, highly aggressive and with the worst prognosis
[4]. About 46% of patients present distant metastases, mainly in the third year after diagnosis.
In these cases, the tumor can affect the brain and visceral organs, and the mortality rate reaches
75% within three months after recurrence [5]. Therapeutic resistance contributes to this
scenario, with 50% of patients with TNBC not responding to the drugs routinely used and
progressing to a fatal disease [6]. Therefore, the development of new treatment strategies is
necessary, especially to improve these patient’s prognosis and the quality of life.

Zinc (Zn) is a necessary trace element that regulates normal cellular activity, being a
cofactor for more than 300 enzymes regulating gene expression, enzymatic activity and protein
structure [7]. Therefore, different cellular mechanisms are responsive to Zn homeostasis, such
as apoptosis, autophagy, metabolism, cell proliferation and differentiation, immune response
and cell signaling [8]. In BC, Chandler and colleagues [9] noted abnormal Zn levels associated
with molecular subtypes, grade, invasiveness, metastatic potential and response to therapy.
Although the results are contrasting, high levels of Zn have already been described in tissues
from patients with BC [10]. Therefore, the demand of tumor cells for Zn highlights a new path
to be followed from a therapeutic point of view, in which structural designs and different ligands
can be potentially explored. Zn(II) ions have favored influx into tumor cells, in addition to
having Lewis acidity, innocent redox characteristics, easy exchange of ligands, adaptable
coordination surroundings, and substantial physiological profusion [11].

In fact, the chemistry of coordination compounds has gained significant attention in
oncology with novel metal center and ligands being explored to perform desired biological
functions. Complexes containing Zn(II) have already been shown to be potentially cytotoxic to
lung (A549) [12], ovarian (HeLa) and breast (MCF-7) [13] cancer lines, including TNBC
(MDA-MB-231, MDA-MB-468, HCC1937 and Hs 578T) [14]. Schiff bases are organic
chelates prepared through the condensation between the carbonyl group and primary amine

with anti-inflammatory and antitumor activities [15]. In previous studies, Schiff base Zn(II)
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complexes were synthesized and shown to be cytotoxic, cytostatic and genotoxic to mammary
tumor cells, including in the MCF7, T47-D and MDA-MB-231 breast cancer lineages [16-17].

Herein, we evaluated the in vitro effects of four novel Zn(II) complexes of Schiff base
made by semicarbazones, hydrazones, and thiosemicarbazones, investigating whether these
complexes could impact cell viability, gene expression and the sensitivity of TNBC cells to the

commonly used chemotherapeutics.

2. Materials and Methods

2.1. Chemicals, drugs, and reagents

Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich®. 3-4,5
dimethylthiazol-2, 5 diphenyl tetrazolium bromide (MTT) was purchased from Life
Technologies®. Vitamin D (VD) was purchased from Purifarma®. Paclitaxel and Doxorubicin
were purchased from Sigma-Aldrich®. Crystal Violet was purchased from ACS Cientifica®.
Methanol and Acetic Acid were purchased from Vetec®.

2.2 Synthesis of the compounds

The Zn(II) complexes were obtained in collaboration with Profa. Dr. Carolina
Gongalves Oliveira from the Chemistry Institute (IQ-UFU). For the synthesis of the desired
chelating agents, acetylpyridine, semicarbazide and thiosemicarbazide were used as starting
materials, prepared from an equimolar mixture with acetylpyridine, as previously described
[18]. The syntheses were carried out in methanol solution under reflux for 2 hours.

Mixed Zn(Il) complexes were synthesized from pentacoordinated metal precursor
[ZnCl;] by adding 0.1 mmol ZnCl>-7H>0O to solutions containing the same equivalence of the
desired ligands in EtOH. In complexes, [ZnCl:] chloride ligands are easily labialized allowing
substitution reactions. In this way, it is possible to obtain mixed complexes by reacting the
precursor [ZnClz] with an equivalent of the second ligand in the presence of EtsN under reflux

in MeCN. These reactions allow the obtaining of four novel mixed zinc complexes (Fig. 1)

Fig. 1: Reactions for the preparation of mixed Zinc(Il) complexes
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The ligands and their complexes were characterized in solution by nuclear magnetic
resonance (NMR), conductivity measurement and absorption spectroscopy in the ultraviolet-
visible (UV:vis) region. The solid samples were also characterized by spectroscopy in the
infrared (IR) region, melting point measurement, elemental analysis (CHNS) and determination
of crystalline structure by X-ray diffraction, for which suitable single crystals were obtained.
The complexes were soluble and stable in DMSO.

For the following assays, four mixed zinc complexes were used: [Zn (Hz)(atc—Et)]
(Complex 1), [Zn(atc—Et)(atc — Ch)] (Complex 2), [Zn(atc—Et)(Hsc)]Cl (Complex 3) and
[Zn(Hz)(Hsc)]Cl (Complex 4), four ligands: Hact-Et, Hhz, Hhsc, Hatc-Ch and the metal

precursor ZnCl,.

2.3 Cell culture

For in vitro assays, three tumor cell lines were used: MCF7 (ER-positive BC), passage
29, maintained in Roswell Park Memorial Institue medium (RPMI-1640, Gibco®); MDA-MB-
453 (HER2-positive BC),passage 31, grown in Iscove’s Modified Dulbecco’s Medium (IMDM,
Gibco®); and MDA-MB-231 (TNBC),passage 18, grown in Leibovitz’s L-15 Medium (L15,

Gibco®). Additionally, three non-tumor cell lines were used: HUVEC (human umbilical vein
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endothelial), passage 35, cultured in (RPMI-1640); HFF (human fibroblast), passage 73,
cultured in Dulbecco's Modified Eagle medium: Nutrient Mixture — High Glucose
(DMEM/F12- High Glucose, Gibco®), and MCF10A (human mammary epithelial cell line),
passage 49, also cultured in DMEM/F12 supplemented with 10 pg/mL insulin (Gibco®), 0.25
pg/ml hydrocortisone (Sigma-Aldrich®) and 10 pg/mL Epidermal Growth Factor (EGF)
(Gibco®). All culture media were supplemented with 10% fetal bovine serum (FBS) (Gibco®)
and 50 pg/mL gentamicin (Cultilab®). The culture flasks were kept in an incubator at 37°C
under an atmosphere of 5% COa, except for the MDA-MB 231 lineage, which was grown
without CO, gas exchange. All cells were purchased from American Type Culture Collection

(ATCC, USA).

2.4 MTT assay

To analyze cell viability, the test based on the reduction of tetrazoline 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyl bromide (MTT) was used. HUVEC cell lines (1.0 x 10*
cells/well); HFF (8.0 x 10° cells/well); MCF10A (1.2 x 10* cells/well); MDA-MB-453 and
MCF7 (5.0 x 10° cells/well) and MDA-MB-231 (1.5 x 10* cells/well) were seeded in 96-well
plates in complete culture medium. The treatments were carried out with the four Zn(II)
complexes and the five ligands (0.01; 0.05; 0.25; 1.25; 6.25; 31.25 and 156.25 uM) for 48 hours.
All assays were performed in triplicate and wells containing only cells and medium (untreated
cells) and wells containing cells treated with DM SO diluent were used as experimental controls.

After incubation, MTT (5 mg/mL - diluted in phosphate-buffered saline — PBS) was
added together with complete culture medium at 10% v/v, maintained for 4 hours. Then, 200
pL of DMSO was added to each well and the reading was carried out at 560 nm on the Multiskan
FC Microplate Photometer reader (Thermo Fisher Scientific®). Cell viability was calculated

using the following formula:

Cell viability (%) = (AT — AB) * 100
(AC — AB)

AT = absorbance of treated cells
AC = absorbance of untreated cells

AB= absorbance of cells treated with DMSO
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2.5 Clonogenic assay

Subsequent assays were carried out with Complex 4 on the MDA-MB231 lineage,
representative of TNBC, known to be more heterogeneous and with a worse prognosis [19].
For the experiment, MDA-MB231 cells were seeded in 12-well plates (5.0 x 10* per well),
treated with 0.5 or 8.0 uM of Complex 4 for 48 hours. Afterwards, the treatments were removed,
and new complete medium was added to the wells. The cells were then cultured for 15 days,
and the medium was changed every three days. For cell fixation, formaldehyde (4% v/v) and
methanol were used. The cells were finally stained with a solution of crystal violet (0.5% m/v)
in methanol (25% v/v). Colonies were photographed using iBright Imaging Systems equipment
(Thermo Fisher Scientific®). Finally, acetic acid (33% v/v) was added and 100 pL of the
solution was collected and transferred to a 96-well plate for reading at 560 nm on a Multiskan

TM FC Microplate Photometer reader (Thermo Fisher Scientific®),

2.6 Scratch wound healing assay

To evaluate the effect of Complex 4 on cell migration, the TNBC cells MDA-MB-231
was seeded in 12-well plates (2.0 x 10° cells per well). Once they reached confluence, a sterile
200 pL pipette tip was held vertically to create a scratch in the cell monolayer, and cells were
treated with 0.5 pM and 8.0 uM of Complex 4. Untreated cells were used as controls. Photos
were captured at times of 0, 24, 48 and 72 hours using the inverted-microscope EVOS XL Core
Imaging System (Invitrogen®). Analysis of the results was conducted using the Image J
software, measuring the scratch closure. The percentage of open wound area was plotted over

the time.

2.7 Enzymatic activity of Caspases 3 and 8

The evaluation of the pro-apoptotic effect of Complex 4 was carried out by colorimetric
assay of the activity of caspase (CAS) 3 and 8. MDA-MB-231 cells were treated with 0.5 uM
and 8.0 uM of Complex 4 for 48 hours. Protein extraction was performed using the NE-PERTM
kit (Thermo Fisher Scientific), following the manufacturer's recommendations. Then, the
selective substrates of CAS3 (N-acetyl-Asp-Glu-Val-Asp p-nitroanilide, Sigma-Aldrich®) and
CASS8 (N-acetyl-IleGlu-Thr-Asp p-nitroanilide, Sigma-Aldrich®) were added at 2 nM to 100
ug of protein in a final volume of 100 pL. After incubation for 16 hours, absorbance was
measured at 504 nm with a Multiskan TM FC Microplate Photometer reader (Thermo Fisher
Scientific®).
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2.8 qPCR assay

MDA-MB231 cells were treated with 0.5 uM Complex 4 for 48 hours and total RNA
was extracted using Trizol reagent (Invitrogen®), according to the manufacturer's protocol.
Samples were analyzed for integrity on a 1.5% agarose gel and quantified and qualified by
spectrophotometry using Nanodrop 1000 (Thermo Fisher Scientific®). For reverse
transcription, the M-MLV Reverse Transcriptase kit (Invitrogen®) was used and the procedures
were carried out according to the supplier's recommendation. The qPCR assays were conducted
using the StepOnePlus equipment (Applied Biosystems®) and the reactions were prepared with
Power SYBR Green PCR Master Mix (Applied Biosystems®). Melting curves were monitored
and quantification was established based on normalization with the reference gene Beta-2-
microglobulin (52M). The comparative Cq method was applied to the relative expression of the
genes E-Cadherin (CDHI), Vimetin (VIM), Cytokeratin 18 (CKI8), Annexin 1 (ANXAI),
Interleukin 6 (/L6), Transforming Growth Factor beta 1 (TGFJ1), and Interleukin 1 beta (IL15).

The sequences of the primers used are described in Table 1.

Table 1: Sequence of primers used for each target.E-Cadherin (CDH1), Vimetin (VIM), Cytokeratin 18 (CK18),
Annexin 1 (ANXAI), Interleukin 6 (/L6), Transforming Growth Factor beta 1 (TGFp1), Interleukin 1 beta (IL1f)
[20].

Sequence (Forward — Reverse) Amplicon
Gene 5 _3 (pb)
F:CTGGCGTCTGTAGGAAGGC
CDHI  R.GCTGGCTCAAGTCAAAGTCCTG 240
F:GAGACGCATTGTCAACATCCTG
VIM  R.CAAGAACACCCGCACCAAC 356
F:GCTCTGGGTTGACCGTGG
CKI8  R:GTGGTGCTCTCCTCAATCTGC 151
F:GATTCAGATGCCAGGGCCT
ANXAl  R:CACTCTGCGAAGTTGTGGAT 111

F:GATTCCAAAGATGTAGCCGCC
IL6 R:ATTTTCACCAGGCAAGTCTCCTC

F:GTACCTGAACCCGTGTTGCTC
TGFPI R:CAGGAATTGTTGCTGTATTTCTGG 107

F:ACAGGATATGGAGCAACAAGTGG
ILIf R:GGGCTTATCATCTTTCAACACGC 136

F: CCTGCCGTGTGAAC-CATGT
B2M  R: CGGCATCTTCAAACCTCC 94
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2.9 Chemosensitization

The ability of Complex 4 to sensitize TNBC cells to treatment with Doxorubicin and
Paclitaxel was also evaluated. For these assays, MDA-MB-231 cells were plated in t-25 tissue
culture flasks to reach 80-85% confluence. Then, the cells were pre-treated with Complex 4 at
0.5 uM for 48 hours. Afterwards, the treatments were removed, cells were counted and re-plated
in 96 or 24-well plates with a density of 1.5 x 10* and 5.0 x 10? cell/well, respectively. After
adhesion, cells were treated with Doxorubicin (at 2.8, 5.6 and 11.2 uM) or Paclitaxel (at 0.45,
0.9 and 1.81 pM) for 48 hours. The effects of these treatments on cell viability or colony
formation was determined by using MTT and clonogenic assays as previous described. The
concentrations of Doxorubicin and Paclitaxel used was based on ICso values that were

previously determined by our group (data not shown).

2.10 Chou-Talalay

The Combination Index Theorem (CI) and Dose Reduction Index Equation (DRI)
method (Chou and Talalay) was used to evaluate possible interactions (synergism, antagonism
or additivity) between Complex 4 and VD in MDA-MB231 cells. According to this method, CI
is used to quantitatively describe synergism (CI < 1), additive effect (CI = 1) and antagonism
(CI > 1) [21-22]. Furthermore, the DRI indicates how much dose reduction is allowed, with
DRI > 1 favorable reduction, DRI < 1 unfavorable reduction and DRI = 1 indicates no dose
reduction [23].

For the assay, MDA-MB-231 cells were seeded in 96 plates (1.5 x 10* cells per well).
The treatment was carried out for 48 hours, using seven serial concentrations, starting from
twice the I1Cso value for each compound, totaling 49 different combinations, all in triplicate.
The ICso value for VD was previously determined by our group (data not shown). After
incubation, the MTT test was performed as described above and data was entered into
CompuSyn software (version 1.0, Ting Chao and Nick Martin, Paramus, NJ, USA, 2005) to
calculate CI and DRI.

2.11 Statistical analysis

The data obtained were analyzed using the GraphPad Prism 8.0 software. Three
independent triplicate assays were conducted and mean, and standard deviations were
calculated. Normality was assessed using the Shapiro-Wilk test and Student's t-test and one-

way ANOVA test followed by Tukey's post-test were applied to compare treatments.
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Differences were considered significant when p < 0.05. The ICso was calculated by non-linear
regression and the selectivity index (SI) was established for MDA-MB231 cells by the ratio
between the 1Cso of each of the non-tumor cell lines and the ICso of MDA-MB231. IS values >

2 were considered significant [24].

3 Results

3.1 Cytotoxicity of Zn(IT) complexes to cell lines

Initially, the cytotoxicity of the four Zn(Il) complexes and the five ligands individually
was evaluated. In Fig. 2, the percentage of cell viability of the three tumor lines is observed
after 48 hours of treatment with Complex 1, Complex 2, Complex 3 and Complex 4. The ER-
positive BC cell line MCF7 proliferated after treatment with the lowest concentrations of
Complex 1 (Fig. 2a) and cell viability decreased when the compound was added at 0.25 uM or
in higher concentrations. Complex 1 was cytotoxic to MDA-MB-453 and MDA-MB-231
lineages, especially to the TNBC cells. The cells' responses to Complex 2 (Fig. 2b) and
Complex 3 (Fig. 2¢) differed from Complex 1 mainly for MCF7 cells, being active to the ER-
positive lineage at the first concentration tested. Finally, for Complex 4 (Fig. 2d), a slight
cytotoxicity to the MDA-MB-231 cells was observed from 0.05 pM, being more active at the

higher concentrations evaluated.

Fig. 2: Cytotoxicity of mixed Zn(II) complexes in human breast cancer cell lines MCF7 (ER-positive BC), MDA-
MB-453 (HER2-positive BC) e MDA-MB-231 (triple-negative). The treatments were carried out for 48 hours. (a)
Complex 1 - [Zn(Hz)(atc — Et). (b) Complex 2 - [Zn (atc — Et)(atc — Ch)]. (¢) Complex 3 - [Zn (atc — Et)(Hsc)]CL
(d) Complex 4 - [Zn (Hz)(Hsc)] Cl. The experiment was carried out in triplicate and the results are expressed as
mean + standard deviation. Significance was calculated by ANOVA and Tukey post-hoc test. The letters represent
statistically significant differences (p < 0.05) between cell lines. a) Control x MCF7, b) Control x MDA-MB-453,
¢) Control x MDA-MB-231, d) MCF7 x MDA-MB-453, ¢) MCF7 x MDA-MB-231 e f) MDA-MB-453 x MDA-
MB-231.
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The cytotoxicity of the ligands individually was also analyzed in order to determine their
activities on cell lines and to confirm the role of mixed complexes for the observed effects
(Supplementary Fig. 1). For Hatc-Et (Supplementary Fig. 1a), the most sensitive lineages were
MDA-MB-453 and MDA-MB-231, with MCF7 being the most resistant. For this ligand, the
dose-dependent profile in MDA-MB-231 was evident. The Hatc-Ch ligand (Supplementary
Fig. 1b) proved to be more cytotoxic to the MDA-MB-231 cells when compared to the other
lineages. Hhz (Supplementary Fig. 1c) decreased the viability of MCF7 and MDA-MB-453
cells only from 6.25 uM, being cytotoxic to MDA-MB-231 already at a concentration of 1.25
uM. For Hsc (Supplementary Fig. 1d) and ZnCl> (Supplementary Fig. 1e), only MDA-MB-453
cells were sensitive.

The half-maximal inhibitory concentration (ICso) values for the mixed Zn(II) complexes
and their ligands are shown in Table 2. For the representative TNBC MDA-MB231, the
Complex 4 ligands were less active. In this case, the cytotoxicity is related to the complex and

not to its ligands individually.
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Table 2: Values of the concentration that inhibits 50% of cell viability (ICso) after treatment of mammary tumor

lines with mixed complexes of Zn(II) and its ligands for 48 hours.

ICso (uM)
MCF7 MDA-MB-453 MDA-MB-231

Complex 1 9.43 0.32 0.24
Complex 2 18.49 <0.01 0.92
Complex 3 19.34 <0.01 0.16
Complex 4 10.41 12.82 16.3
Hatc — Et NA <0.01 0.27
Hatc - Ch NA NA 6.25
Hhz NA 4.11 30.3
Hhsc NA NA NA
ZnClz NA <0.01 NA

NA: ICs0 > 156.25 pM

Subsequently, the cytotoxicity of Complex 1, Complex 2, Complex 3, and Complex 4
was evaluated in the non-tumor cell lines MCF10A, HUVEC and HFF (Fig. 3). MCF10A cells
were the most sensitive, especially when treated with Complex 1, Complex 2, and Complex 3.
For HUVEC and HFF cells, a significant decrease in the viability was observed from 6.25 uM
of Complex 1, (Fig. 3a), Complex 2 (Fig. 3b) and Complex 3 (Fig. 3c¢). However, for 6.25 uM

of Complex 4, the viability of non-tumor cells remained above 50%.

Fig. 3: Cytotoxicity of mixed Zn(II) complexes in human non-tumor cell lines MCF10A (mammary epithelial cell
line), HUVEC (umbilical vein endothelial) and HFF (fibroblast). The treatments were carried out for 48 hours. (a)
Complex 1 - [Zn(Hz)(atc — Et). (b) Complex 2 - [Zn (atc — Et)(atc — Ch)]. (¢) Complex 3 - [Zn (atc — Et)(Hsc)]CL
(d) Complex 4 - [Zn (Hz)(Hsc)] Cl. The experiment was carried out in triplicate and the results are expressed as
mean + standard deviation. Significance was calculated by ANOVA and Tukey post-hoc test. The letters represent
statistically significant differences (p < 0.05) between cell lines. a) Control x MCF10A, b) Control x HUVEC, c)
Control HFF, d) MCF10A x HUVEC, e) MCF10A x HFF and f) HUVEC x HFF.
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Complex 1, Complex 2, and Complex 3 presented ICso values for MCF-10A cells lower

than 0.01 uM (the lowest concentration tested, Table 3), and for HUVEC cells, Complex 4 was

the most selective. Therefore, Complex 4 was selected for subsequent assays on the MDA-

MB231 cell line, since it was active, selective, and its ligands individually did not alter cell

viability The concentrations were defined based on values proportional to the ICso, precisely

ICs02 (8.0 uM) and ICso32 (0.5 uM). The lowest concentration was defined based on

cytotoxicity to non-tumor cells, so that the viability for these cells remained around 100% in

treatments at 0.5 uM.

Table 3: Concentration values that inhibit 50% of cell viability (ICso) referring to the treatment of non-tumor cell

lines with mixed Zn(IT) complexes for 48 hours. The selectivity index (SI) is also presented. The SI was calculated

by dividing the ICs, value of each complex on the respectively non-tumor cells by the ICso of MDA-MB-231 cells.
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ICso (M) SI (non-tumor/MDA-MB231)
MCF10A HUVEC HFF MCF10A HUVEC HFF
Complex 1 <0.01 2.52 4.57 NS 10.50 19.04
Complex 2 <0.01 20,38 9.49 NS 22,15 10.31
Complex 3 <0.01 10.09 4.22 NS 63.06 26.37
Complex 4 12,54 NA 131,25 0.77 HS 8,05

NA: ICso > 156.25 uM; NS: nonselective; HS: highly selective.

3.2 Colony formation and migration of MDA-MB231 cells

As MDA-MB231 cells are representative of aggressive breast tumors, the effects of
Complex 4 in their clonogenicity was evaluated (Fig. 4). Clonogenicity refers to the potential
for tumor cells to reach other tissues and initiate new colonization [25]. At the lowest
concentration, a slight inhibition in colony formation was identified. However, when Complex
4 was added at 8.0 uM, there was a significative reduction in colony formation (Fig. 4a). It is
important to note that 8.0 uM refers to ICso2 of Complex 4.

The results observed in the wound healing assay (Fig. 4b and 4c) are consistent with
those of clonogenicity, in which Complex 4 significantly inhibited the migration of MDA-
MB231 cells. Interestingly, after 72 h of treatment, even at the lowest concentration of Complex
4 (0.5 uM), a significant inhibition of cell migration was observed, which was therefore time

dependent.

Fig. 4: Effect of Complex 4 on the clonogenicity and migration of MDA-MB-231 cell line (triple-negative breast
cancer). Cells were treated with 0.5 uM and 8.0 pM Complex 4 - [Zn (Hz)(Hsc)]CI. (a) Representative images of
the colonies formed in the wells and quantification of colony formation of MDA-MB231 cells after 48 hours of
treatment. (b) Representative images of cell migration and (c) quantification of wound closure after 24, 48 and 72
hours of treatment. The experiments were performed in triplicate and the results are expressed as mean + standard
deviation. Significance was calculated by ANOVA and Tukey's post-hoc test (*p < 0.05; **p < 0.01; ***p <
0.0001; ****p < 0.00001).
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3.4 Enzymatic activity of CAS3 and CASS8

The activities of the CAS 3 and CAS 8 enzymes were also evaluated after treatments of
MDA-MB-231 cells with Complex 4 (Fig. 5). No change was observed in the activity of CAS
3 (Fig. 5a). However, the activity of CAS 8 (Fig. 5b) was reduced when the cells were treated
with 8.0 uM of Complex 4.
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Fig. 5: Assessment of the activity of capases 3 (CAS 3) and 8 (CAS8) in the MDA-MB-231 cell line (triple-
negative breast cancer). Cells were treated with 0.5 pM and 8.0 pM of Complex 4 - [Zn (Hz)(Hsc)] Cl.
Quantification was performed by measuring the optical density (OD) at 405 nm. The results are expressed as mean
+ standard deviation. Significance was calculated by ANOVA and Tukey's post-hoc test (**p < 0.01). (a)
Quantification of CAS3 activity. (b) Quantification of CAS 8 activity.
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3.5 Transcriptional modulation mediated by treatment with Complex 4

Transcriptional levels of CDHI, VIM, CKI1S8, ANXAI, IL6, TGFf1 and ILI1S were
quantified to evaluate the modulatory effects of Complex 4 on MDA-MB-231 cell transcripts
(Fig. 6). Treatments with 0.5 uM of the compound increased the gene expression of CDH1 and
IL6. For the other targets, no statistically significant differences were observed, despite a

tendency towards a decrease in VIM and ANXAI transcripts.
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Fig. 6: Relative expression of transcriptional levels of E-Cadherin (CDHI), Vimentin (VIM), Cytokeratin 18
(CK18), Annexin Al (ANXAI), Interleukin 6 (/L6), Transforming Growth Factor beta 1 (TGFf!), Interleukin 1
beta (IL1p), after treating MDA-MB231 cells with 0.5 uM of Complex 4 - [Zn (Hz)(Hsc)] Cl for 48 hours. The

results are expressed as mean + standard deviation. Significance was calculated using Student's ¢ test (*p < 0.05).
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3.6 Complex 4 sensitizes MDA-MB231 cells to treatment with Doxorubicin and Paclitaxel

Multidrug resistance is one of the main causes of chemotherapy failure [26]. Therefore,
we evaluated whether Complex 4 sensitizes MDA-MB231 cells to the chemotherapy drugs
Doxorubicin and Paclitaxel (Fig. 7). Pretreatment with 0.5 uM Complex 4 for 48 hours did not
significantly alter cell viability (Fig. 7a and 7b). However, when they were pretreated with
Complex 4, the clonogenicity of the TNBC lineage was significantly reduced by both

chemotherapeutics. This inhibition was more evident for Doxorubicin (Fig. 7c).
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Fig. 7: Chemosensitization assay performed on MDA-MB231 cells (triple-negative breast cancer) pretreated with
0.5 uM Complex 4. Results are expressed as mean + standard deviation. (a) Viability of cells pretreated with
Complex 4 and subsequently treated with Doxorubicin. (b) Viability of cells pretreated with Complex 4 and
subsequently treated with Paclitaxel. (c) Assessment of colony formation of cells pretreated with Complex 4 and

subsequently treated with Doxorubicin and Paclitaxel. Significance was calculated by ANOVA and Student's ¢ test
(***p <0,0001).
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3.7 Synergism of Complex 4 and Vitamin D

Finally, we evaluated the synergism of Complex 4 with VD, applying the Chou-
Talalay method (Fig. 8). The analysis of in vitro interactions was performed on non-constant
ratio binary combinations in the MDA-MB-231 cell line. Fig. 8a shows the results of the
combined treatment conducted for 48 hours. Synergistic combinations were observed, with
a significant inhibition fraction and, therefore, promising for the control of TNBC cells.

In a detailed analysis, 15 synergistic combinations were identified, including 3 strong
synergisms, 9 synergisms, 2 moderate synergisms and 1 weak synergism. Furthermore, 9
combinations were additive (Supplementary Table 1). Interestingly, strong synergism
occurred at the lowest concentration of Complex 4 (0.5 uM) with the lowest concentrations
of VD, all favorable to dose reduction (DRI > 1.0). The concentration of 0.5 uM of Complex
4 was one of those used in previous assays. Additionally, Fig. 8b shows that the combined
treatment of VD (56 uM) and Complex 4 was cytotoxic to MDA-MB-231 cells when this
complex was added at low (0.5 uM) or higher (32 uM) concentrations.

Fig. 8: Evaluation of the synergism of Complex 4 - [Zn (Hz)(Hsc)]Cl with Vitamin D (VD ) in MDA-MB-
231 cells (triple-negative breast cancer). (a) Combination Index values as a function of inhibition fraction
calculated by the Chou-Talalay method. (b) Comparative cell viability of synergistic combinations of 32
um and 0.5 um Complex 4 with VD (56 pM). The assay was conducted for 48 hours. The results are
expressed as mean + standard deviation. Significance was calculated by ANOVA and Tukey's post-hoc test

(*p < 0.05, **p < 0.005, ***p < 0.0005).
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4. Discussion

BC is a public health problem. Drug resistance, relapse and metastasis continue to
impact patient survival, which demands dedicated efforts to discover new strategies for
early diagnosis and effective treatment. TNBC is the most aggressive and has the lowest
survival rate due to its heterogeneity, worse prognosis and limited therapeutic methods.
Chemotherapy remains the standard treatment, however, with limited effectiveness given
the resistance of malignant cells associated with the tumor microenvironment and the
expression of drug efflux proteins [27]. In the present study, four new mixed Zn(II)
complexes were synthesized and tested in MDA-MB231 cells (TNBC), including assays
dedicated to evaluating the ability of these compounds to sensitize these cells to
traditional chemotherapeutic agents.

Over the years, different classes of coordinated zinc complexes have been shown
to be potentially antitumor [28]. In 2022, Chen and collaborators [29] evaluated the zinc
3,5 — di-tert-butyl complex (Zn{[CH3)3C]2Sal}22—) in the MDA-MB-231 cell line, with
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ICs0 greater than 50 pM. Our mixed Zn(IT) complexes with Schiff base were more active,
and significantly decreased the viability of BC cells with ICso <20 uM. Complex 4 was
the most selective. Complex 1, Complex 2 and Complex 3 significantly decreased the
viability of non-tumor cells (ICso < 1.0 uM) but did not show selectivity when compared
to their ligands individually. For the MDA-MB-231 lineage, the thiosemicarbazone
ligands derived from the ethyl and cyclohexyl groups showed cytotoxic activity of 0.27
and 6.25 puM, respectively, while only the compound with the ethyl group was selective.
Therefore, structural changes in our complexes could lead to distinct and even promising
inhibitory effects in other tumor models.

Complex 4, in turn, decreased the viability of MDA-MB-231 cells at the lowest
concentration tested (< 0.01 uM). For this compound, the ligands Hhz and Hhsc and the
metallic precursor ZnClz, did not alter the viability of MCF7 and MDA-MB-231 cells,
and for TNBC cells, the ICso of Hhz was higher than that observed for the complex. Thus,
Complex 4 is much more active than purely organic molecules (free ligands), noting the
action of the metal ion in the complex's activity. In this context, our data highlight the
importance of complexing the Hhsc ligand to the Zn(Il) center to obtain the desired
biological results, especially in aggressive and advanced tumors.

Complex 4 was then chosen for subsequent assays on MDA-MB231 cells,
representative of CMTN. The clonogenicity and migration of this lineage were
significantly inhibited, events that play a crucial role in tumor progression and metastasis.
[30]. Previously, hybrid complexes containing estrone-salicylaldehyde semicarbazone
linked to metal ions Cu(Il) and Ga(Il) inhibited colony formation of colon cancer cells
(SW480) [31]. Chen [29] also synthesized a Zn(II) complex capable of inhibiting the
migration and invasion of murine mammary carcinoma cells (4T1) and other Zn
complexes with the ligand benzimidazole inhibited adhesion and migration in
hepatocellular carcinoma cell lines (HepG2), melanoma (SK-MEL-1), colorectal
(HTO018), cervical (HeLa) and TNBC cells (MDA-MB-231) [32].

Zn(I)-dependent proteins, such as zinc fingers and matrix metalloproteinases, are
involved in key events related to tumorigenesis such as epithelial-mesenchymal transition
(EMT), angiogenesis, proliferation and migration. Furthermore, this ion can act as a
second messenger, modulating the immune response by mimicking cytokines and
hormones [33]. We observed an increase in CDH 1 transcripts after treating MDA-MB231
cells with Complex 4, suggesting the compound's ability to modulate EMT. Furthermore,
there was a decrease in the expression of VIM and ANXAI, with upregulation of /L6.
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Interestingly, ANXA I regulates the expression of the metallothionein family genes, which
modulate intracellular zinc homeostasis [34]. In this sense, we present a new possible
signaling mechanism related to Zn(II) complexes with Schiff base, although additional
studies are needed to prove the involvement of the ANXA1/MT2A/zinc axis in the response
of TNBC cells to Zn(II) complexes. Finally, considering the crosstalk between AnxA1l
and IL-6 in TNBC cells [35], the increase in /L6 expression may have occurred in
response to the decrease in ANXAI transcripts, in an attempt for the cells to restore the
AnxATl autocrine signaling in TNBC. Therefore, molecular assays explain the observed
phenotypic results, such that reduced clonogenicity and migration may be associated with
modulation of EMT via CDHI1, VIM and ANXAL1.

Our results for the enzymatic activity of CAS3 and CAS8 demonstrated cell death
independent of these caspases. Megger and collaborators identified that proteins such as
Apoptosis Inducing Factor Mitochondria Associated 1 (AIFM1) and HtrA Serine
Peptidase 2 (HTRAZ2) are associated with caspase-independent apoptosis pathways, based
on the treatment of Cu(Il) metal complex with hydrazone in cells of hepatocellular
carcinoma (HepG2) [36-37]. Thus, Complex 4 can induce necroptosis of TNBC cells,
which is a death mechanism that overcomes apoptosis resistance and triggers antitumor
immunity [38].

Given the resistance of TNBC cells to conventional chemotherapy drugs, the
ability of Complex 4 to sensitize MDA-MB-231 cells to treatment with Doxorubicin and
Paclitaxel was observed. Recently, Rudolf and colleagues [39] showed that Zn
intracellular content in hiPCS-CMs cells has pleiotropic effects on Doxorubicin toxicities.
Furthermore, Xue et al [40] showed that Zn promotes prostate cancer cell
chemosensitivity to paclitaxel through modulation of EMT markers, which reinforces the
data from our study. Finally, it is known that AnxAl has a profound implication in
aggressiveness of TNBC and susceptibility to treatment [41]. Even given the complexity
of the events related to therapeutic failure, our results expand the putative mechanisms
behind the response of TNBC cells to Zn complexes, with Complex 4 being potentially
promising.

In fact, for TNBC, chemotherapy remains the main therapeutic strategy, with the
combination of drugs being a promising alternative, since the effect resulting from
synergism overlaps with individual use and allows the reduction of doses used [42]. In
recent years, VD has been associated with antineoplastic drugs such as cisplatin,

carboplatin, doxorubicin, 5-fluorouracil [5-Fu], cytarabine, hydroxyquinoline,
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gemcitabine, paclitaxel and docetaxel, with relevant synergistic effects [43]. We found
synergistic combinations of VD with Complex 4 at 0.5 uM and with a favorable dose
reduction. The combination of drugs that act synergistically reduces toxicity and enhances
the desired effect by activating different signaling pathways, which is particularly

interesting in the treatment of complex diseases such as TNBC.

5. Conclusion

Chemotherapy remains the main strategy for treating TNBC. However, these
tumors tend to progress rapidly, since conventional chemotherapies are insufficient to
suppress tumor-associated chemoresistance. New compounds are needed, so medicinal
chemistry has stood out by proposing optimized structures. The present work reports a
new Zn(II) complex with Schiff base, Complex 4, as a promising agent for TNBC
management. This compound was the most active and selective for TBNC cells, in
addition to inhibiting colony formation and migration. Importantly, Complex 4 sensitized
TBNC cells to Doxorubicin and Paclitaxel, upregulating CDHI1 transcripts. This
compound was also synergistic in combination with VD. Finally, given the molecular
complexity of TNBC, we suggest that the ANXA1/MT2A/zinc axis be investigated in
depth. According to the results presented here, this signaling pathway can potentially be
modulated by Zn(II) complexes with Schiff base, altering EMT mechanism and therefore
TNBC resistance phenotype.
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Supplementary Figure 1

Supplementary Figure 1: Cytotoxicity of ligands of mixed Zn(II) complexes in MCF7 (ER-positive breast
cancer), MDA-MB-453 (HER2-positive breast cancer) and MDA-MB-231 (triple-negative breast cancer)
cell lines. The treatment was carried out for 48 hours. (a) Hatc — Et. (B) Hhz. (¢) Hhsc. (d) Hatc - Ch. (e)
ZnCly. The experiments were performed in triplicate and the results are expressed as mean + standard
deviation. Significance was calculated by ANOVA and Tukey's post-hoc test. Letters represent significance
(p < 0.05) between cell lines. a) Control x MCF7, b) Control x MDA-MB-453, ¢) Control x MDA-MB-
231, d) MCF7 x MDA-MB-453, e) MCF7 x MDA-MB-231 and f) MDA-MB -453 x MDA-MB-231.
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Supplementary Table 1

Supplementary Table 1: Summary of the results of the Chou- Talalay method combining Complex 4 -
[Zn(Hz)(Hsc)]Cl (uM) and Vitamin D (VD — uM) in MDA-MB-231 (triple negative breast cancer line ).

Cells were treated for 48 hours .



Binary combinations Fraction Affected Paramters Interactions
(fa)
Vitamin D Complex 4 CI DRI DRI
(nM) (uM) (Complex (Vitmin D) Synergism  Summation Antagonism
4)
56.0 32.0 0.78 0.72758  14.2248 1.52143 ++
28.0 0.52 091752  2.56338 1.89606 +
14.0 0.52 0.65381  2.56338 3.79211 +++
7.0 0.52 0.52196  2.56338 7.58422 +++
35 0.50 0.50602  2.28333 14.6917 +++
1.75 0.50 0.47199  2.28333 29.3834 -+
0.875 0.52 0.40659  2.56338 60.6738 -+
56.0 16.0 0.52 1.24988  5.12677 0.94803 --
28.0 0.27 1.73177  1.08458 1.23494 ---
14.0 0.21 1.94810 0.67286 2.16494 ---
7 0.26 1.19968  1.00700 4.83961 -
35 0.24 1.26646  0.86307 9.27578 --
1.75 0.26 1.04471  1.00700 19.3584 +
0.875 0.21 1.51507 0.67286 34.6391 ---
56.0 8.0 0.56 1.06642  12.9423 1.01097 +
28.0 0.06 7.47404 0.17118 0.61268 -
14.0 0.06 6.65795 0.17118 1.22535 -—-
7 0.08 4.09722  0.26763 2.77245 -
3.5 0.01 84.3324  0.01192 234903  eaaa-
1.75 0.02 30.5224  0.03294 621981 aaaa-
0.875 0.30 16.7164  0.06007 146838 aaaa-
56.0 4.0 0.57 1.00965  27.4525 1.02751 +
28.0 1x10* 331154 3.02x10° 0.04657 oa---
14.0 1x10* 33.104 3.02x10% 0.0931s o=
7 1x10* 33099.3 3.02x10° 0.18630 o=
35 1x10* 33096.6 3.02x10° 037260  aaaa-
1.75 1x10* 33095.2 3.02x10° 0.74519  aaa--
0.875 1x10* 33094.6 3.02x10° 149038  aa---
56.0 2.0 0.55 1.02574  48.8263 0.99477 +
28.0 0.1 1.96381  1.52566 0.76432 -
14.0 0.09 1.46083  1.28939 1.45927 --
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Description and symbols of synergism or antagonism in drug combination studies: Very Strong Synergism (+ + + + +); Strong Synergism (+ + + +); Synergism (+ + +); Moderate

Synergism (+ +) and Slight Synergism (+); Nearly Additive (£); Very Strong Antagonism (
and Slight Antagonism (-) [23] CI: Combination Index; DRI: Dose Reduction Index

); Strong Antagonism (- - - -); Antagonism (- - -). Moderate Antagonism (- -)
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