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RESUMO

Chalconas sao compostos intermediarios na via de sintese dos flavonoides. As
chalconas possuem uma grande diversidade estrutural, o que contribui para as
diferentes atividades bioldgicas que elas exercem. Sao conhecidos os efeitos de
algumas chalconas hidroxiladas na posigéao 2’ sobre células tumorais, contudo sabe-
se pouco em relacao aos efeitos citotdxicos sobre células tumorais promovidos com a
adicdo de grupamento nitro na estrutura das chalconas. A presenga do grupo nitro
pode contribuir para aumentar a reatividade da regidao da carbonila a,B-insaturada
(sistema ceto-enona) das chalconas. Neste estudo foi avaliada a citotoxicidade da 2’-
hidroxi-3-nitrochalcona (HNC) em células de carcinoma hepatocelular humano
(HepG2). A HNC foi capaz de induzir citotoxicidade de forma estatisticamente
significativa a partir da concentracdo de 15 uM apos 24 horas de incubagao pelo
método do MTT e 20 uM pelo método da LDH. A HNC (15 e 20 uM) foi capaz de
promover o aumento dos niveis de espécies reativas de oxigénio (EROs), sendo esse
aumento parcialmente revertido pela pré-incubacdo com o antioxidante NAC na
concentragdo de 20 uM da HNC, sugerindo a participagdo de EROs no mecanismo
citotoxico. O mecanismo de morte celular induzido pela HNC (15 e 20 yM) foi
investigado, utilizando marcagdo com anexina-V / iodeto de propidio e inibidores
especificos de vias de sinalizagdo de ferroptose, necroptose e autofagia, e os
resultados mostram um possivel processo apoptotico. Foi demonstrado através da
avaliacao da respiracao celular que a HNC (15 e 20 uyM — 24 horas) provocou
disfungao mitocondrial, diminuindo o consumo de oxigénio no estado basal e com a
adicao de substratos para o complexo | e Il, porém essa diminui¢do nao foi observada
com a adicao de substrato para o complexo IV. Também foi observada uma diminuigao
no potencial da membrana mitocondrial com a concentracdo de 20 uM. Diante dos
resultados, pode-se concluir que a HNC exerce atividade citotdxica por alterar os
niveis de EROs, promover disfuncdo mitocondrial e possivelmente causar morte

celular por apoptose.

Palavras-chave: Nitrochalconas. Células HepG2. EROs. Mitocéndria. Apoptose



ABSTRACT

Chalcones are intermediate compounds in the synthesis pathway of
flavonoids. Chalcones have great structural diversity, contributing to the different
biological activities that they display. It is known that hydroxyl group in chalcones
contributes to the cytotoxic effect in cancer cells. The nitro group is widely found in
various pharmacological compounds. However, little is known about its effect on
chalcones. In this study, the cytotoxicity of 2'-hydroxy-3-nitrochalcone was evaluated
in human hepatocellular carcinoma cells (HepG2). HNC was able to induce cytotoxicity
from the 15 yM concentration assessed by the MTT method and 20 uM by the LDH
method in 24 hours of treatment. The effect of HNC (15 and 20 uM) on the increase of
reactive oxygen species (ROS) was evaluated, and an increase in ROS caused by
both concentrations was observed. This increase was partially reversed with the pre-
incubation of the antioxidant NAC at the concentration of 20 uM, suggesting the
participation of ROS in the cytotoxic mechanism. The results of the experiment using
annexin-V/propidium iodide indicate that the possible mechanism of cell death induced
by HNC (15 and 20 uM) in 24 hours is apoptosis. Results from the cell viability assay
using inhibitors of ferroptosis, necroptosis and autophagy suggested that these
mechanisms are not involved in the cytotoxic effect caused by HNC. It was
demonstrated by the cellular respiration evaluation that HNC (15 and 20 uM - 24 hours)
caused mitochondrial dysfunction, reducing the oxygen consumption in the basal state
and with the addition of substrates for the complexes | and I, but this decrease was
not observed with the addition of substrate for IV complex. A decrease in the
mitochondrial membrane potential with the concentration of 20 uM was also observed.
Thus, we conclude that HNC exerts cytotoxic activity by altering ROS levels,

mitochondrial function and possibly causing apoptosis cell death.

Keywords: Nitrochalcones. HepG2 cells. ROS. Mitochondria. Apoptosis
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1 INTRODUGAO

O cancer € um problema crescente de saude publica sendo a segunda causa
de morte ficando atras apenas das doengas cardiovasculares (AMERICAN CANCER
SOCIETY, 2018). Sao estimados perto de 1,7 milhdes de novos casos diagnosticados
em 2018 nos Estados Unidos (AMERICAN CANCER SOCIETY, 2018). No Brasil, séao
estimados mais de 600 mil novos casos para o ano de 2018 (INCA, 2018). O céancer
pode ser caracterizado como um conjunto de doengas que atinge diferentes 6rgaos e
tecidos onde as células afetadas compartiiham de caracteristicas similares como
crescimento celular desregulado e capacidade de invasdo e metastase (COLEMAN;
TSONGALIS, 2017).

Um dos tipos mais comuns de cancer no mundo € o carcinoma hepatocelular
(CHC) ou hepatocarcinoma. O CHC é o cancer primario mais frequente dentre as
neoplasias que acometem o figado (FORNER et al., 2018). Esse tipo de tumor pode
se originar devido as mutagdes causadas, por exemplo, por agentes externos, como
o virus da hepatite (GOMES et al., 2013). O CHC é extremamente agressivo e 0s
sintomas aparecem apenas quando o tumor atingiu estagio avangado (GOMES et al.
2013). Os tratamentos disponiveis atualmente dependem do estadiamento do tumor.
Para tumores em estagio inicial e intermediario, onde a doenca ainda é localizada
apenas no figado, € recomendado transplante, ressec¢do, ablagdo e
quimioembolizagdo (FORNER et al., 2018). Quando a doenga se encontra em estagio
avancado, os quimioterapicos disponiveis sao o sorafenibe e o regorafenibe (BRUIX
et al.,, 2017; LLOVET et al.,, 2008). Porém, essas drogas sao pouco efetivas e
apresentam varios efeitos colaterais (BRUIX et al., 2017; LLOVET et al., 2008). Como
as opcoes de tratamento disponiveis para as fases mais avancadas nao possibilitam
a cura, o desenvolvimento de novas drogas € necessario.

Neste contexto, os flavonoides tém sido cada vez mais estudados pois varios
deles tém mostrado grande variedade de atividades biolégicas como anti-inflamatoria
(PELUSO et al.,, 2013), cardioprotetora (WALLACE; TAYLOR, 2011), e
anticancerigena (SOUZA et al., 2018). As chalconas, uma classe de compostos
incluida no grupo dos flavonoides, também possuem diversas atividades bioldgicas
descritas na literatura, com destaque para o seu potencial citétoxico em células
tumorais (NAKHJAVANI et al., 2014; JAIN et al., 2014). Os diversos efeitos biologicos

exercidos pelas chalconas se devem a sua diversidade estrutural, ou seja, a presenga
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de diferentes grupos substituintes em ambos os anéis aromaticos que compde a sua
estrutura. Muitos estudos relatam a presenga e influéncia do grupo hidroxila nas
chalconas. Chalconas hidroxiladas, incluindo grupos hidroxilas na posicéo 2’ (Anel A),
exerceram atividade citotoxica em varias linhagens celulares como de melanoma
(NAVARINI et al., 2009) e de carcinoma hepatocelular (WEI et al.,, 2013)
(ECHEVERRIA et al.,, 2009). O efeito bioldégico do grupo nitro, apesar de estar
presente em varios farmacos (CHIN CHUNG et al., 2011), ainda € pouco explorado
nas chalconas. Sabe-se que esse substituinte tem grande potencial em produzir
espécies reativas de oxigénio (EROs) (BOELSTERLI et al., 2006). A capacidade de
induzir aumento nos niveis de EROs em células tumorais € um dos mecanismos
citotoxicos utilizados tanto por quimioterapicos convencionais (TEPPO et al., 2017),
como por terapias recém desenvolvidas como a imunoterapia (HABTETSION et al.,
2018).

Ainda, compostos que tém como alvo a mitocondria tem sido reportados na
literatura como promissores no tratamento do cancer (NEUZIL et al., 2013). Esses
compostos além de alterarem o metabolismo mitocondrial, podem induzir morte
celular por apoptose (SHIAU et al., 2006).

Logo, considerando a necessidade de desenvolver novos compostos mais
eficazes no tratamento do CHC e a quantidade limitada de estudos sobre os efeitos
citotoxicos das nitrochalconas, neste estudo foi avaliado os efeitos citotdxicos e pro-
oxidantes da 2’-hidroxi-3-nitrochalcona (HNC) em células de hepatocarcinoma

humano (linhagem HepG2).

1.1 JUSTIFICATIVA

Existe uma constante busca de novas abordagens para o tratamento do CHC.
Neste contexto, destacam-se as chalconas devido as suas diversas atividades
bioldgicas e, ainda, em razao da possibilidade de potencializagédo de seus efeitos pela
substituigdo por diversos grupos quimicos. Chalconas nitradas tém sido pouco
exploradas no contexto antitumoral. Diante disso, foram propostos os seguintes

objetivos:
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1.2 OBJETIVOS

1.2.1 Objetivo geral
Avaliar os efeitos citotoxicos, pro-oxidantes e mitocondriais da HNC em

células HepG2 de forma a contribuir no entendimento do seu mecanismo de acéao.

1.2.2 Objetivos especificos

- Avaliar a citotoxicidade da HNC.

- Avaliar se existe aumento de EROs causado pela HNC e se esse aumento esta
relacionado com o seu efeito citotoxico.

- Avaliar possiveis mecanismos de morte celular causado pela HNC.

- Avaliar os efeitos da HNC na respiracdo celular e no potencial de membrana

mitocondrial.

1.3 Estratégia experimental

Figura 1: Fluxograma experimental

MTT

—{ Viabilidade celular } {

Liberacdo extracelular da LDH

Niveis de EROs | — DCFHDA

Viabilidade celular
41 com NAC ] > MTT
Uso de inibidores para
mmp | Incubacdocom | __ Autofagia, Necroptose e
HNC Ferroptose
Apoptose (Dupla marcacio

| Mecanismos de more
celular
Anexina-VIPl)

l Respiracdo Celular | —* Consumo de 02 (Respirémetro de
alta resolucdo)

Potencial de membrana | —» Rhodaminai123
mitocondrial

Fonte: O autor (2018)
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2. REVISAO DE LITERATURA

2.1 CARCINOMA HEPATOCELULAR

O carcinoma hepatocelular (CHC) é o tumor primario mais comum que ocorre
no figado e o sexto mais diagnosticado no mundo (BALOGH et al., 2016). O CHC
ocorre mais em homens do que mulheres (2,4:1) com uma maior incidéncia em paises
da Asia e Africa subsaariana (GRAZIE et al., 2017). A alta incidéncia nessas regides
pode ser parcialmente explicada pela alta prevaléncia de fatores de risco,
especialmente infeccdo de virus da Hepatite B e a presenca de aflatoxina em
alimentos (LLOVET et al., 2004).

Em paises como o Brasil, Reino Unido e EUA, o CHC nao esta entre as
neoplasias mais incidentes. Porém, essa incidéncia vem aumentando (CARRILHO et
al., 2010) principalmente devido ao aumento no consumo de alcool. De acordo com
os dados do Sistema Unico de Saude (SUS), de 2011 a 2015 mais de 44 mil pessoas
morreram devido ao CHC no Brasil (SOCIEDADE BRASILEIRA DE ONCOLOGIA
CLINICA, 2018).

Outros fatores de risco comuns relacionados ao CHC sao as infecgdes
causadas pelos virus da hepatite C, esteatose hepatica alcodlica e ndo alcodlica.
Aproximadamente 80% dos casos de CHC sao causados por hepatite B ou C
(ARZUMANYAN et al. 2013). No periodo de 1999 a 2016, foram notificados 212.031
casos confirmados de hepatite B no Brasil. Com relacdo a hepatite C no mesmo
periodo, foram detectados 319.751 casos (GOMES et al., 2013). Além do fato
preocupante de um grande numero de casos notificados no Brasil, o risco de
desenvolver CHC é ainda maior quando os pacientes infectados por esses virus sao
expostos a aflatoxinas e ao alcool (EL-SERAG; RUDOLPH., 2007)

Geralmente, o diagnéstico do CHC é feito através de exames de imagens como a
tomografia e para a confirmacao, € utilizada a biopsia do 6rgao (EL-SERAG et al.,
2008). A escolha do tratamento para esse tipo de neoplasia depende do estagio de
desenvolvimento do tumor. Em estagios iniciais s&o realizados ablagao, ressecgéo ou
transplante. Em estagios intermediarios onde as opg¢des cirurgicas nao sao
recomendadas, € feita a quimioembolizacdo (FORNER et al., 2018). Quando a doenga
se encontra em estagio avangado, a quimioterapia via sistémica se faz necessaria

(FORNER et al.,, 2018). Varios compostos tém sido testados ou estdo em
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desenvolvimento, porém apenas dois se mostraram relativamente efetivos: sorafenibe
e regorafenibe (BRUIX et al., 2017) (LLOVET et al., 2008). Ambos s&o quimioterapicos
(inibidores de quinases como a Raf-1) que exercem atividade antiproliferativa e
antiangiogénica. O aumento da sobrevivéncia dos pacientes utilizando esses
compostos foi de 3 meses comparado ao grupo de pacientes tratados com placebo
(BRUIX et al., 2017; LLOVET et al., 2008). Também foi verificado efeitos adversos
como diarreia, perda de peso, sindrome mao-pé e hipofosfatemia em pacientes
tratados com sorafenibe e regorafenibe (BRUIX et al., 2017; LLOVET et al., 2008).
Devido ao pequeno aumento da resposta clinica a esses quimioterapicos, a procura
de novos compostos que proporcionem um potencial maior de cura e menores efeitos

colaterais é cada vez mais crescente.

2.2 MECANISMOS DE ACAO CITOTOXICA

Compostos quimioterapicos sao capazes de causar a morte de células
cancerigenas de varias maneiras. A cisplatina, um quimioterapico classico, se liga ao
DNA formando adutos, impedindo a transcricao e replicagcdo do DNA levando as
células a morte por apoptose (ROSEMBERG et al. 1965; LOEHER, PATRICK 1984).
Quimioterapicos desenvolvidos recentemente tém causado efeito citotdxico por outras
vias de morte além da apoptose. Para conhecer o efeito desses compostos nas
células, é necessario conhecimento das vias de sinalizacdo que levam a morte da
célula. Nos préximos topicos, serdo apresentados alguns desses mecanismos de

morte.

2.2.1 Apoptose

Apoptose € um tipo de morte celular programada essencial para o bom
desenvolvimento de organismos multicelulares. Fisiologicamente, esse processo é
necessario em varias etapas do desenvolvimento do organismo e sua regulagdo é
crucial para a manutengdao da homeostase celular (FUCHS; STELLER 2011). No
entanto, a desregulagdo da sinalizagdo dessa via tem sido observada em varias
patologias como em doencgas degenerativas (doenga de Alzheimer e Parkinson),
autoimunes, doengas cardiacas e no cancer (FULDA et al. 2010; MATTSON; 2000;
LOWE; LIN, 2000).
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No processo carcinogénico, estudos sugerem que essa via de morte € em
algum momento inibida, impedindo a morte celular e consequentemente, a
proliferagdo de células cancerigenas (HANAHAN; WEINBERG, 2011). Ao contrario
das células normais, células tumorigénicas estdo sob constante estresse e condigcéo
de hipdxia. Seria esperado a ativagao da apoptose em resposta a essas condi¢oes
nao favoraveis a sobrevida da célula, porém algumas células tumorais conseguem
evitar que a via de sinalizagado apoptética seja ativada. Os mecanismos utilizados
pelas células para desviar da apoptose séo varios, como a inativagao de caspases ou
a superexpressao de proteinas antiapoptéticas como BCL-2 (BRUNELLE et al., 2009;
RUMMEL et a., 2004).

Logo, para fins terapéuticos, o uso de substancias que induzam a apoptose
em células tumorais tem se mostrado promissor (LOPEZ; TAIT, 2015). Varios
quimioterapicos ja aprovados pelas agéncias reguladoras tém seu mecanismo
baseado na inducdo de morte celular por apoptose, como por exemplo a substancia
bortezomide que atua em mieloma multiplo (KANE et al., 2003).

A apoptose possui caracteristicas bioquimicas e fisiolégicas peculiares (Tabela 1)
permitindo a sua diferenciacdo com relacdo aos outros tipos de morte celular. A
apoptose possui duas vias: via intrinseca e via extrinseca que serao descritas a seguir.

Tabela 1: Caracteristicas morfolégicas e bioquimicas de células apoptoticas.

Caracteristicas morfologicas Caracteristicas bioquimicas
Condensacéo da cromatina Degradacao do DNA
Fragmentac&o do nlcleo Externalizacéo da fosfatidilserina
Formacé&o de corpos apoptoticos Perda do potencial de membrana

mitocondrial
Retracao celular Afivacio de caspases
Fagocitose das células (in vivo) Aumento de calcio livre no citosol
Protustes da membrana plasmatica Ativacao/Iinativacéo de proteinas da

familia Bcl-2 (intrinseca). Ativac&ao por
receptores na membrana celular
(extrinseca)

Fonte: O autor (2018)

2.2.1.1 Apoptose via extrinseca:
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A via extrinseca da apoptose, como 0 nome sugere, se inicia através da
ativacdo de ligantes externos especificos aos receptores de morte localizados na
membrana celular (GALLUZZ| et al., 2018) (Figura 1). Essa ativagcdo ocorre
principalmente através da interagao de ligantes como TNF (fator de necrose tumoral)
e ligantes indutores de apoptose relacionados ao TNF (TRAILs e FasL) (SHERIDAN
et al., 1997) com os receptores TNF-R1/R2 (receptor tipo 1 e 2 do fator de necrose
tumoral), TRAIL-R1/R2 (receptor tipo 1 e 2 de ligantes indutores de apoptose
relacionados ao TNF) e Fas (também conhecido como Apo-1 e CD95) (LOWE, LIN,
2000). A ligagdo do ligante ao receptor provoca oligomerizagdo do receptor,
recrutando moléculas adaptadoras TRADD (dominio de morte associado ao receptor
TRAIL) e FADD (dominio de morte associado ao receptor Fas). Isso permite a ligacao
da pro6 caspase 8, formando o DISC (complexo de sinalizagao de indugdo de morte).
A formagéo do complexo DISC induz a autoclivagem da procaspase 8, permitindo a
sua ativacado (LOWE, LIN, 2000). A caspase 8 ativa as caspases efetoras (caspase 3
e 7), culminando na morte celular (GALLUZZI et al., 2018).

2.2.1.2 Apoptose via intrinseca

A apoptose por via intrinseca € caracterizada pela permeabilizacdao da
mitocondria e da liberacdo do citocromo C no citoplasma (COSENTINO; GARCIA-
SAEZ, 2014) (Figura 1). Uma grande variedade de fatores pode desencadear essa
via, tais com quimioterapicos, radiagéo, choque térmico, EROs e etc (GU et al.,2014).
Esses estimulos culminam em apoptose quando o equilibrio entre as proteinas
antiapoptoticas (Bcl-2 e Bel-XL) (HOCKENBERY et al., 1990) e pré-apoptéticas (Bax,
Bak, Bim e Bid) (YIN et al., 1997) da familia de proteinas Bcl-2 (célula B de linfoma 2)
¢é alterado (SIDDIK, ZAHID, 2013). A proteina Bcl-2 é localizada na mitocondria e no
reticulo endoplasmatico, sendo responsavel por manter integra a membrana
mitocondrial € o equilibrio de calcio no reticulo endoplasmatico (COSENTINO;
GARCIA-SAEZ, 2014). Juntamente com outros membros da familia, a proteina Bcl-2
previne a liberagao de citocromo C no citosol, promovendo a sobrevivéncia da célula.

Por outro lado, membros da familia Bcl-2 pré-apoptéticos promovem a
liberacdo de citocromo C no citosol. Sob estimulos apoptéticos, a proteina Bax se

desloca do citosol e se insere na membrana mitocondrial externa, conjugando-se com
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a proteina Bak. Essa oligomerizagdo promove a formagao de um poro, induzindo a
permeablizagdo da membrana mitocondrial externa e permitindo a saida de
componentes do espaco intermembrana da mitocdndria (GREEN; KROEMER, 2004).
Entre esses componentes estdo endonuclease G, fator de indugdo de apoptose (AlF),
Smac/Diablo, Omi/Htra2 e citocromo C. Uma vez no citoplasma, citocromo C se
associa ao dominio recrutador de caspase (CARD) e fator 1 ativador de peptidase
apoptotica (Apaf-1). O CARD e Apaf-1 recrutam pro-caspases 9, formando o
apoptossomo. Entéo a pro-caspase 9 é ativada, ativando pro-caspases 3, 6 e 7 para
a execugao da apoptose (ACEHAN et al., 2002) .

Figura 2: Vias de ativacdo de apoptose extrinseca e intrinseca.
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Fonte: Adaptado de Mohammad et al. (2015), com autorizacao de Elsevier and

Copyright ClearanceCenter (numero da licengca 4406061428281)

2.2.2 Ferroptose:

Ferroptose é um tipo de morte celular programada recentemente descoberta
(DIXON et al., 2012). Bioquimicamente, o processo de ferroptose é caracterizado pelo
acumulo de ferro, levando a um aumento de EROs e consequentemente a
peroxidagao de lipidios presentes na célula (CAO; DIXON, 2016). A peroxidagao

lipidica dependente de ferro € essencial para que ferroptose aconteca. Ela pode
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ocorrer devido a desregulagao do trafico endossomal de ferro ligado a transferrina aos
lisossomos, levando a ruptura de lisossomos contendo ferro (TORII et al., 2016) e que
por sua vez, catalisa reagdes de Fenton, levando a peroxidagao lipidica excessiva.
Outro mecanismo de desencadeamento da peroxidacao lipidica é a hiperativacdo da
lipoxigenase dependente de ferro através de sua atividade aumentada, que é obtida
pela perda da fungcdo da enzima glutationa peroxidase 4 (Gpx4) (FRIEDMANN
ANGELI et al.,, 2014). A perda da atividade da Gpx4 leva a um aumento na
concentracao de peroxidos, que por sua vez é necessario para a oxidacao do ferro no
centro catalitico das lipoxigenases, ativando assim essas enzimas (LOSCALZO,
2008).

Até agora, sabe-se que esse tipo de morte esta envolvido em varios processos
patolégicos como insuficiéncia renal aguda, neurodegenaracao, obesidade e lesédo por
isquemia/reperfusdo (MULLER et al., 2017; DO VAN et al., 2016; KILLION et al.,
2018). Em células tumorais, a ferroptose pode ser induzida através da deplecao de
glutationa ou de cistina, pois sem esses componentes, a sintese da enzima glutationa
peroxidade 4, a qual é responsavel por neutralizar radicais livres derivados de lipidios,
fica comprometida (STOCKWELL et al., 2017). Em estudos in vitro, o antioxidante
lipofilico ferrostatina-1 é usado para inibir a ferroptose, ressaltando a importancia da
peroxidacgao lipidica nesse processo (DIXON et al., 2012).

Alguns quimioterapicos como o sorafenibe, o qual inibe o transportador de
cistina e o artesunato, que diminui a concentragdo de glutationa, exercem sua
atividade citétoxica em células tumorais através da ferroptose (LACHAIER et al., 2014)
(ROH et al., 2017). Logo, a indugao da ferroptose pode ser uma estratégia para vencer

a resisténcia de células cancerigenas a morte celular por apoptose.

2.2.3 Necroptose:

A necroptose € um tipo de morte celular semelhante a necrose, contudo é
regulada. Estudos mostram o envolvimento da necroptose em doengas como
arterosclerose, isquemia cerebral e respostas antivirais (LIN et al., 2013; VIEIRA et
al., 2014; UPTON et al., 2012). Ela é iniciada pela ligagao de moléculas como TNF-q,
FASL, TRAIL, dsRNA (RNA de dupla fita), IFN (interferon) em seus respectivos
receptores. Entdo, é formado um complexo protéico com as proteinas TRADD

(dominio de morte associado ao receptor TRAIL), TRAF2 ( fator 2 do receptor
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associado ao TNF), clAP 1 e 2 (proteina celular de inibigdo de apoptose), resultando
na ubiquitinagao da proteina RIP1 ( proteina de interagao do receptor 1) (CHEN et al.,
2016). Com a inibicdo da caspase 8, RIP1 se liga a RIP3 (proteina de interagao do
receptor 3) formando o necrossomo com a subsequente ativagdo da RIP3 (CHO et al.,
2009). Quando a RIP3 se encontra ativada, a proteina MLKL (dominio de quinase de
linhagem mista) é recrutada. MLKL é a principal molécula executora da necroptose,
se deslocando do citosol até as membranas intra e extracelulares, danificando-as
(CHEN et al., 2014). As caracteristicas morfologicas de células que sofreram
necroptose sao semelhantes as células necroticas, como por exemplo a perda da
integridade da membrana plasmatica, aumento no volume celular e inchamento de
organelas (DUNAI et al., 2011). Alguns quimioterapicos ja utilizados na clinica, como
5-fluoracil e cisplatina também demostram atividade citotdxica através da morte
celular por necroptose (METZIG et al., 2016; RATOVITSKI et al., 2015).

2.2.4 Autofagia

A autofagia € um processo fisioldgico responsavel pela degradacgédo e
reciclagem de componentes celulares (RUSSO; RUSSO, 2018). O inicio da autofagia
ocorre com a formacédo de uma estrutura inicial formada por uma membrana lipidica
conhecida como fagéforo. As proteinas envolvidas nessa fase séo a PI3K Il
(fosfatidilinositol 3-cinase de classe Ill) também chamada Vps34, beclina 1 (mAtg6)
entre outras (YAN; BACKER, 2007). A expansao do fagoforo, na qual culmina na
formacao do autofagossomo, é mediada pela interagdo de proteinas como Atg5 e
Atg12, que por sua vez interagem com Atg10 e Atg7 (MIZUSHIMA et al., 1998).

As proteinas Atg10 e Atg7 recrutam outras proteinas como a LC3.
Modificagdes causadas pela Atg4 transformam a LC3 em LC3-l, entdo LC3-l é
conjugada com a fosfatidiletanolamina e acoplado a membrana do autofagossomo,
formando a proteina LC3-Il (WU et al., 2006). A quantificagdo da LC3-1l é normalmente
utilizada para estimar a abundancia de autofagossomos (YAN; BACKER, 2007). Os
autofagossomos entao se fundem primeiro com os endossomos e depois com 0s
lisossomos. A fusdo ocorre com a participacao de proteinas como Rab7, SNAREs
(soluble NSF attachment protein receptors), ESCRT (endosomal sorting complex
required for transport) e proteinas Vps (vacuolar protein sorting) classe C, induzindo a

fusdo com endossomas tardios e lisossomos (YAN; BACKER, 2007).
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A autofagia tem sido descrita como sendo um processo que pode tanto
colaborar para a morte da célula quanto ajudar na sua sobrevivéncia (FITZWALTER,;
THORBURN, 2015). Quando a autofagia ajuda na sobrevivéncia das células tumorais,

ela pode colaborar para a resisténcia ao tratamento.

2.3 PARTICIPAGAO DE EROS EM MECANISMOS DE MORTE CELULAR

Varios mecanismos que induzem morte celular programada tém em comum a
participacdo de EROS como mediadores na via de sinalizagao. O papel de EROS na
inducdo da morte celular por apoptose via intrinseca € fundamental. O radical
superoxido, por exemplo, pode induzir a liberagao de citocromo C, etapa crucial para
a ativacdo da via intrinseca da apoptose (MADESH; HAJNOCZKY 2001). Também é
relatado na literatura a participagéo do péroxido de hidrogénio como indutor da morte
celular por autofagia (PALLICHANKANDY et al., 2015). No mecanismo da ferroptose
a participacao de hidroperoxidos de lipidios € essencial para a indugao desse tipo de
morte (DIXON et al., 2012). A papel direto de EROS na indugao da morte celular pelo
mecanismo da necroptose é pouco conhecido, porém alguns estudos mostram que o
aumento de EROs é visto em células que sofrem de necroptose (ARDESTANI et al.,
2013). Portanto, o conhecimento n&o apenas da relagdo entre EROs e indugdo de
morte celular, mas do estresse oxidativo em si, € necessario devido a grande

influéncia de EROs em diferentes mecanismos de morte celular.

2.4 ESTRESSE OXIDATIVO

Estresse oxidativo é uma condicdo bioquimica caracterizada pelo
desequilibrio entre os niveis de espécies reativas de oxigénio (EROs) e nitrogénio
(ERNSs) e os niveis de defesa antioxidante (THANNICKAL, 2000). EROs e ERNs sao
moléculas derivadas do oxigénio e nitrogénio, respectivamente, podendo ser nao
radicalares ou possuirem um ou mais elétrons desemparelhados, sendo chamados
de radicais livres (EMANUELE et al., 2018). As trés EROs mais importantes no
contexto fisioldgico sdo o anion superdxido (Oz2""), radical hidroxila ("OH) e o perdxido
de hidrogénio (H20:2) (BIRBEN et al., 2012).

EROs sao produzidos por consequéncia do metabolismo celular em

condigdes fisiologicas normais. As principais fontes de geragcdao de EROs sado o
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reticulo endoplasmatico, peroxissomos, as enzimas NADPH oxidases e
principalmente a cadeia respiratoria mitocondrial (AL-DALAEN, 2014). Na mitocéndria
1% a 2% do total de oxigénio consumido € transformado em O2"". Os complexos | e I
da cadeia respiratéria sdo os principais sitios de producdo, sendo o O2""e H202 os
principais envolvidos (GENOVA et al., 2001; TURRENS et al.,, 1995). No entanto,
estudos recentes mostram a participagdo do complexo Il na geragdo de EROs, tanto
em condiges fisioldgicas como com a inibicdo do mesmo (QUINLAN et al., 2012;
MORENO-SANCHEZ et al., 2013).

Diante de um cenario de estresse oxidativo, as EROs podem danificar varios
componentes celulares. EROs podem reagir com proteinas, modificando-as e
alterando suas atividades enzimaticas ou promovendo sua desnaturacédo (VAN
HOUTEN et al., 2018). Também podem induzir peroxidacao lipidica, causando
modificagdes estruturais na membrana plasmatica (GASCHLER; STOCKWELL,
2017). A maioria dos efeitos a longo prazo do estresse oxidativo ocorre na molécula
de DNA, envolvendo modificagao de bases, quebra de fita simples e dupla, mutagdes,
etc (VAN HOUTEN et al., 2018).

EROs estdo envolvidos em inumeros processos biolégicos importantes para
homeostasia celular. Porém, EROs também estdo envolvidos em condicdes
patologicas como diabetes, arteriosclerose, obesidade, doencas cardiovasculares e
cancer (SCHIEBER; CHANDEL, 2014). Células cancerigenas possuem um nivel
aumentado de EROs comparado com células normais (GALADARI et al., 2017). Esse
aumento € causado pela alteracdo no metabolismo mitocondrial e pela necessidade
de aumentar vias de sinalizacdo que promovem crescimento, proliferacao,
diferenciacao e sobrevivéncia da célula (TAFANI et al., 2016). O aumento de EROs
em células cancerigenas é contrabalanceado pelo aumento de enzimas antioxidantes
(GALADARI et al., 2017). Logo, compostos que induzem aumento de EROs ou a
diminuicdo nas defesas antioxidantes podem contribuir para a ativagdo de
mecanismos de morte, limitando o crescimento tumoral (GALADARI et al., 2017).
Antitumorais ja utilizados na clinica como bevacizumabe e axitinibe além de atuarem
em receptores celulares, aumentam os niveis de EROs, contribuindo com efeito téxico

em células cancerigenas (TEPPO et al., 2017).
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2.5 MITOCONDRIAS COMO ALVO ANTITUMORAL

As mitocéndrias exercem um papel essencial na produgéo de energia atraves
da oxidagao de biomoléculas, gerando NADH e FADH2. Os elétrons provenientes do
NADH e FADH:2 oferecem energia para o bombeamento de prétons, convertendo ADP
em ATP pela fosforilagdo oxidativa (COOPER, 2000). As mitocéndrias também sao
importantes mediadores da morte celular por apoptose, e por essas razdes sao
consideradas alvos para tratamentos quimioterapicos (VAKIFAHMETOGLU-
NORBERG et al., 2017). Compostos antitumorais que agem na mitocondria, os
chamados mitocans (acrbnimo de mitocéndria e cancer), sao candidatos
proeminentes pois, dependendo do fendtipo do tumor, eles podem ser seletivos para
células tumorigénicas (FULDA et al., 2010). Por exemplo, alguns tipos de células
tumorais exibem niveis mais altos da proteina anti apoptética Bcl-2 como células de
leucemia linfocitica cronica (MASON et al., 2008) e células cancerigenas de pulméo
(OLTERSDOREF et al., 2005).Portanto, drogas que inibem a proteina Bcl-2 nesse tipo
de neoplasia podem combater a resisténcia dessas células ao processo apoptatico.

Interessantemente varias diferencas, tanto na estrutura como na funcdo das
mitocondrias, tém sido vistas em células tumorais quando comparadas as células
normais (MODICA-NAPOLITANO; SINGH, 2004). Analise protedbmica de células
normais e de tumores de figado humano mostrou uma diminuigdo nas expressoes de
proteinas como as enzimas superéxido dismutase 1 e 2 e glutationa S-transferase A1
e A2 nas células tumorais, tornando-as mais sensiveis a morte celular mediante a um
composto que induza uma condigéo de estresse oxidativo (YE et al., 2013).

Logo, devido a essas diferengas, substancias capazes de alterar o metabolismo
mitocondrial podem apresentar grau de citotoxicidade diferentes em células tumorais
de figado quando comparadas a hepatocitos saudaveis. Varios compostos tém sido
identificados como capazes de perturbar o metabolismo mitocondrial em células
tumorais. Por exemplo, moléculas que se ligam a proteinas anti-apoptéticas da familia
Bcl-2, como por exemplo o polifenol gossipol, pode inibir a atividade dessas proteinas
(ZEITLIN et al., 2008). Varios tumores apresentam superexpressao dessas proteinas
(LESSENE et al., 2008) logo, inibindo-as induziria as células tumorais a morte celular
por apoptose.

Além do seu importante papel na apoptose, as mitocdndrias sdo responsaveis

pela produgdo de energia através do transporte de elétrons do NADH e FADH2 ao
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aceptor final de elétrons, o oxigénio (RYAN, MICHAEL 2018). Alteragcdes nesses
processos, desde a passagem dos elétrons, atividades enzimaticas, alteragbes de
propriedades da membrana mitocondrial até o bombeamento de prétons, podem
comprometer a producao de ATP (NELSON; COX, 2011). Varios compostos descritos
na literatura tém como alvo os complexos da cadeia respiratoria. O quimioterapico
tamoxifeno (25 pM), utilizado em pacientes com cancer de mama, induz apoptose e
inibicdo do complexo | da cadeia respiratéria em mitocéndrias de figado de rato
(MOREIRA et al., 2006). O alfa tocoferil succinato (a-TOS), um analogo da vitamina
E, € considerado como antitumoral por desestabilizar a mitocéndria. O a-TOS (150
MM) é capaz de inibir em aproximadamente 40% a taxa de respiragdo do complexo |
da cadeira respiratdria em mitocéndrias isoladas de figado de rato (DOS SANTOS et
al., 2012). Em outro estudo, a injecao intra-arterial de acido bromopiruvico (inje¢cao
unica de 0.0125 mM), um potente inibidor da sintese de ATP, em céncer de figado de
camundongos causou a morte de quase 100% das células tumorais sem afetar os
hepatdcitos saudaveis (GESCHWIND et al., 2002). Poucos estudos sobre o efeito das
chalconas na mitocéndria séo relatados na literatura. Martineau (2012) observou que
a 4’-hidroxichalcona (50 pM) reduziu a velocidade respiratéria em aproximadamente
30 % no estado 3 (adigdo de ADP e succinato). Muitos estudos ainda s&o necessarios,

porém os mitocans tém sido considerados promissores para o tratamento do cancer.

2.6 FLAVONOIDES

Os flavonoides sao metabdlitos secundarios e estao entre os mais abundantes
na flora. Quimicamente, eles sdo formados por um esqueleto de 15 carbonos que
consiste em dois anéis aromaticos nomeados A e B ligados por uma cadeia carbénica,
podendo ou nao formar um terceiro anel (C). Alguns flavonoides séo classificados
como flavonas, flavononas, isoflavona, entre outros que possuem o anel C e as
chalconas que nao possuem este anel na sua estrutura (CORRADINI et al.,2011).
Aproximadamente 6000 diferentes flavonoides ja foram identificados, sendo
encontrados em flores, frutos e folhas (PANCHE et al.,2016). Os flavonoides tém
mostrado grande variedade de atividades biologicas, sendo estas moléculas de
grande potencial para a descoberta de novas drogas (WALLACE, TAYLOR 2011;
BOUBAKEUR et al., 2015; PELUSO et al., 2013; BEKING; VIEIRA; 2010). Neste

trabalho foram estudados os efeitos de um derivado sintético das chalconas, grupo de
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moléculas cujas principais atividades serao descritas a seguir.

2.7 CHALCONAS

As chalconas possuem uma estrutura basica que consiste em dois anéis
aromaticos (A e B) ligados covalentemente por uma cadeia de trés carbonos que
contém uma carbonila a,B-insaturada (PRABHAKAR et al., 2014) (Figura 2). O grupo
cetona a,B3-insaturada € o responsavel por varias atividades biolégicas observadas,
uma vez que a remog¢ao dessa estrutura resulta em perda da maioria das atividades
bioldgicas (SAHU et al., 2012). A principal reagdo que ocorre com as chalconas é a
adicao de Michael, onde a chalcona age como eletréfilo reagindo com nucledfilos tais
como grupos tidis presentes em uma grande variedade de proteinas (PRABHAKAR et
al., 2014).

As chalconas podem possuir grande diversidade estrutural, onde varios
grupos substituintes podem estar presentes em ambos os anéis como: metil, metoxil,
hidroxil, nitro, amino, etc. (LEON-GONZALEZ et al., 2015). A adicdo de substituintes
e 0 numero deles e suas posigdes interferem de forma significativa em seus efeitos
biolégicos (MAHAPATRA et al.,, 2015). Entre os grupamentos encontrados nas
chalconas que tem demonstrado importancia para seus efeitos estdo o grupamento
hidroxil e o nitro.

Figura 3: Estrutura basica das chalconas

Fonte: O autor (2018)

2.7.1 Chalconas hidroxiladas

As chalconas que possuem o grupo hidroxila como substituintes s&o relatadas
em varios estudos. As posi¢cdes e o numero de grupos hidroxila ligados aos anéis
aromaticos das chalconas tém mostrado influenciar os efeitos citotoxicos promovidos

em células tumorais (KARTHIKEYAN et al., 2014). Esta substituicdo faz com que uma
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ligacao de hidrogénio se forme entre o grupo carbonila e o grupo hidroxila, tornando o
composto mais eletrofilo, aumentando a sua reatividade (AMSLINGER et al. ,2012).

Wei et al. (2013) mostraram que duas chalconas hidroxiladas (2’,4’-dihidroxi-6’
methoxy-3’,5" -dimetilchalcona e 2’,4’-dihidroxi-6’-metoxi-3’-metilchalcona) isoladas da
samambaia Cyclosorus parasiticus exibiram citotoxicidade significativa em células
HepG2 apresentando valor de ICs0 de 1,6 e 2,82 uM respectivamente apos 24 horas.
Yang et al. (1998) verificaram que apds a incubagao com 20 uM de buteina (2’,4’,3,4-
tetrahidroxichalcona) por 30 minutos ocorre a inibicdo do EGF (fator de crescimento
epidermal) que estimula o crescimento e a proliferagéo celular.

A hidroxila localizada no carbono 2" do anel A das chalconas tém chamado a
atencao por ser importante em provocar alteragdo na progressao do ciclo celular e
apoptose em células tumorais. A chalcona phloretin (2’,4’,6,4-tetrahidroxichalcona)
(100 puM durante 24 horas) induziu a morte celular por apoptose em células de
melanoma B164A5 e em células leucémicas humanas HL-60 (KOBORI et al., 1999).
A isoliquiritigenina (2’,4’,4-trinidroxichalcona) induziu apoptose e provocou alteragao
na progressao do ciclo celular em células HepG2 na concentragao de 20 ug/mL em
24 horas (HSU et al., 2005). O mesmo composto extraido de uma leguminosa (Milettia
pachycarpa) induz alteragao no ciclo celular e morte celular por apoptose em células
metastatica de figado SK-Hep 1 (ICs0: 95,9 uM apds incubacéo de 48 h) (WU et al.,
2013). Echeverria et al., (2009) verificaram que a 2’-hidroxichalcona (50 uM) provoca

a diminuicao de 50% da viabilidade de células HepG2. .

2.7.2 Chalconas nitradas

Quimicamente, o grupo nitro ligado a um anel aromatico nas chalconas
aumenta sua reatividade por atrair os elétrons, tornando a carbonila a,B-insaturada
ainda mais eletrofilica. O grupo nitro pode ser reduzido enzimaticamente pela xantina
oxidase, diaforase, tioredoxina redutase, entre outras (CENAS et al., 2006; ARLT et
al., 2005). A redugéo por seis elétrons gera um grupo amina e alguns intermediarios
como O grupo nitroso, radical nitroxil e hidroxilamina, os quais podem reagir com
biomoléculas (OLENDER et al., 2018). A redugao por um elétron do grupo nitro gera
o radical anion nitro, que em condi¢des aerobicas se reoxida novamente a grupo nitro
pelo oxigénio molecular, formando o radical superdxido (OLENDER et al., 2018).

Existem pouquissimos estudos relacionando chalconas nitradas e seus efeitos em
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células cancerigenas. Lawrence et al., (2001) mostrou que entre as 20 chalconas
testadas com diferentes grupos substituintes (metoxila, bromo, cloro e nitro), aquela
que possuia o grupo nitro na posigdo 4 do anel A apresentou ser uma das mais
citotoxicas (ICso= 1,2 yM em 72 horas) em células leucémicas K562.

Em nosso laboratério ja foram realizadas algumas analises utilizando
chalconas nitradas. Tamiello, C. (2013) realizou um estudo usando 3-nitrochalcona
em células HepG2 e verificou perda de 22 % de viabilidade na concentragéo de 15 uM
apos 24 horas de incubagao. A perda de viabilidade causada pela 3-nitrochalcona foi
reduzida com a pré-incubagcdo de N-acetilcisteina (NAC), sugerindo um possivel
envolvimento de EROs na inducdo do efeito citotdxico nestas células. Outra
nitrochalcona estudada em nosso laboratério foi a 4-nitrochalcona, que induziu
citotoxidade (em torno de 16 %) em células HelLa a partir da concentragéo de 15 uM
em 24 horas (AREVALO, 2018). Igualmente, a perda da viabilidade também foi
parcialmente reduzida usando pré-incubagcao com 10 mM de NAC. Neste trabalho foi
realizada a analise dos efeitos citotdxicos e prooxidantes da 2’hidroxi-3-nitrochalcona
(HNC) (Figura 2). Estudos preliminares em nosso laboratério mostraram que a HNC
exerce atividade citotoxica em células HepG2 (IC50~25 pM — 24 horas de incubagao)

(SCOPARO, 2015), porém seu mecanismo de acao néo foi elucidado.

OH O
! -~ I ND;
Figura 4: Estrutura quimica da HNC
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Abstract

Chalcones have a great structural diversity, contributing to the different
biological activities. It is known that hydroxyl group in chalcones structure contributes
to the cytotoxic effect in cancer cells. However, little is known about nitrochalcones
effect on tumor cells. In this study, the cytotoxicity of 2'-hydroxy-3-nitrochalcone (HNC)
was evaluated in HepG2 cells. HNC was able to induce cytotoxicity with an 1Cso of 21.9
MM in 24 hours. HNC (15 and 20 puM) increased ROS levels and this effect were
partially reversed with the pre-incubation with 10 mM NAC, suggesting the participation
of ROS in the cytotoxic mechanism. The results of the Annexin-V-FITC/propidium
iodide double labeling assay indicate that the possible mechanism of cell death
induced by HNC (15 and 20 pM) is apoptosis. Inhibitors of ferroptosis, necroptosis and
autophagy were tested but the results suggested that these mechanisms are not
involved in the cytotoxic effect caused by HNC. After treatment with 15 and 20 yM HNC
for 24 h, a mitochondrial dysfunction was observed, showing a decrease in the the
oxygen consumption and in the mitochondrial membrane potential (observed for 20
MM HNC). Thus, we conclude that HNC exerts cytotoxic activity by altering ROS levels,

mitochondrial dysfunction and possibly causing apoptosis cell death.
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1. Introduction

Liver cancer is the fifth most common cancer diagnosed worldwide, accounting
for more than 600,000 deaths every year'. Hepatocellular carcinoma (HCC) is the
dominant type of primary liver tumor?. The main risk factors for the development of
HCC are hepatitis B and C infections, high alcohol intake, non-alcoholic fatty liver
disease and exposure to aflatoxins 3#%6. Even though many treatments are going
through clinical trials, the current treatment of HCC presents challenges such as high
toxicity and unsatisfactory response. Therefore, there is a clear necessity to find potent
and efficient treatments to reduce the mortality of HCC.

Chalcones, precursors of flavonoids, are present in a large number of plants
and have shown multifarious biological activities, which include anti-inflammatory 7,
antimicrobial®, anti-HIV °, antimalarial’® and anticancer'' properties. Regarding its
antitumoral effects, chalcones have been able to cause cell cycle arrest '2, disruption
of microtubular network '3, apoptosis'# and autophagy’® cell death. Chalcones are also
promising in vivo as anti-tumor and cell proliferating blockers 6.

Chemically, chalcones are formed by two rings (A and B) linked by an a,[3-
unsaturated ketone '7 .This structure acts as Michael acceptors with good
nucleophiles, which is responsible for most of its biological effects.'® Those effects are
frequently associated with their reactivity with thiol groups ' , which can alter
intracellular redox status. To provide a wide structural diversity, substitutions on ring A
or B are made using groups such as hydroxyl, metoxyl, prenyl, etc.

The hydroxyl group has been commonly found among the naturally occurring
chalcones and have shown cytotoxic effects in a diverse variety of cancer cell lines'%20.
Structurally, the hydroxyl group interacts with the carboxyl group through a hydrogen
bond, increasing its reactivity 2. A chalcone containing this functional group at the 2’
position (A ring), was able to induce cytotoxicity, DNA fragmentation and caspase 9
activation in HepG2 cells (200 uM for 24 hours)??. Another chemical group typically
found in different types of drugs 23, but little studied in chalcones is the nitro group.
Structure-activity relationship studies have demonstrated that nitro group in the B ring
of a 2’-amino-4-nitrochalcone confers higher cytotoxic effects (ICs0~13 yM) compared
to methoxyl (2’-amino-4-methoxylchalcone 1Cs0~72 yM) and chlorine substitutions (2’-
amino-4-chlorinechalcone I1Cso > 100 uM) after 72h-treatment in HepG2 cells?*. The

electron withdrawing effect of the nitro group increases chalcone reactivity and when
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it is bonded to the aromatic ring, is prone to produce reactive oxygen species?>.
Cancer cells usually show higher levels of ROS compared to normal cells?6. For
that reason, compounds that induce ROS elevation to a toxic level are suitable
candidates to be used as anticancer drugs. The ability of chalcones to induce apoptosis
and ROS production in a variety of cancer cell lines 2”2 has led to the suggestion of
its use in chemotherapy. Furthermore, compounds targeting mitochondria have been
reported in the literature as promising in the treatment of cancer?®. These compounds
may induce apoptosis cell death, in addition to altering mitochondrial metabolism 0.
Since there are minimal studies involving nitro chalcones and some 2’-
hydroxychalcone have display cytotoxicity effects, we aimed, for the first time, to
explore the cytotoxic and prooxidant effects of 2’-hydroxy-3-nitrochalcone (HNC)

(Figure 1) in HepG2 cells.

2 Materials and Methods

2.1 Materials

Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine serum (FBS)
were obtained from Cultilab (Sao Paulo, Brazil). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), 2’7’-dichlorofluorescin diacetate (DCFH-DA), N-
acetylcysteine (NAC), rhodamine 123, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP), propidium iodide, dimethyl sulfoxide
(DMSO), rotenone, antimycin A, chloroquine, ferrostatin-1, necrostatin-1, quercetin
and cisplatin were obtained from Sigma-Aldrich. Annexin V-FITC and was obtained
from BD Biosciences. All other reagents were commercial products of the highest
available purity grade.

The compound used in this study, 2 -hydroxy-3-nitrochalcone, was synthesized
by Dr. Alfredo S. E. Bates (Chemistry Department, UFPR, Curitiba, Parana, BR). It was
dissolved in DMSO and stored at - 20 °C. The respective treatments were prepared in
DMEM before use. The maximal concentration of DMSO was 0.1% in all the treatments

and controls.
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2.2 Cell culture

The human hepatocarcinoma cell line (HepG2) was obtained from ATCC. Cells
were maintained in DMEM medium, supplemented with 10% FBS and 100 U/ml

penicillin/streptomycin, and incubated at 37°C and 5% CO2, under controlled humidity.

2.3 Methods

2.3.1 MTT assay

HepG2 cells were seeded at a density of 1 x 10 cells per well into 96-well culture
plates for 24 hours. After, cells were incubated with HNC (5,10,15,20 and 30 uM) for
24 and 48 hours. Then, cell viability was measured through MTT method 28. Briefly,
after 24 and 48 hours of exposure, the supernatants were removed, and 200 yL of a
MTT solution prepared in PBS (0.5mg/ml) was added and incubated for 3 hours. MTT
solution was discarded and the formazan was dissolved in 200 yL of DMSO. The
absorbance at 550 nm was measured using a microplate reader (Epoch Bioteck).
Cytotoxicity was also evaluated with and without incubation with NAC (10 mM) for 2
hours prior to the treatment with HNC. The results were expressed as the percentage

of viable cells compared to control (0.1% DMSO).

2.3.2 Lactate dehydrogenase (LDH) release assay

Cytotoxicity was also evaluated through the LDH release assay, which can only
be measured in the medium if membrane integrity is impaired. HepG2 cells were
cultivated (1 x 104 cells/well) in 96 well plates for 24 hours. Then, HNC (5, 10, 15, 20
and 30 uM) were added and incubated for 24 and 48 hours. After, the supernatant was
collected, the LDH activity was analyzed following the manufacturer’s instructions
(Analisa Gold, Brazil). The absorbance at 320 nm was measured using a microplate
reader (Epoch Bioteck). Triton 1% was used as a positive control of cell membrane
rupture. The results were expressed as the percentage of LDH release in comparison

to control.
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2.3.3 Annexin-V-FITC/propidium iodide double labelling assay

The appearance of phosphatidyl-serine on the extracellular side of the cell
membrane was quantified by annexin V and cell membrane permeabilization was
analyzed by PI staining3'. HepG2 cells (6x10%) were seeded into 24-well plates for 24
hours. After removing the medium, the treatment containing 15 and 20 uM HNC was
added for another 24 hours. A combined incubation with quercetin (50 uM) and
cisplatin (10 uM) was used as a positive control for apoptosis3?. After centrifugation
(7009 for 4 min) of both detached and adherent cells, the pellet was resuspended in
100 pL of Annexin binding buffer, and stained with 5 puL of Annexin-V and 5 uL (1 mg/
mL) of PI for 15 min at 25°C in the dark. Samples were diluted in 400 pL of binding

buffer and analyzed using a flow cytometer Accuri C5 BD.

2.3.4 Measurement of intracellular ROS

The intracellular ROS generation was measured by staining the cells with 2', 7'
- dichlorofluorescein-diacetate DCFH-DA 33. HepG2 cells were seeded at a density of
6 x 10% cells per well into 24-well culture plates for 24 hours. After, the cells were
exposed for 24 h to HNC (15 and 20 uM), vehicle control (0,1% DMSO) and 400 yM
of H202 as a positive control. ROS detection in cells pre-incubated with NAC (10 mM)
for 2 hours prior to the treatment with HNC and vehicle control were also performed.
Lastly, the treatments were replaced by a solution of DCFH-DA in PBS (5 pM) and
incubated for an additional 30 min at 37°C. Cells were washed with PBS, harvested
using trypsin, centrifuged (700g for 4 min) and resuspended in PBS. The fluorescence
was measured using a flow cytometer Accuri C5 BD. DCFH-DA was excited with a 488

nm laser and the emission fluorescence was recorded through a FL-1 filter (533/30).

2.3.5 Analysis of mitochondrial respiratory chain complexes

Respiration was measured by high-resolution respirometry (Oxygraph-2k,
Oroboros® Instruments, Insbruck, Austria) 3*. HepG2 cells were seeded in 60 mm-
plates (5 x 10° cells/plate). After 24 hours, cells were incubated with 15 and 20 uM

HNC for 24 hours. Then, cells were harvested, centrifuged (2000 rpm for 3 min) and
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suspended in mitochondrial respiration medium,containing 125 mM mannitol, 65 mM
KCI, 10 mM HEPES, 0,1% BSA and 1 mM EDTA, solubilized in ultrapure water and
pH 7,2. Then, cells were permeabilized with digitonin“3 (20 ug/10° cells), for 10 min at
37° C and the respiration was evaluated. The basal state was evaluated in oxygraph
respiration medium in the absence of substrates and inhibitors. The activity of
mitochondrial complexes was measured as following: NADH oxidase - by addition of
glutamate/malate (10 and 5 mM, respectively) as oxidizable substrates and ADP
(2mM); Succinate oxidase — by addition of rotenone (0,5 uM) for inhibition of complex
| and succinate (10 mM), as oxidizable substrate, plus ADP (2 mM) and, Complex IV
—by addition of antimycin A (2,5 uM) as inhibitor of Complex Il and (TMPD)/ascorbate

(0,5 mM and 2 mM, respectively) as oxidizable substrates.

2.3.6 Measurement of mitochondrial membrane potencial (A%¥m)

Mitochondrial membrane potential (AWm) was assessed using Rhodamine 123
(Rho123), a mitochondrial dye that stains mitochondria in living cells in a membrane
potential-dependent fashion®. HepG2 cells (6 x 10* cells/well) were plated in 24-well
plate for 24 hours. After, the cells were incubated with HNC (15 e 20 uM) and vehicle
control for 24 hours. Also, FCCP (0.5 pg/mL for 30 min), a protonophore capable of
disrupting the mitochondrial membrane potential was used as positive control. Then,
the medium was removed and cells were washed with PBS and incubated with 10
pMg/mL of Rho123 for 30 min at 37°C in the dark. Then, cells were harvested,
centrifuged (700g for 4 min) and resuspended in 500 pL of PBS. The fluorescence was
measured using a flow cytometer Accuri C5 BD. Rho123 was excited with 488 nm laser
and the emission fluorescence was recorded through a FL-1 filter (533/30). Cells with
reduced fluorescence were counted as having lost some of its mitochondrial

membrane potential.
2.3.7 Statistical Analysis
Analysis of variance (one-way ANOVA) followed by Tukey test was used to

compare means, using the Graph Pad Prism 5.0 software. Values of mean + SD were

used. For all comparisons, p values less than 0.05 were considered statistically
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significant. The 50% inhibitory concentration (ICso) values were calculated by nonlinear

regression.

3 RESULTS

3.1 Cytotoxic effect of HNC on HepG2 cells

Using tetrazolium-based colorimetric assay (MTT), the cytotoxic effect of HNC
was evaluated in HepG2 cells. As shown in figure 2A and 2B, 5 and 10 yM HNC did
not alter cell viability. However, the number of viable cells was reduced to
approximately 80 %, 54% and 29 % with 15, 20 and 30 uM for 24 h of incubation,
respectively. Figure 2B shows the reduction of the cell viability, especially at 15 yM
(55%), 20 uM (37 %) and 30 uM (27%) when cells were incubated for 48 hours. The
ICs0 values are 21.9 in 24h (Figure 2A insert) and 17.3 uM in 48 h (Figure 2B insert).
In order to evaluate the cytotoxicity by another method, we measured the activity of
the LDH (lactate dehydrogenase) released into the supernatant. Figure 3A shows the
LDH released (%) in the medium after 24 h of incubation. The effects of HNC were
statistically different at the concentration of 20 and 30 uM, reaching 23 % and 28% of
LDH release, respectively. After 48 h of incubation with 15, 20 and 30 uM HNC the
LDH release were 39%, 60%, 65%, respectively (figure 3B).

il

Figure 1. Structure of HNC
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Figure 2. Cytotoxic effect of HNC on HepG2 cells assessed by MTT assay. HepG2
cells were incubated with control (DMSO 0,1% in DMEM) and HNC (5 — 30 uM) for 24
(A and log dose response as an insert) and 48 (B and log dose response as an insert)
hours. Results are expressed as a percentage of the control and represent the mean
+ standard deviation of three independent experiments performed in triplicate, * p <

0.05, ** p <0.001 and **** p <0.0001.
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Figure 3. Cytotoxic effect of HNC on HepG2 cells assessed by LDH release assay.
HepG2 cells were incubated with control (DMSO 0,1%), triton (1%) and HNC (5 — 30

MM) for 24 (A) and 48 (B) hours. Results are expressed as a percentage of the control

and represent the mean + standard deviation of three independent experiments
performed in triplicate, * p < 0.05, ** p <0.001 and **** p <0.0001.

3.2 HNC-induced ROS generation and its relationship with citoxicity in HepG2 cells.

Some studies have reported that an increase in ROS production is involved in
cancer cell death induced by chalcones 3637, Here we tested if HNC is capable of
promoting an increase in ROS levels (Figure 4A and 4B). The rise of ROS levels was
observed when 15 (1.4-fold) and 20 yM (1.5-fold) of HNC was used and compared
with control (1.0) (Figure 4B). This rise was partially blocked by 10mM NAC (an
antioxidant) considering the 20 yM HNC treatment (1.24-fold increase). When HepG2
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cells were treated with 15 yM HNC the effect of NAC was not statistically significant
however, a tendency in ROS reduction (1.12-fold increase) was observed. These data
indicate that the increase in ROS may play a role in cytotoxicity caused by HNC.

To determine the relationship between the elevation of cellular ROS and HNC-
induced cell cytoxicity, the HepG2 cells were pretreated with 10 mM NAC for 2 hours
followed the treatment with HNC 15 and 20 uM for 24 h. Cell viability was confirmed
by MTT assay. Figure 5 shows that the pre-incubation with NAC was able to increase
the percentage of viable HepG2 cells (around 28%) when compared to 20 yM HNC
treatment alone. Since NAC is also a precursor of glutathione (GSH) synthesis®, we
tested if the depletion of GSH contributes to cell viability reduction caused by HNC.
Pre-treatment using 400 yM BSO, which decreases GSH synthesis®®, did not
significantly alter HNC cytotoxicity (15 and 20 uM) (data not shown). These results

demonstrated that ROS plays, at least in part, a role in mediating HNC-induced cell

cytotoxicity.
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Figure 4. Effects of HNC on intracellular ROS levels . (A) Representative histogram
by flow cytometry data of ROS levels. HepG2 cells were incubated for 24 h with
vehicle (0.1% DMSO) (control), 15 and 20 yM HNC and pre-incubated for 2 h with
NAC (10 mM ) as indicated . H202 (400 uM) was added as positive control. (B) The
results are expressed as relative fold change and expressed as the mean + standard
deviation of three independent experiments performed in duplicate. *p <0.05, ***p
<0.0001.
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Figure 5. Effects of NAC on cytotoxicity induced by HNC. HepG2 cells were incubated
for 24 hours with vehicle (0.1% DMSQO), 15 and 20 yM of HNC. NAC (10 mM) was
added 2 hours prior the incubation with vehicle and both concentrations of HNC.
Results are expressed as a percentage of the control and represent the mean *
standard deviation of three independent experiments performed in duplicate. *p <0.05,
**p <0.001.

3.3 Effects of HNC on cell death induction

Since ROS is involved in the cytotoxic mechanism induced by HNC and as ROS
is linked to different types of programmed cell death*%#'42, we decided to investigate
the HNC-induced cell death mechanism. We analysed different types of programmed
cell death using a set of compounds which are known to selectively inhibit a type of
cell death. Chloroquine (10 uM) is an autophagy inhibitor that raises the lysosomal pH,
leading to fusion inhibition of autophagosome with lysosome and protein degradation*?
Ferrostatin-1 (5 pM) inhibits lipid reactive oxygen species, was used to block
ferroptosis*4. Necrostatin-1 (50 uM), a selective allosteric inhibitor of death domain
receptor-associated adaptor kinase (RIPK1), was used to inhibit RIPK1-dependent
necroptosis®. Figure 6 shows that none of these inhibitors was able to restore or
increase cytotoxicity caused by HNC. Next, to evaluate if HepG2 cells are undergoing

apoptosis, we assessed phosphatidylserine exposure and membrane integrity using
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annexin and propidium iodide staining assay, respectively (Figure 7). As shown in
figure 8A, treatment with both 15 and 20 uM HNC were able to increase the number
of annexin positive cells by around 9% and 13%, respectively when compared to 1%
in control HepG2 cells. An increase of around 11% and 23% of annexin/Pl double-
positive cells were found for HNC-treated cells with 15 and 20 uM respectively (figure
8B). No statistical difference was found for only Pl-positive cells (figure 8C). Taken all

together, the results have shown that HNC possibly induces apoptosis cell death.
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Figure 6. Cytotoxic effect of HNC using cell death inhibitors. HepG2 cells were
incubated for 24 hours with vehicle (0.1% DMSO), 15 and 20 uM of HNC. Chloroquine
(CQ 10 pM) was added 2 hours before the incubation with HNC. Ferrostatin-1 (5 uM)
and Necrostatin-1 (50 uM) were co-incubated with HNC for 24 hours. Results are
expressed as a percentage of the control and represent the mean + standard deviation

of three independent experiments performed in triplicate, *p <0.05, ****p <0.00001.
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Figure 7. Flow cytometry analysis of cell death using Annexin V-FITC and PI. (A)
control, (B) positive control (cisplatin (10 uM) and quercetin (50 uM)), (C) HNC 15 uM
and (D) HNC 20 uM, all at 24 hours. FL1: Annexin-V/FITC FL2: Pl. 10* events were
recorded using flow cytometer Accuri C5 BD and analyzed using the Accuri C5 BD

software.
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Figure 8. Annexin V-FITC/PI double staining analysis of apoptosis in HepG2 cells at
24 hours post-HNC treatment. (A) Populations testing annexin V positive/Pl negative
were classified as early-stage apoptotic cells, (B) double-positive cells were classified
as late-stage apoptotic cells and (C) annexin V negative/ Pl positive were considered
necrotic cells. The values shown are the mean + standard deviation of three

independent experiments in duplicate. *p <0.05, **p <0.001.

3.4 Effect of HNC on the mitochondrial respiratory chain in HepG2 cells.

Some chalcones are capable of inducing apoptosis by the intrinsic pathway®
as well as by the extrinsic pathway?°. Effects on the respiratory chain are usually
involved in the intrinsic pathway mechanism. For this reason, HNC effects on the
mitochondrial respiratory chain (MRC) was analyzed.

HNC-treated HepG2 cells showed a decrease in the respiration rate, reaching
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39% and 44% reduction for 15 and 20 yM HNC, respectively, when compared to the
control at basal state (Figure 9A). After glutamate and malate addition, NADH oxidase
respiration rate was also reduced at both HNC concentrations (41% and 51% of
reduction for 15 and 20 uM HNC, respectively) (Figure 9B). Interestingly, succinate
oxidase complex showed to be most affected by 15 and 20 yM HNC (59% and 60% of
reduction, respectively) (Figure 9C). However, HNC in the same concentrations did not
affect complex IV activity (91 and 102 %, respectively) (Figure 9D). These results
indicated that the effects of HNC could be between complex | and Il of the

mitochondrial respiratory chain.
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Figure 9. Effect of HNC on MRC. The respiration was determined in the absence of
substrates and inhibitors (A), in the presence of glutamate, malate and ADP (B), in the
presence of rotenone, succinate and ADP (C) and in the presence of antimicyn A,
TMPD and ascorbate (D). The values represent the mean + standard deviation of three

independent experiments in duplicate, *p <0.05, **p <0.001.
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3.5 Effect of HNC on mitochondrial membrane potential (A¥Ym)

Mitochondrial membrane potential assay was performed using Rhodamine 123
(figure 10A). Treatment with HNC was able to reduce the intake of Rhodamine 123 in
13 % and 28 % (15 and 20 pM, respectively) compared to the control group (figure
10B). These findings showed that the treatment with 20 yM of HNC depolarizes the

mitochondria membrane potential significantly.
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Figure 10. Effects of HNC on mitochondrial membrane potential. HepG2 cells were
incubated for 24 hours with vehicle (0.1% DMSO), 15 and 20 uM of HNC. FCCP
(0.5pg/ml) was added 30 min before the addition of Rhodamine 123 (10 ug/ml) for 30
min. (A) Flow cytometry analysis of Rhodamine123 staining in HepG2 cells. 10* events
were recorded using flow cytometer Accuri C5 BD and analyzed using the software
Accuri C5 BD. (B) The results are expressed as the mean + standard deviation of three

independent experiments performed in duplicates, *p <0.05, **p <0.001.

4 Discussion

In the present study, we investigated the cytotoxic effects of 2’-hydroxy-3-
nitrochalchone (HNC) in HepG2 cells. Hydroxylated chalcones are well studied as they
possess several biological activities including antitumor activity*’. Hydroxylated

chalcones at the 2’ position are capable of causing cell cycle disruption and apoptosis
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in human prostate cancer cell line (PC-3)*8. However, the presence of the nitro group
in its structure is rarely seen in the literature. Pati et al, 2005*° have shown that 3’,4’,5’ 4
methoxyl-3-nitrochalcone triggered cytotoxic effects in melanoma cancer cells
(B16F10) (ICs0 >100 pM - 72 hours).

Nitro groups are present in a wide range of drugs exerting antibiotic,
antidepressive and immunosupressive properties®. In biological systems, especially
in the liver, this group is biotransformed, being reduced enzymatically through
nitroredutases®’. In many cases, this process is linked to the cytotoxic effect of the drug
as it induces ROS generation in the reducing steps®. Some cancer cells, including
liver cancer, exhibit highest levels of DT-diaforase, a nitroredutase, compared to
healthy cells®2. Therefore, nitro-aromatic prodrugs are prone to be metabolized more
intensively in cancer cells, becoming attractive targets for chemotherapy. Thus,we
aimed to evaluate the effects of 3-nitro substitution at ring B in chalcones, along with
2’- hydroxyl group at ring A.

In vitro cytotoxicity assays are used to anticipate a possible human toxicity. It
has been reported that different cytotoxicity assays show different results depending
on the compound used and the method employed®3. The results obtained from the
cytotoxicity assays indicate that there are some differences between the two methods
concerning their sensitivity to HNC effect. Through the MTT assay, we observed a
viability reduction starting at 15 pM. It was seen little difference between the reduction
of viable cells between the 24 h and 48 h of treatment at the MTT assay.The amount
of LDH release significantly increases at 20 uM in 24 hours. However, the percentage
of LDH release increase in a time-dependent manner. The MTT assay is based on the
enzymatic conversion of MTT through desidrogenases in the mitochondria and cytosol,
reflecting the metabolic status of the cell. On the other hand, LDH assay measures the
release of the enzyme into the culture medium after cell membrane damage. The
results obtained from the MTT assay indicate an early metabolic dysfunction caused
by HNC in 24 hours as it is seen a cytotoxic effect with 15 pM treatment, while a
significant effect on the LDH assay was seen with 20 yM treatment. Comparing the
cytotoxic effect of HNC to a chalcone that does not display nitro substitution, HNC was
more cytotoxic (ICso0: 21.9 uM — 24 h) than 2’-hydroxylchalcone (ICso: 50 uM — 24 h) in
HepG2 cells??.

The cytotoxicity properties of many chemotherapeutic drugs, such as

oxaliplatin and bevacizumab, are related to the increase of ROS production in
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hepatocarcinoma cells®*%%, Novel therapeutic approaches, such as adoptive T cell
immunotherapy, have their effect also based on ROS generation®®.In order to verify
the possibility of ROS increase due to HNC treatment, we evaluated ROS levels using
the probe DCFH-DA. An increase in ROS levels was observed after HNC treatment in
both concentrations tested (15 and 20 pM). These results corroborate the previous
finding that some chalcones possessing 2’ hydroxyl group are able to induce ROS-
increased levels. The compound 3,4,2’,4’- tetrahydroxychalcone (30 uM - 24 hours)
caused an increase of approximately 23% in ROS levels in hepatocarcinoma (Hep3B)
cells®®. The natural chalcone, Flavokawain B (2’-hydroxi-4,6-methoxychalcone 50 uM
— 30 minutes) induced an increase of approximately 20% of ROS in human colon
cancer cells (HCT 116)%". The alteration in ROS levels found in our results can be
related to the electrophilic characteristic of chalcones, which can decrease the
availability of reduced glutathione® and to generate ROS, especially superoxide,
through the reduction of the nitro group®®. The antioxidant NAC acts as a direct and
indirect ROS scavenger since it is a precursor of glutathione®. Pre-treatment with NAC
decreased the cytotoxic effect of 20 uM HNC , indicating that the cytotoxic effect trigger
by HNC at this concentration is, at least, partially due to ROS. These results
demonstrate the importance of ROS for the cytotoxic effects observed with HNC.
These findings are similar to results obtain when HepG2 cells were treated
with 3,4,2’,4’- tetrahydrochalcone (30 uM - 24 hours)®’. Pre-treatment with NAC (10
UM — 1 hour) decreased in almost 50% the annexin-V exposure, indicating apoptosis®”.
Since NAC abrogated part of the cytotoxic effect and it is related to GSH synthesis, we
investigated if a reduction of GSH could intensify HNC-caused cytotoxicity. Our results
from the cell viability assay using 400 uM BSO (pre-treatment for 2 hours), an inhibitor
of GSH synthesis, demostrated that blocking glutathione synthesis does not enhance
significantly the cytotoxic profile of HNC (data not shown), indicating that only inhibiting
GSH synthesis is not enough to cause a expressive decrease in the cell viability®.
Besides the role of NAC in GSH synthesis, NAC has been shown to act as a direct
oxidant scavenging. It is a potent scavenger of "OH radical and also reacts slowly with
H20273. The scavenging activity of NAC seems to be the reason why ROS levels are
recovered and consequently cell viability is partially restored.
The increase in ROS levels is involved in different cell death pathways4%4142,

Our preliminary results using inhibitors for autophagy, ferroptosis and necroptosis
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suggest that probably none of these mechanisms is involved in HNC mode of action.
However, further analysis is needed to definitively decline this hypothesis.

Increasing ROS levels may trigger apoptosis through different pathways. For
instance, DNA damage caused by ROS activates the p53 protein, which can activates
both intrinsic and extrinsic apoptosis cell death pathways®2.The results obtained from
annexin V-FITC/PI assays showed a slight, but significant, increase in HepG2 cells
exposuring phosphatidilserine after HNC treatment ( 15 and 20 yM), indicating an early
apoptotic process. It was found a greater increase in annexin/Pl double-positive cells
at higher HNC concentration used (20 uM), suggesting that HNC-treated HepG2 cells
were in the late stages of apoptosis after 24 h. These data support the results of LDH
assay, where a significant change in cell membrane integrity was found in cells treated
with 20 yM HNC. Our results showed a greater toxic effect when comparing HNC-
treated HepG2 cells to studies using 2’-hydroxylchalcone-treated HepG2 cells, as only
100 uM 2’-hydroxylchalcone was able to induced DNA fragmentation, caspase 9
activation and 50% of the reduction in cell viability in 24 hours?'.

Apoptosis plays an important role in cell homeostasis and in growth control®3. It
is also an important anticancer mechanism of chemotherapy compounds, and it is
being used to develop new anticancer agents®. Apoptosis can be triggered by different
stimuli leading to extrinsic or intrinsic pathways. The extrinsic pathway activation
involves the binding of death receptors with their respective ligands. Mitochondria and
Bcl-2 family proteins play a crucial function in the initiation of intrinsic apoptosis®®. Loss
of mitochondrial membrane potential and ROS production in the mitochondria are early
events related to the intrinsic apoptotic cell death. Indeed, mitochondrial targeted
anticancer compounds are promising drugs in order to overcome cell death resistance
by promoting pro-oxidative stress and offering new strategies to defeat cancer®”.

To our knowledge, this is the first report demonstrating the effect of HNC on
mitochondria respiration. Our results of the evaluation of the respiratory status of the
cell showed a significant decrease in cell respiration at basal state in both HNC
concentrations (15 and 20 yM). This profile was seen in the segments of the NADH
and succinate oxidase, excluding the complex IV. These data demonstrate that HNC
may be causing a disruption of complex I, Il or Ill. However, further analysis is
necessary to eliminate the possible effect of HNC in the transportation of substrates,
such as malate/aspartate shuttle, or the activity of desidrogenases. Effects of HNC on

mitochondrial membrane could also contribute to the reduction of oxygen consumption
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and consequent synthesis of ATP. Studies have analyzed the effect of
hydroxylchalcones on mitochondrial function of rats, such as 4-hydroxylchalcone
(70nmol/mg of protein), which the results showed a reduction of 60 % in the oxygen
consumption at state 3, as ADP is added®”. Decreased oxygen consumption at state 3
indicates inhibition of mitochondrial electron transfer chain® which is one of the
possible effect of HNC on HepG2 cells. Blocking or slowing electron movement from
complex I-lll to complex IV raises the possibility of superoxide and hydrogen peroxide
formation®.This data indicates the possible inhibition of complex | to Il of the
respiratory chain could be the source of ROS production proceeding via electron
leakage from the complexes I-111.

Continuing the analysis of the mitochondrial damage caused by HNC, we used
Rhodamine 123 which indicates the mitochondrial membrane potential (MMP). The
significant reduction in the MMP was verified in the HepG2 cells treated with 20 uM
HNC, and a slight reduction at 15 yM HNC. The disruption of MMP caused by 20 uM
HNC was similar to the treatment using FCCP, an ionophore capable of depolarizing
MMP. Our results agree with other studies, where 4,2’,4’-trihydroxychalcone (20
MM/mL for 6 hours) was able to decrease MMP in 60% using human prostate cancer
cell lines (DU145 and MLL)°.

The role of mitochondria in controlling apoptosis can be seen in different levels:
ATP production, mitochondrial membrane potential and mitochondrial membrane
permeability’’. The disruption of the mitochondrial membrane permeability is a
consequence of the charge difference within the mitochondria caused by the
disturbance of mitochondrial membrane potential”. As a result, mitochondrial proteins
are released into the cytosol, such as cytochrome C, triggering intrinsic apoptosis. The
effect of HNC on the mitochondria may be related to intrinsic apoptosis, however,
further experiments on proteins related to this pathway, such as Bcl-2, BAX,

cytochrome ¢ and caspase 9 are needed to confirm this hypothesis.

5 Conclusion

There is a great volume of studies demonstrating the anticancer potential of
chalcone derivatives, however, few studies were conducted to define their mechanism
of action. Compounds containing nitro groups are present in a variety of drugs, but its

effect in chalcones are yet not known. The present study has assessed, for the first
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time, the in vitro cytotoxic effect of 2’-hidroxi-3-nitrochalcone (HNC) in HepG2 cells.
Our results have demonstrated that HNC promotes cell death, which can be due to the
change in ROS levels and HNC'’s inhibitory effect on the mitochondrial respiratory
chain. Apoptosis seems to be cell death mechanism caused by HNC since it induced
phosphatidylserine exposure as well as a decrease in the mitochondria membrane
potential. Even though the effect on mitochondria is apparent, additional studies are
needed to confirm the role of the intrinsic apoptotic pathway as being the main cell
death mechanism. Taken all together, these results show the promising use of HNC

as an anti-cancer agent to CHC.
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4 CONSIDERAGOES FINAIS

Devido a baixa eficacia e alta toxicidade que os atuais antitumorais
apresentam, torna-se importante a busca de novos agentes terapéuticos. O potencial
citotoxico das chalconas em células cancerigenas € bem conhecido, entre elas
algumas chalconas hidroxiladas na posigédo 2’. Porém, estudos com chalconas que
possuem o grupo nitro sao limitados, e os mesmos, envolvem, em geral, a presenca
de outros grupos funcionais diferentes do hidroxil. Alguns compostos com grupamento
nitro s&o utilizados como pré-drogas no tratamento de varias doencas (CHIN CHUNG
et al.,, 2011). Além disso, a presenga do grupamento nitro pode colaborar para
aumentar a reatividade do grupo cetona a,B-insaturada com GSH e grupos SH de
proteinas, o que pode colaborar com o aumento de EROs (GUZY et al., 2010). Um
dos mecanismos de acado promovidos por varios quimioterapicos que colabora para a
indugdo da morte das células tumorais envolve a indugdo do aumento de EROs.
(TRACHOOTHAM et al., 2009).

Em nosso trabalho buscamos juntamente com o prof. Alfredo R. M. de Oliveira
do Departamento de Quimica da UFPR, sintetizar uma chalcona nitrada (posi¢ao 3 do
anel B). A adigdo do grupo hidroxil na posi¢ao 2’ da chalcona nitrada foi realizada com
a finalidade de aumentar a solubilidade e, eventualmente, contribuir para o seu efeito
citotoxico.

A HNC provocou diminuigdo no consumo de oxigénio e alteragdo no potencial
da membrana mitocondrial. A redu¢cdo do consumo de oxigénio verificada desde o

estado basal e entre os complexos | e Ill da cadeia respiratoria poderiam ser
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consequéncia da capacidade intrinseca da HNC em gerar EROs e causar danos sobre
estes complexos ou uma inibi¢ao da atividade deles por interagao direta da HNC. Além
disso, como os valores de reducdo da respiracdo celular no estado basal se
modificaram pouco ao longo da cadeia, efeitos sobre as propriedades da membrana
mitocondrial também poderiam estar ocorrendo colaborando para o comprometimento
do transporte de elétrons, aumento de EROs e redugao dos valores de potencial

transmembrana.

A apoptose pode ser induzida por vias distintas, e algumas delas envolve a
participacdo de EROs. EROs podem ativar a proteina p53, que ativa a transcrigao de
genes essenciais para a indugado da apoptose pela via intrinseca (YOSHIDA; MIKI
2010). EROs como H202 e O2'" podem causar oxidagdo de componentes da
membrana mitocondrial, causando a liberagcdo de citocromo C, culminando em
apoptose por via intrinseca (PALLEPATI;AVERILL-BATES,2011). Foi possivel
verificar neste trabalho que a HNC provocou um aumento de EROs capaz de colaborar
para a indugdo da morte das células de hepatocarcinoma e que a apoptose por via
intrinseca é o provavel mecanismo de morte celular causado pela HNC devido aos
efeitos mitocondriais observados. Contudo, outras analises seriam necessarias para
comprovar esta hipotese.

Além da via apoptdtica, novos tipos de morte celular tém sido descritos na
literatura, contudo pouco se sabe sobre a inducdo deles promovida por chalconas.
Entre estes novos mecanismos encontramos a necroptose e ferroptose e com isso
novos compostos tém sido desenvolvidos com o objetivo de induzir estas vias
alternativas de morte. A autofagia tem sido implicada tanto na promocao da morte
celular quanto na resisténcia ao tratamento com antitumorais (FITZWALTER,;
THORBURN, 2015). Ha relatos na literatura de chalconas capazes de induzir
autofagia (GAO et al, 2016) e necroptose (SHI et al., 2015) quando associada com a
cisplatina.

Nossos resultados utilizando inibidores para os tipos de morte citados
anteriormente indicam que a HNC, a principio, ndo participa na indu¢ao de nenhum
deles, porém mais experimentos utilizando outros inibidores e considerando as varias
fases destes processos seriam necessarios para descartar totalmente essa
possibilidade. Outra questdo importante é a capacidade destas vias se cruzarem e

interferirem no efeito final da HNC que também precisaria ser investigada, visto que
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alguns autores ja demonstram a influéncia de mais de uma via nos efeitos de algumas
chalconas (SHI et al., 2015).
Nossos resultados mostram que a HNC €& uma molécula promissora para

estudo de novos agentes terapéuticos contra o carcinoma hepatocelular.

5. CONCLUSAO

A partir dos resultados obtidos nos experimentos realizados utilizando o composto

HNC em células de carcinoma hepatocelular (HepG2), podemos concluir:

e A HNC foi capaz de diminuir a viabilidade celular em 24 e 48 horas de

incubacao.

e A HNC promoveu diminuicdo do consumo de oxigénio e do potencial de

membrana mitocondrial.

e A HNC provocou aumento dos niveis de EROs e esse aumento contribui para

o seu efeito citotoxico.

e O mecanismo de morte celular induzido pela HNC envolve o aumento de EROs
com alteragdes mitocondriais e juntamente com os resultados da analise utilizando

anexina e PI, sugere-se que o tipo de morte celular envolvido é a apoptose.
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