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caratreristicas e propriedades bioldgicas, identificacdo de compostos quimicos com
propriedades antitumorais, aspectos sobre o cancer e tecnologias inovadoras de
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No Capitulo IV encontra-se o recente trabalho realizado no Canada durante o
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estdo diretamente relacionadas ao presente trabalho, mas que foram utilizadas na
discussdo deste. O Anexo I contém o artigo cientifico intitulado “Araucaria angustifolia
(Bert.) O. Kuntze induces oxidative and genotoxic damage in Anticarsia gemmatalis
larvae Hiibner (Lepidoptera: Erebidae)”, publicado na revista “International Journal of
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apresentada a conclusao final do trabalho desenvolvido e as perspectivas.
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RESUMO

Os produtos naturais constituem uma das fontes mais promissoras para o descobrimento
de novos ativos na terapéutica do cancer. O carcinoma de laringe é um dos mais comuns
tipos de cancer envolvendo as areas de cabeca e pescoco, e apresenta elevada taxa de
morbidade e mortalidade em pacientes com estagio avancado. Terapias alternativas e/ou
adjuvantes para o tratamento deste tipo de cancer representam uma necessidade
emergente. Uma das alternativas mais promissoras é o desenvolvimento de
nanocarreadores contendo ativos antitumorais. Araucaria angustifolia (Bert. O Kuntze)
pertence a familia Araucariaceae e € uma planta reconhecidamente medicinal. Seus
estrobilos femininos dao origem a pinha, constituida por pinhdes (sementes verdadeiras)
e bracteas (sementes ndo desenvolvidas). O objetivo do presente estudo foi avaliar o efeito
antiproliferativo do extrato aquoso de bracteas de A. angustifolia (EAA) em células
tumorais de laringe HEp-2 e seus mecanismos de ac¢do. Além disso, a possibilidade de
associar o EAA a nanoesferas (NE) a fim de potencializar seu efeito antitumoral também
foi investigado. A analise quimica por meio de Espectrometria de Massas de Alta
Resolucdo evidenciou a presenca majoritaria de polifendis no EAA. Os resultados
mostraram que o EAA induziu citotoxicidade nas células tumorais HEp-2 através de dois
diferentes ensaios de viabilidade celular (ensaio de MTT e de excluséo do corante Trypan
blue). No entanto, 0 mesmo ndo foi capaz de induzir citotoxicidade significativa em
celulas normais HEK-293, utilizadas como controle, indicando um efeito diferencial
seletivo do EAA sobre as células tumorais. As células HEp-2 tratadas com EAA

apresentaram niveis aumentados de peroxidacao lipidica, danos oxidativos a proteinas e

XV



aumento da producdo de ON, juntamente com deplecdo das defesas antioxidantes
superdxido dismutase (Sod) e catalase (Cat). Além disso, 0 EAA induziu danos ao DNA,
juntamente com fragmentacdo nuclear e condensacdo da cromatina nestas celulas.
Alteracdes nos marcadores epigenéticos, como hipometilacdo do DNA e reducdo da
atividade de DNMT1 foram também observadas. A exposicao das células tumorais ao
extrato aumentou a expressdo de proteinas apoptoticas de via intrinseca mitocondrial,
mediada pela ativacao da proteina Bax, liberacdo de AlF e foi independente da ativacao
de p53. O EAA modificou o metabolismo energético das células tumorais, elevando os
niveis de piruvato desidrogenase (PDH) e estimulando a fosforilacdo oxidativa
mitocondrial. Embora tenha ativado a mitocondria destas células, o0 mesmo causou falhas
no potencial de membrana mitocondrial (A¥m), juntamente com diminuigdo dos niveis
de proteinas dos complexos | e 111 da CTE, inibicdo da atividade do complexo I, producéo
de ERO e deplecdo de ATP. A associacdo do EAA a NE permitiu a obtencdo de sistemas
com tamanho de particula inferior a 200 nm, indice de polidispersibilidade abaixo de 1,
potencial zeta negativo e pH estavel pelo periodo de 30 dias, na condicdo testada. No
entanto, a taxa de associacao obtida foi baixa (19%), indicando a necessidade de futuros
estudos a fim de aumentar a eficiéncia de incorporagdo do extrato. As NE per se
demonstaram capacidade de reduzir a viabilidade de células tumorais e induzir alteragdes
redox, sensibilizando estas células, demonstrando ser um possivel carreador para a
vetorizacdo de ativos antitumorais. O conjunto de dados deste estudo demonstra a
potencialidade dos compostos presentes nas bracteas de A. angustifolia para o
desenvolvimento de novas estratégicas terapéuticas para o cancer.

Palavras-chave: carcinoma de laringe, pinheiro-brasileiro, polifenois, mitocéndria,

alteracdes redox, nanocarreadores
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ABSTRACT

Natural products are among one of the most promising fields in finding new active
substances in cancer therapy. Laryngeal carcinoma is one of the most common cancers
affecting the head and neck regions, and is associated with high morbidity and mortality
in patients with the advanced stage. Alternative and/or complementary therapies for
treating this cancer represents an emerging need. One of the most promising alternatives
is the development of nanocarriers containing antitumor substances. Araucaria
angustifolia (Bert. O Kuntze) belongs to Araucariaceae family and it is recognized as
medicinal plant. Female strobilus originates the pinecone, which contains seeds and
undeveloped seeds, commonly known as bracts. The aim of this study was to evaluate the
antiproliferative effects of A. angustifolia bracts aqueous extract (AAE) in HEp-2 cancer
cells and its action mechanisms. Moreover, the possibility to associate AAE in
nanospheres (NS) to improve its antitumor effect was also investigated. Chemical
analysis using High Resolution Mass Spectrometry (HRMS) revealed the major presence
of polyphenols in AAE. The results showed that AAE induced cytotoxicity in HEp-2
cells, by using two differents approaches (MTT and Trypan blue assays). However, the
extract was not able to induce significant cytotoxicity in HEK-293 normal cells used as
control, indicating a selective differential effect of AEE in tumor cells. HEp-2 treated
cells presented high levels of lipid peroxidation, oxidative damage to proteins and
increment on NO production, along with depletion on antioxidante defenses superoxide
dismutase (Sod) and catalase (Cat). In addition, AAE induced DNA damage, nuclear

fragmentation and chromatin condensation in these cells. Epigenetic alterations, such as
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DNA hypomethylation and DNMT1 activity were also observed. Cell exposition to the
AAE increased expression of proteins of the mitochondrial intrinsic pathway, via Bax-
triggered, along with AIF release, and it is independent of p53 incitement. AAE changed
energetic metabolism of cancer cells, increasing levels of pyruvate dehydrogenase (PDH)
and stimulating mitochondrial oxidative phosphorylation. Although it enabled the
mitochondria of these cells, the extract caused loss of mitochondrial membrane potential
(A¥m), reduction on protein expression levels of complex I and 111, inhibition of complex
| activity, ROS generation and ATP depletion. The association of EAA to NS allowed
obtaining systems with particle size lower than 200 nm, polydispersity index less than 1,
negative zeta potential and pH stable for the period of 30 days, under tested condition.
However, the association rate obtained was low (19%); therefore, further studies are
needed to improve AAE encapsulation. The NS per se demonstrated ability to reduce the
viability of tumor cells and induce redox stress, sensitizing these cells, proving to be a
possible carrier for delivery of antitumor substances. The data set of this study
demonstrates the potentiality of the compounds present in the A. angustifolia bracts for
the development of new therapeutic strategies for cancer.

Keywords: laryngeal carcinoma, Brazilian pine, polyphenols, mitochondria, redox

alterations, nanocarriers
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1 INTRODUCAO

1.1 Araucaria angustifolia: aspectos etnobotanicos e fitoquimicos

A Araucaria angustifolia (Bert.) O. Kuntze, pertencente a familia Araucariaceae, é
uma conifera nativa brasileira, concentrando-se principalmente nos estados de Parana,
Santa Catarina e Rio Grande do Sul, ocorrendo também nos estados de Sdo Paulo, Minas
Gerais e Rio de Janeiro, como populacfes esparsas. Conhecida como “pinheiro-do-
parana” ou “pinheiro-brasileiro”, a A. angustifolia é uma espécie de grande importancia
econdmica e ecologica para o pais. Trata-se de uma arvore de grande porte (Figura 1 A),
alcancando, quando adulta, 20 a 50 metros de altura (Klein 1960). Sua &rea de ocorréncia
abrange altitudes que vao de 500 metros a 1.500 metros (Carvalho 1994). Existem
aproximadamente 1,5 mil quilémetros quadrados de areas de pinheiros nativos no Rio
Grande do Sul, sendo que cerca de 3% encontram-se na reserva original da Mata Atlantica
(BRDE 2005). Devido a intensa atividade madeireira no passado, sua éarea de
concentracdo foi bastante reduzida e, atualmente, a espécie estd classificada como
vulneravel na Lista Vermelha de espécies ameacadas de extin¢do (Thomas 2015).

A araucaria € uma espécie predominantemente didica (Danner et al. 2014),
possuindo flores femininas e masculinas em arvores distintas. As flores femininas
apresentam-se em estrobilo globoso, protegido por varias folhas bem aglomeradas
(Figura 1 B), enquanto que as flores masculinas sdo cilindricas e alongadas (Figura 1 C),
tendo cerca de 10 a 15 cm de comprimento e 2 a 4 cm de diametro (Dallimore & Jackson
1948). O processo reprodutivo é longo. Nas populagdes naturais, a producéo de sementes
(pinhdo) normalmente ocorre ap6s 15 a 20 anos de idade e quando plantadas, as arvores

isoladas iniciam a producédo de sementes entre 10 e 15 anos.
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Figura 1. Fotografia do pinheiro Araucaria angustifolia, mostrando um aspecto
umbeliforme peculiar na parte superior e um tronco retilineo e cilindrico (A). Estrébilo

feminino (B) e masculino (C) da planta. Adaptado de (Branco et al. 2016).
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Nos primeiros anos, a producdo de pinhdo é pequena e, mesmo quando atinge a
plena producdo, as safras sdo ciclicas. Durante 2 ou 3 anos, produz abundantemente,
reduzindo a producéo posterior, gradativamente, nos 2 ou 3 anos seguintes (Carvalho
1994; Mantovani et al. 2004; Martins-Ramos et al. 2008). A polinizacdo ocorre durante
0s meses de setembro e outubro e, uma vez fertilizada, as pinhas amadurecem em 2 a 3
anos (Mantovani et al. 2004; Bittencourt 2007). Apos a polinizacao, as bracteas ferteis
desenvolvem somente um o6vulo fecundado (o pinhdo), unindo seus bordos com os da
bractea acima e comprimindo as bracteas estéreis (falhas) conforme o pinhdo vai se

desenvolvendo (Bittencourt 2007). A pinha, entdo fecundada, é constituida por pinhdes e

brécteas (Figura 2).

Figura 2. Pinha madura de A. angustifolia mostrando o eixo cdnico central (A), pinhdes

(B) e bracteas (C). Adaptado de (Branco et al. 2016).
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Os pinh@es sdo encontrados em maior quantidade nos meses de abril a junho,
porém o maior volume de comercializacdo ocorre nos meses de junho e julho. Embora
sua comercializacdo seja disciplinada pela Portaria Normativa DC n°20, grande parte da
venda ainda é clandestina (sem emisséo de notas fiscais), o que dificulta a mensuracdo da
magnitude deste mercado (BRDE 2005). Segundo os dados mais recentes do Instituto
Brasileiro de Geografia e Estatistica, a quantidade de pinhdo produzido no Rio Grande
do Sul, em 2013, foi de 881 toneladas (IBGE 2015) sendo a regido dos Campos de Cima
da Serra, a maior produtora. O pinhdo in natura exibe uma coloragdo amarelo-
amarronzada, sendo constituido por uma membrana externa muito resistente e uma

membrana interna fina, aderente a semente (Figura 3).
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Figura 3. Sementes cozidas (pinh&o) da A. angustifolia mostrando o revestimento externo
(A), corte longitudinal evidenciando o interior da semente (B) e porcao interna comestivel
(C). Adaptado de (Branco et al. 2016).

Possuem formato oblongo, alcangando 3 a 8 cm de comprimento e pesando

aproximadamente 8 g (Cordenunsi et al. 2004; Cladera-Olivera et al. 2008). O pinhao é
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muito apreciado como alimento pela populacéo e é considerado uma excelente fonte de
energia e nutrientes, possuindo proteinas e carboidratos de alto valor nutritivo, alem da
presenca de minerais e ferro (Cordenunsi et al. 2004; Pires et al. 2006; Brandelli et al.
2008; Brazil 2011; Koehnlein et al. 2012).

Além da importancia nutricional da A. angustifolia, a planta também se destaca
do ponto de vista terapéutico. Inicialmente, o seu uso empirico foi explorado pelas
populacgdes indigenas, as quais conheciam o seu potencial medicinal contra enfermidades.
Posteriormente, o conhecimento tradicional foi ganhando destaque em outras partes da
Ameérica do Sul e desde entdo, diferentes partes de A. angustifolia (casca do tronco, resina,
nos, folhas e sementes) vém sendo empregadas, empiricamente, no tratamento de algumas
doencas (Franco & Fontana 2001). Tinturas de no6s vém sendo usadas oralmente e/ou
topicamente para o tratamento do reumatismo. Infusdes de nds sdo ingeridas para o
tratamento de doencas renais, enquanto que a infusdo da casca vem sendo utilizada
topicamente para tratar tensdes musculares e varizes. O xarope produzido com a resina é
utilizado para o tratamento de infecgdes do trato respiratorio, e as folhas da arvore sdo
utilizadas tanto para o preparo de infusbes, quanto para o preparo de tinturas, sendo
empregadas no tratamento da fadiga, infeccGes respiratorias, gastrite e anemia
(Marquesini 1995; Carvalho 2003; Martins-Ramos et al. 2008).

Apesar de seu uso tradicional, sdo poucos o0s estudos visando elucidar o seu
potencial farmacolégico. No entanto, estudos sobre a composicdo fitoquimica desta
planta tém relatado a presenca de metabolitos primarios e secundarios de importancia
biologica. Em relagdo aos metabdlitos secundarios, estudos identificaram
majoritariamente compostos fenolicos, além de outras substancias bioativas, como

esterdis e terpenos. Em estudo prévio foi mostrado que a casca do tronco da A.
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angustifolia é rica em compostos fendlicos, principalmente flavanois e proantocianidinas
poliméricas (Seccon et al. 2010). Estudos utilizando as folhas da arvore identificaram
fragcdes contendo altos niveis de biflavonoides com atividade bioldgica (Yamaguchi et al.
2005; Yamaguchi et al. 2009). QOutras partes da A. angustifolia também apresentam
polifendis em sua composicdo. Tem sido mostrado que extratos obtidos a partir da
semente da Araucaria contém quantidades significativas de compostos fendlicos,
incluindo catequina, quercetina e acido galico (Cordenunsi et al. 2004; Koehnlein et al.
2012). Além da semente, as bracteas também apresentam compostos fendlicos com
importancia farmacoldgica, incluindo catequina, epicatequina, quercetina, rutina e
apigenina (Michelon et al. 2012; Souza et al. 2014), flavonoides com importante potencial

farmacoldgico.

1.2 Polifendis: classificacdo quimica e propriedades anticarcinogénicas

Os polifendis, ou compostos fendlicos, sdo moléculas fitoquimicas complexas com
estruturas quimicas diferenciadas. Estes compostos estdo presentes nos vegetais em sua
forma livre, como também conjugados a agUcares (glicosidios) e proteinas, representando
0s mais abundantes antioxidantes da dieta humana. Possuem pelo menos um anel
aromatico no qual ao menos um hidrogénio € substituido por um grupamento hidroxila, e
sdo classificados segundo o tipo de esqueleto principal, dividindo-se em flavonoides e
nédo-flavondides (Del Rio et al. 2012). Os compostos nédo-flavondides compreendem os
acidos fenolicos, benzoicos e cindmicos, e outros derivados fenolicos como os estilbenos.
Ja os flavondides representam um dos grupos fendlicos mais importantes, sendo
classificados em varias subclasses que se distinguem pelo grau de oxidagéo de seu ndcleo
pirano. Sdo metabdlitos secundarios das plantas apresentando uma estrutura

hidrocarbonada comum (Figura 1) do tipo C6-C3-C6 (difenilpropano), e séo divididos
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em diversas classes (flavan-3-ol, flavona, flavonol, flavanona, flavononol, antocianidina,
chalcona, aurona).

Os flavonoides tém sido descritos como agentes neutralizadores de radicais livres e
quelantes de ions metalicos, principalmente ferro e cobre, os quais sdo os de maior
relevancia para as reacdes iniciais de formacao de radicais. Além disso, estes compostos
podem inibir algumas enzimas envolvidas na geracdo de espécies reativas, dessa forma

protegendo as células contra os danos oxidativos (Halliwell 2007; Halliwell 2008).

NUCLEO FUNDAMENTAL DOS FLAVONGIDES

ESTRUTURA QUIMICA DAS DIFERENTES CLASSES

Flavonol Flavanona

Antocianidina
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Figura 4. Nucleo fundamental e classificagdo dos flavonoides. Adaptado de (Aron &

Kennedy 2008).

A literatura cientifica tem mostrado que os compostos fenolicos possuem diversas

propriedades bioldgicas, incluindo antioxidante e anticarcinogénica (Khan et al. 2006;
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Corcoran et al. 2012; Khan et al. 2012; Del Rio et al. 2012; Khan et al. 2014). Além disso,
tem sido demonstrado que os polifendis sdo importantes agentes profilaticos para a
minimizacao da incidéncia do cancer, atuando também como co-adjuvantes, aumentando
a efetividade dos antineoplasicos (Khan et al. 2006; Lambert & Elias 2010; Gonzélez-
Vallinas et al. 2013). Estudos mostram que os polifendis possuem propriedades
antitumorais e indutoras de apoptose em diferentes linhagens tumorais de cancer (Nair et
al. 2007; Hadi et al. 2007; Dai & Mumper 2010; Asensi et al. 2011; Khan et al. 2014;
Braconi et al. 2014). Os principais mecanismos de acdo destes compostos frente a inibicao
do processo carcinogénico incluem a inativacdo de moléculas genotoxicas exdgenas ou
enddgenas, modulacéo das vias de expressao de enzimas antioxidantes (Zinov & Spasov
2011), sinalizacdo de rotas apoptoticas (Khan et al. 2012) e imunomodulacgéo (Zhao et al.
2007).

1.3 Carcinogénese e produtos naturais

O cancer ¢ um grupo de doengas caracterizadas por modificacBes genéticas que
levam ao desequilibrio entre sobrevivéncia e morte celular (Khan et al. 2007; Fulda 2014).
A palavra cancer € utilizada para designar um conjunto de mais de 200 doencas, que inclui
tumores malignos de diferentes localizag6es. Embora de origens e causas ainda ndo muito
esclarecidas, as neoplasias surgem devido a mutacGes genéticas, espontaneas ou
induzidas por agentes citotoxicos, incluindo espécies reativas, radiacdo ionizante,
xenobidticos, entre outros. A exposicdo a estes agentes promove desordens no ciclo
celular, ocorrendo excesso nas taxas de proliferacdo e deficiéncia nas taxas de apoptose,
culminando com a formacdo de agrupamentos de clones de células neoplasicas, 0s
tumores (Jones & Thompson 2009). Evidéncias demonstram que a resisténcia a apoptose

€ uma das caracteristicas mais marcantes da maioria dos tumores malignos. Estes sdo
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responsaveis por um ndmero expressivo e crescente de pacientes em todo o mundo, e
representam a segunda causa de morte da populacdo mundial, totalizando
aproximadamente 13% dos dbitos de causa conhecida (GLOBOCAN 2012; WHO 2016).

Segundo a Agéncia Internacional para a Pesquisa em Cancer (IARC) e a
Organizacdo Mundial de Saude (WHO 2016) o impacto global do cancer dobrou nos
ultimos 30 anos, devendo-se principalmente ao crescimento populacional e ao
envelhecimento da populacdo, sendo que o maior nimero de novos casos e 0bitos estdo
previstos principalmente para os paises em desenvolvimento.

Dos mais de 100 tipos de carcinomas existentes (WHO 2016), o de laringe é um
dos mais comuns, representando 25% dos tumores malignos que acometem a area de
cabeca e pescoco (INCA 2016). O tipo histolégico mais prevalente é o carcinoma
epidermdide, estando associado a mais de 90% dos pacientes, em sua maioria do sexo
masculino. De acordo com a localizacdo e a extensdo do cancer, ele pode ser tratado com
cirurgia e/ou radioterapia e com quimioterapia associada a radioterapia (WHO 2016;
INCA 2016). No entanto, existe uma alta taxa de morbidade e mortalidade associada a
este tipo de cancer em pacientes em estagio avancado.

Apesar da introdugdo de novos medicamentos no arsenal terapéutico contra o
cancer, varios tumores ainda nao dispdem de tratamento adequado, e estes medicamentos
ainda apresentam sérios efeitos colaterais (Costa-Lotufo et al. 2010; INCA 2016).
Atualmente, hd um crescente interesse nos produtos naturais, os quais demonstram forte
potencial biolégico para o desenvolvimento de novos farmacos, principalmente na
terapéutica antineoplasica. De fato, mais de 60% dos medicamentos utilizados no
tratamento do cancer tem, em alguma instancia, sua origem relacionada a uma fonte

natural (Costa-Lotufo et al. 2010). Tradicionalmente, as plantas superiores, assim como
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0S micro-organismos, revelaram-se fontes ricas em moléculas naturais indispensaveis
para o tratamento de doencas como o cancer. Exemplos bem conhecidos sdo o taxol
(Paclitaxel®), de Taxus brevifolia; o etoposide (Vesepid®), derivado da sintese parcial
da podofilotoxina isolada de Podophyllum peltatum; a Rapamicina® derivada do
Streptomyces hygroscopicus; alcaldides da Vinca (Catharanthus roseus) Vinblastina®,
Vincristina®, entre outros. Considerando a necessidade crescente de buscar novas formas
alternativas para a prevencdo e tratamento do cancer, torna-se importante a caracterizacdo
e estudo dos ativos (a substancia ou conjunto delas que é responsavel pelos efeitos
terapéuticos) existentes nas plantas, as quais representam um importante reservatorio de

moléculas com potencial farmacolégico.

1.4 Avaliagéo do efeito antiproliferativo e mecanismos de citotoxicidade

A cultura de células de mamiferos constitui-se num importante instrumento para o
estudo das atividades bioldgicas de diferentes compostos, bem como para um screening
de novas moléculas e identificacdo de novos alvos terapéuticos, facilitando a analise de
propriedades e processos que ndo seriam facilmente realizados em nivel de organismo
intacto. A manutencdo de células requer conhecimento e pratica de algumas poucas
técnicas essenciais, sendo entdo, um procedimento relativamente simples. Devido a essa
praticidade, seguranca e efetividade dos ensaios, diversos trabalhos utilizam esses
sistemas experimentais (Kim et al. 2012; Matthews et al. 2012; Fauser et al. 2013;
Muntane et al. 2013; Link et al. 2013).

A linhagem HEp-2 de carcinoma de laringe humana é considerada um bom modelo
de estudo celular, podendo ser utilizada para ensaios de atividade citotoxica, genotdxica
e avaliacdo do ciclo celular, principalmente por ser de facil cultivo e manutencao,

crescimento rapido e curto periodo de adaptacao, tempo de geracdo entre 12 e 24 horas e
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capacidade de iniciar um rapido crescimento exponencial a partir de um pequeno inoculo
(ATCC 2015).

O cultivo de células possibilita a avaliacdo dos efeitos da administracdo de
diferentes compostos sobre a viabilidade celular, a qual pode ser mensurada por diferentes
técnicas, incluindo a reducdo metabdlica do 3-(4,5-dimetiltiazol 2-il)-2,5 difenil brometo
de tetrazolina— MTT (Denizot & Lang 1986) e a capacidade de metabolizacéo do corante
Trypan blue (Strober 2001). Estes ensaios colorimétricos servem de parametro para a
descoberta de novas substancias com potencial de interferir na biologia celular. A analise
morfologica das células também serve de critério para avaliacdo das alteracfes
provocadas por diferentes tratamentos.

O mecanismo de citotoxicidade parece estar relacionado a diferentes rotas do
metabolismo celular, entre elas a apoptose. Muitas vezes a morte celular programada é
induzida frente a exposicdes moderadas de estresse oxidativo, com processos
irreversiveis de oxidacdo que inibem proteases especificas, as caspases. As caspases, em
especial a caspase 3, participa ativamente do processo de iniciacdo e execucdo da
apoptose (Salvesen & Dixit 1997; Cohen 1997; Hangen et al. 2010). A proteina p53, por
exemplo, tem sua expressdo acumulada quando o DNA encontra-se danificado e previne
a replicacéo celular, interrompendo assim o ciclo durante a interfase, dando tempo para
que a célula se repare (Spurgers et al. 2006; Teoh & Chng 2014; Zhang et al. 2016). Essas
proteinas sdo consideradas importantes marcadores apoptoticos e seu nivel global de
expressao pode ser quantificado por meio de immunoblotting, bem como o nivel de
expressdo génica pode ser avaliado por meio de gRT-PCR. Como a expresséo destas
proteinas esta associada a lesdes gendmicas, estas podem ser avaliadas através de

diferentes técnicas, tais como o ensaio Cometa e a quantificacdo dos niveis de expressdo
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de 8-hidroxideoxiguanosina (8-OHdG), um marcador de lesdes oxidativas na base
nitrogenada guanina do DNA. Les6es gendémicas podem ainda ser avaliadas por meio da
analise da morfologia nuclear empregando imunocitoquimica.

As conseqiéncias do aumento nos niveis de espécies reativas de oxigénio (ERO) ja
sdo conhecidas e levam, entre outros fatores, a oxidacdo de lipidios, proteinas e acidos
nucléicos, potencializando o colapso das membranas celulares (Halliwell 2007; Halliwell
2008). A integridade dos lipidios é de vital importancia, uma vez que 0s acidos graxos
poli-insaturados sdo os maiores constituintes da membrana das células e sdo alvos
preferenciais do processo peroxidativo, juntamente com as proteinas, cujo dano pode ser
avaliado pelo aumento dos niveis de proteinas carboniladas (Wills 1966; Levine et al.
1990). A quantificacdo dos niveis de 6xido nitrico (ON) também é um parametro
importante, uma vez que esta molécula reage rapidamente com outras espécies radicalares
levando a geracdo de mais espécies reativas e causando a oxidacao de diversas classes de
biomoléculas (Wink DA, Mitchell 1998). Os niveis de estresse oxidativo podem ser
controlados pela acdo das enzimas antioxidantes, dentre as quais destacam-se a
superoxido dismutase (Sod) e a catalase (Cat), consideradas como a primeira linha de
defesa enzimatica contra ERO (Halliwell 2007). Nos sistemas biolégicos, a mitocondria
é a principal fonte endogena de ERO, especialmente em nivel dos complexos da cadeia
de transporte de elétrons (CTE) (Grivennikova & Vinogradov 2006; Vartak et al. 2014).
O complexo I, tambeém conhecido como NADH-ubiquinona oxidoredutase, € composto
por 45 subunidades, sendo 7 oriundas do DNA mitocondrial (mtDNA) e 38 oriundas de
genoma nuclear. Alem do complexo I, os complexos Il (ubiquinona citocromo ¢
oxidoredutase), IV (citocromo c oxidase) e V (ATP sintase) também apresentam

subunidades originadas tanto do DNA nuclear quanto mitocondrial. O complexo 1l
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(succinato ubiquinona oxidoredutase), por sua vez, apresenta somente subunidades de
origem mtDNA (El-Hattab & Scaglia 2016). A agdo conjunta destes 5 complexos é
responsavel pela eficiéncia da fosforilacdo oxidativa, a qual é permanentemente regulada.
No entanto, quando ha falhas no controle global da respiracdo mitocondrial, em funcao
da ineficiéncia de atividade dos complexos I-V ocorre a disfuncdo mitocondrial, em parte
pela perda de energia requerida para o metabolismo celular, mas também pela
superproducdo de ERO. Estes fendmenos podem afetar diversas vias de transducéo de
sinais responsaveis pela transformacdo e progressdo tumoral (Hanahan & Weinberg
2011), dessa forma exercendo importante papel na biologia do cancer.

Sabe-se que o cancer é uma doenca eminentemente genémica e dessa forma as
alteracbes genéticas, incluindo mutacdes, rearranjos, delecbes e inser¢bes sdo
consideradas como eventos importantes para sua etiologia. Além disso, existem
alteracdes gendmicas potencialmente reversiveis que, embora herdaveis, ndo alteram a
sequéncia de bases do DNA. Estas caracteristicas sdo singulares dos fendmenos
epigenéticos (Feinberg & Tycko 2004). AlteracOes epigenéticas sao modificacdes do
DNA e histonas transmitidas durante as divisdes celulares que sdo capazes de modificar
a expressao génica e sdo consideradas a chave para o entendimento das diferencas entre
crescimento e senescéncia celular de células tumorais e ndo tumorais (Feinberg & Tycko
2004; Oronsky et al. 2014). Existem trés mecanismos principais de alteracdes
epigenéticas: metilacio do DNA, modificacdes de histonas e imprinting gendmico
(Feinberg & Tycko 2004). Entre as modificacfes que as histonas podem sofrer, estdo:
metilacdo, fosforilacdo e acetilacdo, no entanto, na molécula de DNA ocorre apenas
metilacdo. A metilagdo consiste em uma modificagdo covalente do DNA na qual um

grupamento metil (CH3) é transferido da S-adenosilmetionina para o carbono 5 de uma
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citosina (5-MeC) que geralmente precede a uma guanina (dinucleotideo CpG), pela agédo
de uma familia de enzimas denominada de DNA metiltransferase (DNMT) (Szyf 2007).
As DNA metiltransferases estdo divididas em duas classes, sendo as envolvidas na
metilacdo de fitas hemimetiladas do DNA (fitas de DNA em processo de replicacéo),
conhecidas como metilases de manutencdo, tais como a DNMT1; e a outra classe
responsavel pela maioria dos processos de metilagdo de novo, que ocorre em sitios com
nenhum tipo de indicacdo de metilacdo, ou seja, sem a presenca de metilacdo prévia,
incluindo as DNMT2, DNMT3A e DNMT3BL1, as quais realizam a transferéncia do grupo
metil da S-adenosil-L-metionina (SAM) para a citosina (Szyf 2007). Além das DNA
metiltransferases, as metilcitosina dioxigenases da familia das proteinas conhecidas como
ten-eleven translocation (TET), também exercem importante papel na regulacdo das
modificacdes epigenéticas, catalisando a demetilacdo do DNA (Hill et al. 2014). A
familia de proteinas reguladoras TET é composta de trés membros, quais sejam TET1,
TET2 e TETS3, cada qual com abundancia varidvel em diferentes tipos celulares. A
metilacdo do DNA controla vérias fungdes do genoma, sendo essencial durante a
morfogénese para que ocorra desenvolvimento normal. Alteracdes nos padrdes de
metilacdo tais como aberrag¢Oes, podem promover instabilidade genémica e carcinogénese
(Ushijima & Asada 2010).

Considerando a complexidade do cancer, o desenvolvimento de drogas com
diferentes alvos moleculares de acdo ¢ um fator primordial para o desenho de novos

farmacos com maior especificidade e efetividade.

1.5 Tecnologias inovadoras na terapia antineoplasica: nanotecnologia
Diversos estudos vém sendo realizados com o objetivo de aperfeicoar o processo

de liberagédo dos farmacos no organismo, principalmente no que se refere a toxicidade dos
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mesmos. Nesse sentido, os sistemas nanoparticulados constituem uma importante
alternativa de vetorizacdo, sendo capazes de reduzir os efeitos adversos das substancias
neles associadas, assim como protegé-las de reac6es de oxidacdo e reacdes enzimaticas
(Weiss 2001; Cancino et al. 2014). Do ponto de vista da estabilidade quimica, alguns
estudos destacam a utilizacdo destes sistemas para a incorporacdo de substancias
quimicamente labeis, como por exemplo o acido lipoico (Kulkamp et al. 2009) e os
flavonoides quercetina (Weiss-Angeli et al. 2008; Pool et al. 2012) e catequina (Pool et
al. 2012). Outra vantagem da utilizacdo destes sistemas esta relacionada a otimizagédo da
resposta farmacologica exibida pelo farmaco, ja que a sua distribuicdo no organismo se
baseia nas suas propriedades fisico-quimicas, 0 que muitas vezes nao permite que este
atinja o local de acdo. Neste contexto, a associacdo de ativos a um sistema que permita a
adequacao de suas propriedades fisico-quimicas sem alterar seu mecanismo de agdo
representa uma alternativa valiosa para o tratamento clinico. Algumas destas novas
formas de administracdo incluem sistemas dispersos coloidais constituidos por polimeros
naturais, sintéticos ou semissintéticos desenvolvidos a escala nanométrica (abaixo de
lum), tais como as nanoparticulas (NP) (Cancino et al. 2014). As NP possuem a
capacidade de incorporar tanto substancias hidrofilicas quanto lipofilicas, dessa forma
aumentando a biodisponibilidade de substancias pouco soltveis (Rawat et al. 2006).
Dentre as NP, destacam-se as nanoesferas.

As nanoesferas (NE) sdo definidas como estruturas matriciais esféricas,
constituidas por um nucleo solido polimérico e com um didmetro médio de 200 nm. Estas
estruturas ndo apresentam 6leo em sua composicdo. Neste caso a substancia ativa pode
encontrar-se dissolvida no nucleo e/ou incluida ou adsorvida na parede polimérica (Sinha

et al. 2004; Guterres et al. 2007).

33



A utilizacdo destes sistemas nanovetorizados na terapia do cancer baseia-se no fato
de que as particulas possuem afinidade a certos tumores primarios ocasionando um
aumento da eficiéncia e reducdo da toxicidade de alguns agentes quimioterapicos e
imunomoduladores (Kedar et al. 2010). Embora 0 FDA/USA ja tenha aprovado diversos
nanofarmacos, no Brasil este nimero ainda é pequeno. Atualmente, estéo liberados pela
ANVISA nanofarmacos a base de doxorrubicina e gentuzumab para o tratamento de
cancer. Estima-se que nos préximos anos cerca de 50% dos novos medicamentos sejam
de base nanotecnoldgica (Cancino et al. 2014; Xie et al. 2016). No entanto, estudos
detalhados acerca dos aspectos farmacoldgicos e toxicoldgicos dos ativos, das estruturas
carreadoras e de sua combinacdo devem ser exaustivamente examinados.

Diante dos aspectos mencionados sobre a necessidade de novas terapias para 0
tratamento do cancer, destaca-se a importancia da identificacdo e do estudo de novos
ativos. Em vista disso, neste trabalho estudou-se o efeito antiproliferativo do extrato de
A. angustifolia, bem como seus constituintes quimicos e alvos moleculares mitocondriais
e epigenéticos em linhagem tumoral humana de laringe HEp-2. Além disso, considerando
0 interessante potencial do extrato de A. angustifolia frente ao cancer, foi escolhido um
sistema nanovetorizado baseado em NE para encapsulacdo do mesmo, a fim de

potencializar seu efeito antitumoral.
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2

OBJETIVOS

2.1 Objetivo Geral

Este trabalho teve como objetivo avaliar o efeito antiproliferativo e os mecanismos
de acdo do extrato de bracteas de Araucaria angustifolia em linhagem tumoral

humana HEp-2, bem como incorporar o extrato a nanoesferas (NE).

2.2 Objetivos Especificos

Caracterizar quimicamente o extrato de bracteas de A. angustifolia.

Avaliar o possivel efeito antiproliferativo e alteracdes morfoldgicas induzidas
pelo tratamento com o extrato em linhagem tumoral HEp-2.

Analisar as caracteristicas nucleares das células HEp-2 (marcada com 4'6'-
diamidino-2-fenilindol) ap6s o tratamento com o extrato de A. angustifolia.
Avaliar a possivel genotoxicidade do extrato através da quantificacdo dos niveis
de danos ao DNA (ensaio Cometa) em células da linhagem tumoral HEp-2.
Quantificar os danos oxidativos a lipidios, proteinas, atividade de enzimas
antioxidantes e niveis de 6xido nitrico, nas células HEp-2 tratadas com o extrato
de A. angustifolia.

Avaliar a expressao dos marcadores de apoptose, incluindo p53 e caspase-3, nas
células HEp-2 tratadas com o extrato.

Avaliar os possiveis alvos mitocondriais de acdo do extrato de A. angustifolia em
celulas tumorais HEp-2.

Investigar, em nivel epigenéetico, os padrdes globais de metilacdo e

hidroximetilacdo de células HEp-2 tratadas com o extrato de A. angustifolia.



Avaliar a factibilidade de preparacdo de sistemas carreadores do tipo NE contendo
0 extrato de A. angustifolia.

Avaliar as caracteristicas fisico-quimicas das NE contendo o extrato e das NE sem
0 extrato (per se).

Investigar a possivel toxicidade das formulages de NE sobre a viabilidade celular
e parametros de estresse oxidativo em células HEp-2.

Correlacionar os compostos majoritarios do extrato de A. angustifolia com os

efeitos bioldgicos observados.
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Abstract

Araucario angustifolio is a tree that belongs to Araucariaceae family and it is
mainly found in Southern Brazil. This plant has a notable therapeutical history in
folk medicine holding great socioeconomic and environmental importance. Unfil
now, some studies were conducted to assess its chemical composition, biological
and pharmacological properties. The studies have shown that the bark, knot,
needles (leaves), seeds and bracts (sterile seeds) contain high concentrations of
active compounds and exhibit different biclogical effects. In the folk medicine the
different parts of this plant are used to treat various types of illnesses, such as
shingles, respiratory tract infections, sexually transmitted diseases and some types
of wounds. Bearing this in mind, this review focuses on all currently chemical
and biological effects already reported for A. engustifolio and provide a novel
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Introduction

Araucaria is one among three genera that belong to the family
Araucariaceae, occupying an isolated position amidst the conifers
[1]. The genus Araucaria includes nineteen species and presents
the largest geographical range in this family, widespread from
South America to Australia and Pacific islands [2]. Although
the family Araucariaceae is now restricted to the southern
hemisphere [3], fossil evidence shows that it previously occurred
also in the northern part of the globe (4], Aravcaria ongustifolia
(Bertol.) O. Kuntze is a subtropical species known popularly
as Araucaria or Brazilian pine. Native species can be found in
mountain climate throughout southern Brazil, northeastern
Argentina and eastern Paraguay [1]. Mowadays, A, angustifolia
is critically endangered [5] due to long periods of logging for
wood and agriculture purposes [1]. The grovcaria seed, named
pinhdao, is a seasonal product and has great nutritional value
being a source of dietary fiber, carbohydrates, proteins and minor
nutrients [6-8]. More impartantly, they contain higher content of
phenolic compounds [9). In addition to the powerful chemical
characterization of the seeds, other parts of the tree are equally
important. Studies have reported that the resin (found in the
wood and knots), the dead bark (which is naturally discarded by
the tree) and the leaves (needles) retain an intriguing chemical
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composition with dynamic biological activity [10-16]. Our group
has impartantly contributions regarding A. angustifolio biological
effects. We reported that bracts (sterile seeds) contain high levels
of chemical compounds with important pharmacological actions
inseveral models of study [17-20]. Despite the different extraction
conditions employed in distinet studies, phenolic compounds can
be regarded as the major constituents in this particular plant.
Even though few pharmacological studies have been performed
on this plant, there is a notable history of medicinal use by native
populations. Infusions of leaves, bark and knots are used to treat
anemia, muscle strains, varices, renal and sexually transmitted
diseases [21-23]. Mareover, the syrup produced from resin is used
to treat respiratory tract infections [24], indicating a therapeutic
versatility in the empiric uses of A. angustifolia. Although the
scientific literature about this plant is scarce, the majority of the
studies have attempted to identify their chemical constituents
and left aside their role in biological systems. Given this, the
purpose of this review is to provide an overview of the main
chemical compounds found in A, angustifolia and its biological
activities, bringing evidences as basis for further research.

1
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Botanical characterization

A. angustifolia is a subtropical gymnosperm pertaining to
the family Araucariaceae, order Coniferales. This species was
described for the first time by Bertoloni in 1820 as Columbea
angustifolia Bert. After, it was redescribed by Richard Rich as
Araucaria brasiliana and rectified by Otto Kuntze as Argucaria
angustifolia (Bert.) Ktze [1]. It occurs as a major species within
the Araucaria moist forests favored by altitudes ranging from 500
to 1,500 m [25]. The tree is tolerant to low temperatures [24]
and has physiological adaptability to light and shade shifting
conditions of the environment [1]. A. angustifolio stands out
among other arboreal species due to its large and umbelliform
canopy (Figure 1). It features a rectilinear, cylindrical trunk that
can reach 25 to 50 m height and may range between 1 to 2 m
in diameter [26]. The trunk presents a purplish-brown colored,
rough outer shell and an inner shell which is resinous and whitish
[24]. As time goes by, the outer shell {(dead bark) is naturally
discarded by the tree, which may live 200 years on average
[25]. The young tree is symmetrical, cone shaped, covered with
alternate and grouped branches from base to apex, containing
dark-green acicular (needle-shaped) leaves that remain attached
to the tree for many years and can reach up to 6 cm long and
1 cm wide [1]. A. angustifolia is predominantly dioecious [27],
i.e., it features male and female specimens that have their own
distinct strobili. The female strobili, known as cone, are globular
or ovoid, having closely overlapping scales [28] and bracts
inserted on a conic central axis (Figure 2A). The male catkins
are elongated, cylindrical, dense and covered by scales (Figure
2B), which arrange themselves in a spiral [28]. The scales from
the base open to allow the release of pollen and dissemination
occurs through wind. Both strobili develop during summer [29].
The fecundated cone (Figure 3A) may measure 10 to 25 cm in
diameter and weigh up to 4.7 kg, containing more than 1,000
elements [17], including seeds (Figure 3B) and bracts (Figure 3C).
Bracts occurrence is about five times higher than fertile seeds
[17]. The reproductive process of species is long. Pollination
occurs during September and October and, once fertilized, the
cones mature in 2 to 3 years [1,29]. It usually takes 12 to 15 years
for a young plant to start producing seeds. These seeds, popularly
known as pinhdo, are dispersed mainly from May to August

~ N
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a1 Photograph of pine Araucorio angustifolia. The
"~ tree exhibit canopy umbelliform in peculiar shape

and large with a rectilinear and cylindrical trunk
\ (photographed by Catia S. Branco). /
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\Mi Araucaria angustifolia strobili female (A) and male
\ iy (B) specimens (photographed by Cétia S. Branco). /

Hmi Mature female reproductive structure showing
e a conic central axis (A), seeds (B), and bracts (C).
Photographed by Catia S. Branco and adapted from
Embrapa, Brazil (https://www.embrapa.br/busca-de-
\ imagens/-/midia/685001/pinhas-e-pinhoes). )
- *

[1,25]. They exhibit yellowish-brown coloration, encased in a
very resistant dark-brown coat along with an internal adherent
membrane (Figure 4). Araucaria seeds are fleshy and have ovate-
oblong format, ranging from 3 to 8 cm in length and 1 to 2.5 cm
in width, weighing approximately 8 g [6,9].

Ethnopharmacology

The medicinal potential of A. angustifolia has been initially
explored by indigenous populations. Posteriorly, it began to be
widely used in different parts of South America for treatment of
several illnesses. Different parts of the tree (bark, resin, knots
leaves and seeds) are employed in folk medicine, prepared
mainly as infusions or tinctures. In respect to the empirical use
of A. angustifolia bark, there are some reports about the use of
infusions in order to treat topically muscle strains and varices
[21]. Besides bark, the knots extracted from old trunk are used
orally as infusion for treatment of renal and sexually transmitted
diseases [21,22]. Moreover, a syrup produced from bark resin is
used to treat respiratory tract infections, mainly bronchitis [24]. A.
angustifolia leaves are also employed in ethnomedicine. Infusion
of leaves (young or senescent) is orally used for the treatment
of scrofula, fatigue and anemia, whereas tinctures from them
are topically used on dermatological conditions such as dryness
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Figure 4 Araucario angustifolio cooked seeds (pinhdo)
showing external coat (A}, longitudinal section
exhibiting embryo (B) and internal edible portion (C)

I\_ (Photographed by Catia 5. Branca). _/,

skin and wounds [21,22,24]. The leaves are also used to treat
herpes disease, since they exhibit important antiviral activity
[15]. Araucaria seeds are medically employed in treatment of
heartburn, anemia and tumors [22,23].

Nutritional aspects

Apart from the empiric uses of the seeds, they are considered an
excellent source of energy and nutrients, due to its constitution of
complex carbohydrates [30] especially starch which displays low
ghycemic index when compared to white bread [6]. Furthermare,
it presents low contents of lipids and proteins, being a source
of dietary fiber, magnesium and copper (Table 1). Proteins from
graucaria seeds has nutritional value comparable to legume
seeds that contain lysine and histidine as limiting amino acids
[31], and may be vsed also as a complementary source of protein
in food formulations [8]. Cooked seeds are reported as food of
low glycemic index. This is mainly due to the high content of
amylose in the starch that probably contributes to the formation
of resistant starch in the seeds after cooking, generating a slow
absorption of glucose by the organism [6]. Consumption of foods
that present low glycemic response might play an important role
in the prevention and treatment of metabolic chronic diseases
and their cardiovascular complications, such as dyslipidemia,
obesity and diabetes [32].

Chemical Characterization of A.
angustifolia

Besides carbohydrates and proteins of nutritional interest,
A. angustifolios is reported to contain important secondary
metabolites. The plant is a rich source of polyphencls, besides
steroids and terpenoids. A complete overview of the main
chemical compounds described in different parts of A. angustifolio
is shown in Table 2 and a description of these constituents is
given below.

Polyphenols

Polyphenols are structurally characterized by the presence of a
benzene ring bound to one or mare hydroxyl {-OH) groups [33].
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Among the antioxidant compounds that integrate human diet,
polyphenals are majority and great gquantities of them are found
in fruits, vegetables, nuts, cereals, chocolate and beverages
including tea, coffee and wine {for review, see Ref. [34]). Regular
consumption of polyphenols brings benefits for health specially
reducing the risk of developing age-related degenerative
diseases. These heneficial effects are associated to their capacity
to scavenge oxidatively generated free radicals, such as those
derived from lipids and nucleic acids [35,36). There are a variety of
classification systems for polyphenaols, though they are generally
divided into two major distinguishable classes regarding their
hasic chemical structure: flavonoids and nonflavenoids [34].

Flavonoids: Flavonoids may be divided into six subclasses:
flavonols, flavones, isoflavones, flavanones, anthocyanidins,
and flavan-3-ols [34]. The most common flavonoids found in A
angustifolia have their chemical structure presented in (Figure
5). Catechin (Figure 5A) and epicatechin (Figure 5B) are flavan-
3-ols, the most complex subclass of flavonoids. This subclass
ranges from simple monomers to oligomeric and polymeric
proanthocyanidins, which are also known as condensed tannins
[34,37]. Quercetin (Figure 5C) is a flavonol, whereas apigenin
{Figure 5D) is a flavone. Seccon et al. [12] showed that the
hydroalcoholic extract from Araucaria dead bark presents a total
phenolic content of 64 mg/g of gallic acid equivalents (including
1.85mg/gofanthocyanincontentand 12 mg/gof proanthocyanidin
content) along with the presence of flavonols, mainly quercetin,
besides the flavan-3-ols catechin and epicatechin. Biflavonoids
(dimeric flavonoids) were identified in A. angustifolia leaves
[13-15], besides high amounts of proanthocyanidins [15].
Flavonoids are also found in A. angustifolia propolis, which is
the resinous substance collected from the tree and processed
by bees [38,39], and also in the seeds. Cordenunsi ef al. [B]
described that, in the seed, phenclic compounds can migrate
from the internal coat to the pulp during heating process, and
therefore significant amounts of catechin and guercetin may be

Table 1 Proximate composition of cooked Araucario angustifolio seads
(pinhda).

Lipid (g/100 g}

Calcium (mg/100 g)

Magnesium (mg/100 g}

Zinc (mg/100 g)

Adapted from Cordenunsi et al. [6] and Brazilian Food Composition
Table [30]
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Table 2 Overview on the chemical constituents identified in different parts of Aroucario angustifolia.

Analysis Methods: gas chromatography (GC); liquid chromatagraphy (LC); thin layer chromatagraphy (TLC); high performance liquid
chromatography (HPLC); high performance thin layer chromatography (HPTLC); high resolution mass spectrometry (HRBS); multiple reaction
manitaring mode [MRM); mass spectrometry (M3); nuclear magnetic resonance (NMR]; not described [ND).

Compounds Classes: polyphenaols®; steroids®; terpens’.

found in cooked seed, Similar results were reported in another  proanthocyanidins (40,70 £ 0,59 pg/mg in cooked seeds and 0.45
study [9], showing differences between extracts ebtained from £ 0,02 pug/mg in raw seeds extracts) contents. Recently, Mota et
cooked and raw seeds regarding flavenoids (11.89 £ 0.26 pg/mg ol [40] investigated two extracts, one from the external coat and
in cooked seeds and 1,16 £ 0.02 pg/mg in raw seeds extract) and  other from the inner seed pulp (endosperm and embryo). Both
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of them presented proanthocvanidins in its constitution, but
the coat extract exhibited around tenfold the concentration of
proanthocyanidins compared to inner seed extract (148 versus
10 mg cyanidine chlorohydrate/g extract). Taking into account the
high levels of flavonoids found in araucoria seeds, our research
group has focused on the bracts (sterile seeds), demonstrating
that this material is rich in flavan-3-ols, flavonols [17], flavones
[18] and biflavonoids [19]. Biflavonoids were also reported by
Fonseca et ol [41] in tissues samples from A. angustifolio at
different stages of differentiation and development, showing that
seadlings stems, which are source of explants, display a variety of
apigenin dimers.

Phenolic acids and their derivatives: Phenolic acids, other
important class of polyphenals, can be classified as derivatives
of either benzoic acid or cinnamic acid. Benzoic acid derivatives
include gallic (3,4,5-trihydroxy-), vanillic [4-hydroxy-3-methoxy-)
and protocatechuic (3,4-dihydroxy-) acids, whereas p-coumaric
(4-hydroxy-), caffeic (34-dibydroxy-), and ferulic (4-hydroxy-
I-methoxy-) acids are cinnamic acid derivatives, In addition,
phenalic acids may originate from hydroxycinnamic acid, such as
chlorogenic acid (3-caffeoylquinic acid) [42]. It has been shown
that A. angustifolia species contain phenolic acids (Table 2), being

5 © Copyright iMedPub

gallic acid (Figure 5E) the most common one. This compound was
already detected in the seeds [9] and in the propolis [39], whereas
benzoic acid (Figure 5F) was identified in the bark [12], and also
in the propolis [39]. Exudate from leaves presents p-coumaric
acid [43], which was also found in the propolis [10] along with
dihydrocinnamic, ferulic and caffeic acids [38]. Some other
phenolic acids, including protocatechuic acid (9.1 pg/mL) and
ester derivatives of chlorogenic acid (7.9 pg/mL), were quantified
in A. angustifelia propolis along with minor amounts (<1.8 g/
mL) of p-coumaric, syringic, vanillic, caffeic and ferulic acids [39].

Lignans: Plant secondary metabolites also include lignans,
compounds that present carbon skeletons constructed by the
oxidative coupling of two or three phenyl propane units and are
biosynthesized through the shikimic acid pathway [10,44]. They
are classified in five main types: lignans, neolignans, norlignans,
hybrid lignans, and oligomeric lignans [45]. These compounds are
important components of foods since they occur either freely or
in its glycosylated form in plants, mainly wood and resin [46,47],
Some lignans extracted from plants of the genus Araucaria
have been analyzed, specifically in the species A, angustifolia
[10,11,41,48-50] and A. araucana [51]. Regarding A, angustifalia,
lignans have been reported mainly in the wood, knots and
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resin, and the chemical structures of the most representative
compaounds are shown in [Figures 5G-5H). Fonseca et al. [48,49]
identified different lignans, such as pinoresinol dimethyl ether,
secoisolariciresinol, lariciresinol, isolariciresinol, isolariciresinol-
4'-methyl ether, secoisolariciresinol monomethyl ether and
lariciresinol-4-methyl ether in the knots of A angustifolio
dead trees. Presence of lignans including secoisolariciresinols,
lariciresinols and pincresinols were also detected from the knot
[11] and wood [10] resins, Other parts of A, angustifolia, including
seedling stems [41]) and trunk bark [50] also contain lignans
{pinoresinaols, lariciresinols and eudesmin) in its composition.

Steroids and terpenes

Steroids and terpenes are isoprenoids synthesized wvia the
mevalonate pathway. They constitute an impartant group of small
secondary metabolites associate with plant signaling, Terpenic
compounds, including di- and triterpenes usually accumulate
as conjugates with carbohydrates and other macromaolecules,
mainly as triterpene glycosides [52]. Bankova et al. [43] reported
the presence of terpenes, specifically diterpenic acids in the
exudate from A, angustifolio leaves. Diterpenes were also
identified in the wood resin [10]. Besides resin, propolis contain
terpenic compounds maostly di- and triterpenes [38]. Steroids
and terpenoids were also identified in A, angustifolia leaves
[1&6] and bark, mainly the steroid sitosterol (Figure 51) and the
diterpene sugiol (Figure 5J) [50]. |soprenoids are synthesized
during different stages of plant development. Fonseca el al, [41]
detected diterpenes from the seedling to roots of A, angustifolia,

Biological Activities

Despite its traditional uses as medicinal product, there are few
studies aiming to elucidate the pharmacological potential of the
different parts A. ongustifolio tree. Major studies regarding the
diverse biological activities are summarized in Table 3.

Antioxidant activity

Antioxidant activity is the most reported biological action
for A. ongustifolio. The antioxidant defense system controls
the levels of reactive oxygen species (ROS) promoting useful
maolecular functions minimizing oxidative damage [35]. Taking
inte account that the misbalance of the antioxidant system
lead to the generation of oxidative stress and this disturbance
exerts a critical role in aging chronic degenerative diseases and
cancer, natural products rich in antioxidants may be considered
as health-promoting bioactive agents [53-55]. Corroborating
with this evidence, several reports showed that A. angustifolia
exerts antioxidant effects in different study models (Table 3). An
extract from araucaria dead bark demonstrated cytoprotective
effects in mouse L9290 fibroblasts against oxidative stress induced
by hydrogen peroxide (H,0.). In a dose-responsive manner, the
highest concentration of 1 mg/mL was able to increase cellular
protection by 131% [12]. The compound catechin isolated from
the bark was able to protect against lipid peroxidation induced
by UV radiation (IC_ 18 £ 4 uM) and ascorbyl radical {IC_, 6 £ 0.25
WM exposure in rat liver treated microsomes [12]. In a similar
way, our group previously reported that an extract obtained
from A. angustifolia bracts displayed antioxidant effects against
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ROS-induced oxidative stress in Soccharomyces cerevisioe. The
concentration of 0.15% avoided cytotoxic effects induced by H,0,
and, the concentrations of 0.05, 0.10 and 0.15% exhibited non-
mutagenic and antimutagenic activities in the same model. These
effects were attributed to the antioxidant capacity of phenaolic
compounds, which could be responsible for neutralizing H,0,
avoiding hydroxyl radical formation, therefore preventing DNA
damage [17). OQur group also reported that the bracts extract
presented anfioxidant and anftigenotoxic activities in MRCS
human lung fibroblast cells. In this study, the agueous extract
from araucaria bracts (25 and 50 pg/mlL) significantly protected
MRCS cells against H,O -induced cytotoxicity and oxidative
damage to lipids, proteins and DNA [18]. Additionally, the bracts
extract was able to avoid depletion of superoxide dismutase
and catalase activities [18]. Yamaguchi et al. [13] reported that
a biflavoncid fraction obtained from extract of A angustifolia
leaves was effective to protect plasmid DNA against single strand
break induced by either singlet oxygen or Fenton reaction at
concentrations of 20 to 100 uM. The antioxidant effect of this
extract was also evaluated in calf thymus DNA and the biflavonoid
fraction was capable of preventing formation of cyclobutane
thymine dimer (at concentrations of 0.5 to 2.0 mg) and 8-oxo-
7.8-dihydro-2'-deoxyguanosine (at concentrations of 100 and
500 uM), avoiding oxidation of nucleotides [14].

Antiproliferative and cytotoxic activities

There are few studies in the scientific literature regarding the
potential anticancer effects of A. angustifolic. Bufalo et al
[38] reported cytotoxic effects of araucaria propolis on human
laryngeal epidermoid carcinoma (HEp-2) cells. In this study, it was
observed cytatoxic effects induced by propaolis in a dase (5, 10,
25, 50 and 100 pg/well) and time (6, 24, 48 and 72 h) dependent
manner against HEp-2 cells in witro. Mareover, changes in cell
morphology were observed, including lysis and disorganization
of the cellular monolayer, In another study, Meneghelli et al.
[39] reported the effects of A. angustifolia propalis an viability,
proliferation, cell migration, capillary tube formation, and
angiogenesis using in witro and in wive models. Hydroalcoholic
extract of propolis was able to decrease viability in 24 (IC_, 297
pg/mL) and 72 (IC_, 130 ug/mL) hours, proliferation (at doses of
130 to 180 pg/mL for 72 h) and tubulogenesis (at doses of 150 to
200 pg/mL for 24 h) on human endothelial cells. Furthermaore,
the angiogenesis and vasculogenesis processes, also evaluated
in this study, were inhibited using chorioallantoic and vyolk-
sac membranes from chick embryos (450 mg propolis.kg™),
indicating that A. ongustifolic propolis is a potential therapeutic
agent for angiogenic diseases, such as cancer. Recently, our group
demonstrated that the agueous extract from A. angustifolia
bracts present selective antiproliferative effects (IC_, 250 pg/mL
for 24 h) mediated by mitochondrial dysfunction and apoptosis
activation on human larynx HEp-2 cancer cells. The inhibition
of cell proliferation was accompanied by pro-oxidant effects,
including oxidative damage to lipids and proteins, nitric oxide
production, along with depletion of superoxide dismutase
and catalase antoxidant activities at concentrations (100, 250
and 500 pg/mL). The bracts extract also generated genotoxic
and apoptotic effects, as well as inhibition on complex | of the
mitochondrial electron transport chain and reduction on ATP
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production, indicating the potenfial of bioactive compounds
from A. angustifelio bracts on the modulation of mitochondrial
function on cancer cells [19,56].

Allelopathic and entomotoxic activities

Plants produce and store high levels of secondary metabolites
that are subsequently released into the environment, which
may affect other plants or animals [57]. Plants also present
entomotoxic actions against insect-pests, showing an impartant
potential to be explored mainly due to the emergence of insects
resistant to chemical insecticides and to the rise of organic
agriculture [58]. There are only two studies in the scientific
literature exploring the allelopathic and entomotoxic potentials
of araucaria. In a study conducted by Braine et ol [18], it was
showed that the extract from A. ongustifolio leaves (187.5 and
250 mg) presents allelopathic potential on germination and
growth of Lactuco sativa seeds, and the main allelochemical
compounds identified in the ethanolic extract were ent-kaurene
and phyllocladene, This allelopathic potential seems to serve A.
angustifolic on the successional dynamics of Araucaria Moist
Forests. Our group has investigated the entomotoxic effect of
an agueous extract obtained from bracts of A. angustifolio on
the velvethean caterpillar Anticarsio gemmatalis (Lepidoptera:
Erebidae) [20]. This extract, rich in phenclic compounds, was able
to increase the number of malformed pupae (0.15, 1.5 and 7.5
mg), along with a decrease in the emergence of the insects (1.5
and 7.5 mg), and these effects were related with the lipid, protein
and DMA damage detected in the larvae vig oxidative stress.

7 @ Copyright iMedPuly

Antiviral and antibacterial activities

Intraditional medicine A. angustifolio has been used for treatment
of infectious diseases caused by pathogenic agents. The antiviral
activity of araucaria was showed in a study conducted by Freitas
et al. [15] with Herpes simplex virus type 1 (HSV-1) model, H5V is
a double-stranded DNA enveloped virus, extremely widespread
in human populations and responsible for a broad range of
human infectious diseases, such as gingivo-stomatitis, genital
diseases and encephalitis. The crude hydroethanolic extract (HE)
obtained from A. angustifolia leaves and some different fractions
of this extract were able to induce virucidal activity against HSV-1,
exhibiting antiherpetic potential (IC,, 32.10 + 3.65 pg/mL for HE).
This effect was associated with the content of biflavonoids and
proanthocyanidins present in the leaves.

Antibacterial potential of A. angustifolio was investigated in a few
studies. Santi-Gadelha et al. [59] prepared an agueous extract
from argucaria seeds and then purified and characterized a lectin
(N-acetyl-D-glucosamine-specific lectin) with antibacterial activity
{150 pg/mL) against Gram-negative (Xanthomonas axonopodis pv.
passiflorae) and Gram-positive (Clavibacter michiganensis subsp.
Michiganensis) strains at doses of 150 pg/mL. Bankova et al. [43]
also reported the antibacterial action of leaves exudate (0.4 mg
of extract) against strains of the pathogen Staphylococcus aureus,

which is a major causing agent of nosocomial and community-
acquired infections.
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5.5 Anti-inflammatory and antiedematogenic
activities

Chemical compounds from plants are able to exhibit anti-
inflammatory and antiedematogenic activities. It has been shown
that A. ongustifolio seeds may modulate acute inflammation
process in vivo. Santi-Gadelha et al. [59] elucidate the mechanism
involved in the anti-inflammatory effect of a lectin (N-acetyl-
D-glucosamine-specific lectin) from agueous extract of A
angustifolia seeds in rats. The inflammation was induced in a paw
edema model by subcutaneous injection of carrageenan, which is
abletorelease severalinflammatory mediators, including biogenic
amines, prostaglandins, and nitric oxide. Intravenous injection of
lectin (0.01, 0.1 and 1 mg/kg) prior carrageenan reduced paw
edema inhibiting the cellular event of acute inflammation wvia
carbohydrate site interaction [59]. In another study, Mata et al,
[60] have described the effects of a lectin (N-acetyl-glucosamine-
ligant) from A. angustifolia seeds in the same model of paw
edema in rats, and the anti-inflammatory and pro-edematogenic
actions were evaluated. Intravenous injection of lectin (0.1 and
1 mg/kg) inhibited the dextran-induced edema and vascular
permeahility, which were prevented by association of the lectin
with Its binding sugar N-acetyl-glucosamine. Lectin also inhibited
edema induced by serotonin. The mechanism associated with
anti-inflammatory and pro-edematogenic actions appears to
be involved in a commaon pathway to activation or inhibition of
inflammatory mediators from resident mast cells [60].

Actions on metabolism and central nervous
system

Amongst the different parts of A. angustifolia, the seed has
been reported as having effects on modulation of energetic
metabolism and central nervous system. Araucaria seeds are rich
in lectins [61,62], an important group of glycoproteins widely
studied. Lectins are able to induce different actions in various
bialogical systems, including cell agglutination and glycoconjugate
precipitation, once they recognize and bind to carbohydrates
ar other substances derived from sugars [63]. The effect of A.
angustifolic seeds consumption on the glycemic metabolism was
studied for the first fime by Cordenunsi et al. [&]. The analysis
of the carbohydrate availability evaluated in a short-term assay
{two weeks) in humans showed that the glycemic responses
produced by seeds cooked with the coat were 23% lower when
compared to white bread. This result is important because foods
that present a low glycemic index are linked to the beneficial
effects on preventing and controling chronic non-infectious
diseases. In a recent study, Silva et al. [B4] also investigated
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the effects of a seed coat extract on glycemic levels of rats and
activity of a-amylases (human salivary and porcine pancreatic).
The seeds coat extract (250 mg/kg), rich in proanthocyanidins,
was effective in diminishing the post-prandial glycemic levels
in rats after starch administration. Moreover, the extract was
able to inhibit both human salivary (range up to 80 pg/mL) and
porcing pancreatic (range up to 50 pg/mL) a-amylases, indicating
that araucaria seeds present potential to be used in therapeutic
interventions aiming to suppress postprandial hyperglycemia
in diabetic pafients. The effects of araucaria lectins on central
nervous system were investigated in an animal model of epilepsy
[65]. Lectin was isolated and purified from A. angustifolio seeds,
and then dissolved in saline before administration to rats,
Seizures were induced with pentylenetetrazol, pilocarpine and
strychnine and were monitored during 1 hour. The behavioral
profile {locomotor activity) was also evaluated. Lectin (10 mg/
kg) increased latency to convulsions and latency to death in both
the pentylenetetrazol- and strychnine-induced seizures; however
it was not able to protect in the pilocarpine model. In addition,
lectin (0.1, 1 and 10 mg/kg) was able to reduce locomotor activity,
showing depressant effect similar to the drug diazepam. These
effects were attributed to the capacity of lectin from aroucaria
seeds to modulate GABAergic and glycinergic systems,

Conclusions and Future Prospects

This is the first work that has summarized the relevant literature
concerning the chemical constituents, biological activities
and ethnobotanical aspects of the conifer A angustifoliz, an
important plant with a long tradition of medicinal and nutritional
uses in South America. This review provides many contributions
for the natural products research area, since they show the
beneficial effects performed by the chemical compounds existent
in this plant for prevention and treatment of some human
pathologies. Considering the social and ecological importance
of A. angustifolia, it is essential that conservation programs
must be performed and constantly updated. Moreowver, it is also
important to improve researches involving the development of
pharmaceutical products using residual parts of the plant, since
the use of bracts, dead barks and needles would not compromise
A. angustifolia reminiscent populations nor human and animal
feed.
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Matural products are among one of the most promising fields in finding new molecular targets in cancer
therapy. Laryngeal carcinoma is one of the most common cancers affecting the head and neck regions,
and iz associated with high morbidity rate if left untreated. The aim of this study was to examine the
antiproliferative effect of Aroucario angustifolio on laryngeal carcinoma HEp-2 cells, The results showed
that A angustifotia extract {AAE) induced a signilicant cytoloxicity in HEp-2 cells compared to the
non-tumor human epithelial (HEK-293) cells, indicating a selective activity of AAE for the cancer cells.

?ﬁ::‘:;sz:ﬂria .-"I._crr_{g?,_rsrff'u_im exfract was able to 1'11c!'eas:e _oxidarive_dama_ge _to lipids and proteins, a_nd ﬂ'!e production
Apoptosis of nitric oxide, along with the depletion of enzymatic antioxidant defenses (superoxide dismutase and
HEp-2 catalase] in the tumor cell line, Moreover, AAE was able to induce DNA damage, nuclear fragmentation
Araucaria angustifolia and chromatin condensation. A significant increase in the Apoptosis Inducing Factar [AIF), Bax, poly-
HRM3S (ADP-ribose) polymerase [PARP) and caspase-3 cleavage expression were also found. These effects could
be related to the ability of AAE to increase the production of reactive oxygen species through inhibition of
the mitochondrial electron transport chain complex | activity and ATP production by the tumor cells. The
phytochemical analysis of A angustifolia, performed using High Resclution Mass Spectrometry (HEMS) in
MS and MS/MS mode, showed the presence of dodecancic and hexadecanoic acids, and phenolic

compounds, which may be associated with the chemotherapeutic effect ohserved in this study,
i 2015 Elsevier Ireland Lid, All rights reserved.
1. Introduction these resistance characteristics are dependent on  redox

homoenostasis alterations in cancer cells [3], Therefore, it is impor-

Cancer represents the second leading cause of death in occiden-
tal countries, Laryngeal carcinoma is one of the most common form
of tumaor cells that reach the head and neck, and it represents about
30% of all malignancies in these body areas [1]. Although there are
effective drugs for treating several types of cancer, laryngeal cancer
is one of the many cancers that still lack appropriate treatment,
thus giving rise to considerable morbidity and mortality rates in
patients. The resistance of tumor cells depend mainly on their
capacity to resist to apoptosis and growth-inhibitory signals,
thereby leading to tissue invasion and metastasis (2], Some of

# Corresponding author at: Laboratdrio de Estresse Oxidative @ Antiozidantes,
Instituto de Biotecnologia, Universidade de Caxias do Sul. RS 95070560, Brazil,
Tel.: 455 54 3218 2105; lax: +55 54 3218 2664,

E-mail address: msalvado@ucs.br [M. Salvador).

hittp: | fdeedoi.ong10.101 6/j.cbi.201 5.03.005
(HHIS-2707 )5 2005 Elsevier Ireland Led All rights reserved,

tant to investigate new therapeutic agents, which may present
selective properties to induce cytotoxicity through the activation
of cell death signaling pathways.

Plant-derived products possess a wide range of pharmacological
actions, including chemopreventive, anticancer and apoptotic
properties [4-6], Aroucario ongustifolia (Bertolini) Otto Kuntze
belongs to the Araucariaceae family and is one of the main pine
species found in South America. In Brazil, native populations of this
species occur essentally in the southern highlands, constituting
the Araucaria forests, A angustifolia is a dicecious species, meaning
male and female specimens have their own distinct strobili. Female
strobilus consists of seeds (the edible part named “pinhdo™) and
bracts, which are undeveloped seeds commonly discarded into
the environment. Moreover, A, angusiifolio presents great relevance
in the Brazilian folk medicine, Different parts of the tree (bark,
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needles and resind are used to treat varous illnesses, particularly
diseases of the respiratory tract. Recently, our group has character-
ized an A ongustifolin extract obtained from the bracts, which is
rich in phenolic compounds such as flavonoids and tannins [7,8].

Phenolic compounds are multifaceted molecules, which have
powerful antioxidant abilities, Nevertheless, some of these com-
pounds may promote the formation of reactive oxygen species
(ROS) [6,9] mainly through the mitochondria. The effect resulting
from ROS production occurs through additional mechanisms of
action in which the polyphenols are able to generate o-semiqui-
nones and to oxidize NADH, resulting in inhibition of mitochondrial
respiration | 10]. Mitochondrial dysfunction is often associated with
oxidative damage, defective ATP synthesis, and cell death, showing
that mitochondria might be an important therapeutic target for
cancer treatment [11,12]. Inhibition of mitochondrial respiration
has been associated with the ability of polyphenols to modulate
the dynamics of cancer cells in order to exert selective anticancer
effects [G]. However, the mechanism of action of polyphenols in
implicating this effect still remains unclear.

In this context, the ohjective of this study was to (1) evaluate
the antiproliferative activity of an extract obtained from A, angusii-
folia bracts on human laryngeal carcinoma (HEp-2) and non-tumor
(HEK-293]) cells; (2] explore the cytotoxic mechanism of action of
the extract in tumor cells and to; (3) evaluate the chemical
composition of AAE to better examine the biological properties of
this extract.

2, Materials and methods
21, Chemicals

Complete Dulbecco's Modified Eagle Medium (DMEM), Fetal
Bovine Serum (FBS), trypsin-EDTA and penicillin-streptomycin
were purchased from Gibeo BRL (Grand [sland, NY, USA)
Apoptosis antibody sampler kits [(C59915, (59942 and CS4670)
were acquired from Cell Signaling Technology (Danvers, MA,
LsA) Complex | Engyme Activity Microplate Assay Kit was pur-
chased from Abcam {Cambridge, MA, USA), and the Cell Titer-
Glo™ Luminescent Cell Viability Assay Kit from Promega
{Madison, WIS, USA) Low-melting point agarose and normal agar-
ose  were purchased from Invitrogen (Carlshad, CA, USA)L
Acrylamide kit was acquired from Sigma-Aldrich (5t Louis, MO,
5A). Other reagents and solvents were obtained from Sigma (5t
Louis, MO, USA)L All chemicals were of analytical grade.

22, A, ongustifolio extroct

Female strobili of A angustifolio were collected in Caxias do Sul,
Fio Grande do Sual (297934905, 51°845.34"W); lhama n®
02001,001127/2013-84, Brazil, Voucher specimens were identified
by the Herbarium of the University of Caxias do Sul, Rio Grande do
Sul, Brazil (HUCS 40710/40711). Bracts were manually separated
from the pine and the extract was obtained under reflux (100 =C)
for 15 min using 5g of bracts in 100 mL of distilled water, as
already described [78,13]. The extract was filtered in Millipore
equipment (pore size, 0.45 pm; 5FGS 04715, Millipore Corp.) and
Ivophilized [ LIOBRAS model L-101 ) under vacuum pressure to yield
a powder, which was stored protected from light until use.

2.3, Mass Spectrometry

The lyophilized extract of A angustifolia was dissolved in a solu-
tion of 50% (v/v) chromatographic grade acetonitrile (Tedia,
Fairfield, OH, UsA), 505 (v/v) deionized water and 0.1% formic acid
or (L1% ammaonia hydroxide for E3I(+) or ESI[ - respectively. The

solutions  were individually  infused directly or with HPLC
[Shymadzu) assistance into the ES| source by means of a syringe
pump (Harvard Apparatus) at a fow rate of 10 pl min . ESI[+}-
M5, tandem ESIC+)-MSMS and ESI - 1-M5 were acquired using a
hybrid high-resolution and high accuracy (5 pL/L) microTOF-QI1
mass spectrometer (Bruker™ Daltonics) under the following condi-
tions: capillary and cone voltages were sef to +3500 and +40 'V,
respectively, with a de-solvation temperature of 100°C
Diagnostic ions in different fractions were identified by the com-
parison of exact m/z with compounds identified in previous stud-
ies. For data acquisition and processing, Hystar software {Bruker®
Daltonics) was used. The data were collected in the m/z range of
F0-300 at the speed of two scans per second, providing the res-
olution of 50,000 (FWHM) at mfz 200, No important ions were
observed below mjz 150 or above myjz 500, therefore data is shown
in the mjz 180-500 range.

24, Cell culture

Human laryngeal cancer cells [(HEp-2 line} and human
non-tumor cells (HEK-293 line) were obtained from American
Type Culture Collection {ATCC) bank. Both epithelial cell lines were
cultivated under standardized conditions in DMEM  medium,
supplemented with 10% heat-inactivated FBS and penicillin—
streptomycin (10,000 UfmL), Cells were seeded in culture flasks
and maintained in a humidified atmosphere at 37 °C with 5% CO,.
Studies were conducted when the cells reached 80-90% confluency.

2.5, Cell viahility assays

In order to determine the antiproliferative activity of the
A angustifolia extract [AAE) on HEp-2 cells, 3-[4,5-dimethylthiazol-
2yl-1-2 5-diphenyl tetrazolium bromide {MTT) | 14), and the trypan
blue exclusion assays were performed |[15]. For the MTT assay,
seeded cells (1 = 10* cellsjwell in 96-well plate) were treated with
different concentrations (100, 250 and 500 pg/mlL) of AAE, and
incubated at 37 °C in 5% C0; for 24, 48 and 72 h, After this time,
the medium was removed and 1 mg/mL MTT dye in serum-free
medium was added to the wells, Plates were incubated at 37 °C
for 3 h. Subsequently, MTT solution was removed and the resulting
formazan violet product was dissolved in 100 pL dimethylsulfox-
ide (DMS0Y, stirred for 15 min, and the absorbance was measured
using a microplate reader (Victor-X3, multilabel counter, Perkin
Elmer, Finland) at 517 nm. The cell wviahility in each well was
expressed as percentage compared to non-AAE treated control
cells, In addition to the MTT assay, trypan blue stain (0.4%) dis-
solved in Phosphate Bulfered Saline (PBS) was used o assess cell
viability, Cells (2.5 = 10° cells/well in a six-well plate) were treated
with increasing concentrations of AAE (100, 250 and 500 pgiml)
for 24 h. The number of viable and dead cells was counted using
an optical microscope, The percentage of viability was calculared
by number of unstained cells{total number of cells = 100. Normal
human embryonic kidney-293 (HEK-293) epithelial cell line was
used as non-tumor control.

2.6. Cell and nuclear morphology analysis

Changes in cellular morphology were observed in culture flasks
after 24 h of different AAE treatments (100, 250 and 300 pg/mlL).
Muclear morphology evaluation was performed according to
Jaganathan et al. [16]. The cells (2 = 10° per well) were grown on
12 mm cover slips in 24-well culture plates and exposed to differ-
ent concentrations of AAE (100, 250 and 500 pg/mL] for 24 h. The
monolayer of cells were washed with PBS and fixed with 3%
paralormaldehyde for 100min at room temperature, The lxed cells
were permeabilized with 0225 Triton X-100 in PBS for 10 min and
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incubated with 4 .G-diamidino-2-phenylindole, dihydrochloride
(AP for 5 min. The apoptotic nuclel (intensely stained, frag-
mented nuclei and condensed chromatin) were analyzed, Images
were  obtained using an  inverted  fluorescent  microscope
[Optiphase-403F, USA),

27, Owidative damage (o lipids and proteins, and nitric oxide levels

With the aim to study the cytotoxic mechanisms of the AAE,
oxidative damage to lipids and proteins, and nitric oxide (NO pro-
duction were assessed in HEp-2 cells (1 = 107} after 24 h treatment
with different AAE concentrations (100, 250 and 500 pg/ml),
Oxidative parameters were assessed after the incubation of the
cells with RIPA lysis buffer for 30 min, and centrifugation at
1500 at 4 =C for 5 min. The supernatants were used for the assays.
Lipid peroxidation was monitored by the formation of thio-
barbituric acid reactive substances (TBARS) during an acid-heating
reaction, according to Wills [17] with modifications. Specifically,
400 ul of supernatant from each sample was combined with
600 ul of 15% trichloroacetic acid (TCA) and 0.67% thioharhituric
acid (TBA). The mixture was heated at 100 °C for 20 min. After
cooling to room temperature, the samples were centrifuged at
1300¢ for 10 min. The supematants were isolated, and their absor-
bance were measured at 530 nm. Hydrolyzed 1,1,3.3-tetram-
ethoxypropane [TMP) was used as standard, and the results were
expressed as nmol TMPfmg of protein. Oxidative damage o pro-
teins were measured based on the reaction of protein carbonyl
groups with 2d-dinitrophenylhydrazine (DNPH] [18]. For the con-
trol, 200 pLof DNPH (10 mMor 200 plof HCT (2 M) were added to
S50 pl of cell supematants, The reaction mixture was incubated in
the dark for 30 min, and vortexed every 10 min, After, 250 pl. of
200 TCA was added to each reaction mixture and centrifuged at
1400g for 8 min, The supernatants from each sample were dis-
carded and the pellets were washed 3 times with ethanol-ethyl
acefate (1:1) to remove free reagent, Samples were centrifuged
and the pellets were resuspended in 1000 pul of urea solution
(BM) at 37 °C for 15 min. Absorbance was read at 365 nm, and
results were expressed as nmol DNPH!mg protein. Nitric oxide pro-
duction was determined based on the Griess reaction [19). Taking
into account that accurate NO measurements are very difficult to
assess in biological specimens, nitrite concentration was estimated
as an index of NO production. A standard curve was performed
using sodium nitroprusside (SMP) for calibration. Optical density

was quantified at 535 nm and the results were expressed as nmol
SMP/mg protein. Protein concentration was determined by the
Lowry et al. [20] method using bovine serum albumin as standard.

28, superoxide dismutose and cotalose activities

After 24 h of treatment with different concentrations of AAE
(100, 250 and 500 pgiml), HEp-2 cells (1 « 1077 were incubated
with RIPA lysis buffer for 30 min, and centrifuged ar 8000g at
4°C for 10 min, The supernatants were used for both enzymatic
assays. Superoxide dismutase (Sod) activity was measured by the
inhibition of self-catalytic adrenochrome formation rate  at
480 nm, in a reaction medium containing 1 mmol/L adrenaline
(pH 2.0} and 50 mmel/L glycine (pH 10.2) at 30 =C for 3 min [21].
Results were expressed as Usod (units of enzyme activity )fmg pro-
tein. One unit is defined as the amount of enzyme that inhibits the
rate of adrenochrome formation by 50%. Catalase [Cat) activity was
measured according to the method described by Aebi |22]. The
aszay determines the rate of Ha0; decomposition at 30°C for
I min in 240 nm. Results were expressed as UCat/mg of protein.
One unit is defined as the amount of enzyme that decomposes
I mmol of H:0; in 1 min at pH 7.4. Protein concentration was
determined by the Lowry method [20] using bovine serum albu-
min as standard. All absorbance were measured in spectropho-
tometer model UV-1700,

2.8, DNA domage

Single cell gel electrophoresis (Comet assay) was performed to
assess the genotoxic effects of AAE on 24 h treated HEp-2 cells,
as described by Singh et al. [23]. Cells (2.5 = 10°) were washed
with ice-cold PBS, trypsinized, and resuspended in complete med-
ium. Slides were prepared by mixing 20 pl of suspended cells and
B0 ul of low melting point agarose (0.75%), The mixture was
poured onto a frosted microscope slide coated with normal melting
point agarose [1%). After solidification, the coverslip was removed
and the slides were placed in lysis solution (2.5 M MNaCl, 10 mM
Tris, 100 mM ethylenediaminetetraacetic acid [(EDTA), 1% triton
X=100, and 10% DMS0, pH 10.0) for 24 h. Subsequently, the slides
were incubated in freshly made alkaline buffer (300 mM NaOQH
and 1mM EDTA pH=126) for 20min. The DMA was elec-
trophoresed for 20 min at 25V (0.9 V/cm] and 300 mA, and the
buffer was neutralized with 0.4 M Tris (pH 7.5). Finally, DNA was

Eoy

Fig. 1. HEMS full mass spectra of the Arowcorio engestifolio extract in positive [A] ES] (+] and negative [B) ESI -] mode,
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Table 1
Tdentified compounds rom Armuoario angustifodio by HRMS ESLMS [+ and (-
Entry  Precursor Identification Elerm, Diff.  Refs
lon miz (%) Comp. BRI

ESK+) [M+H]"

193,0703 1,3,4,5-Tetrahydroxy C7H,:04 473 [26]
cyclohexanecarboxylic
acid

195,08638 3-0-methyl-o-chire- CeH a0y 03z [27]
Inositol

302,0870 4-Mitrophenyl-fi-p- CizHigMOy 195  [28]
glucopyranoside

15,0862 A-Methoxylectofgenin Ci7H 1406 211 [29]

4671177 3-GClucoside- CziHeaDia 118 [30]
iy drogquercetin

595,1558 Amentoflavone £ 477~ CoHepde 104 [31]
tetramethyl ether

ES -] [M—H]

1910560 1,3,4,5-Tetrahydroxy- C7H 005 228 [26]
cyclohexanacarboxylic
acid

188,1703 Dadecansic acid CizHzaD: 248 [32]

255,2334 Hexadecanoic acid CysHsals 380 [33]

stained with silver nitrate. Images of 100 randomly selected cells
{of four replicated slides) were analyzed from each sample. DNA
damage was visually scored according to tail size into five classes,
fromm no tail (07 to maximal (4) long tail. Therefore, a group damage
index (DI} could range from O (all cells with no tail, 100 cells = 0 to
400 (all cells with maximally long tails, 100 cells « 4], The fre-
quency (%) of the different classes of DNA damage was also
evaluated.

2.10. Immunoblofting analysis

HEp-2 cells (6 = 10°) treated with AAE during 24 h were har-
vested and mixed with Laemmli sample buffer, denatured by boil-
ing (100 *C) for 5 min. Briefly, 3000 cells/pL (20 pl) were [oaded
and the proteins were separated on 7.5-15% SDS-PAGE gels
After, the proteins were electro-transferred onto nitrocellulose
membranes (Amersham Hybond™-C Extra), The membranes were
blocked with 5% non-fat dry milk and were stained overnight at
4 “C with primary antibodies. Specifically, cleaved and total Poly-

= =]

[ADP-ribose) polymerase (PARP), Apoptosis Inducing Factor (AlF),
p53, cleaved caspase-3, Bax, Bad, and Bim were labeled with pri-
mary antibodies, and f-actin was used as a loading control. The fol-
lowing dilutions were used; PARP and AIF (1:2000), p53 (1:500),
cleaved caspased, Bax, Bad, Bim and f-actin (1:1000), Alter incuba-
tion with primary antibodies, the membranes were washed with
PBS-T (PBS-buffered saline containing 0.1% Tween-20) to remove
unbound primary antibodies. The membranes were then stained
with anti-Rabbit 1gG conjugated-peroxidase or Mouse gl sec-
ondary antibodies {1:2000) for 1 h at room temperature. The mem-
branes were washed repeatedly, Protein detection was performed
by using a chemiluminescence protocol [(Amersham Bioscience).
Protein band images were captured using Image Scanner™ 111 [GE
Healthcare) and pairwise comparisons of the protein bands on
the immunoblot were performed using Image-] 1.45 software.

2,11, Mitochandrial complex | activiry

HEpR-2 cells (1 = 107) were grown in culture flasks and treated
with 100 pg/ml of AAE for 24 h. After AAE-treatment, cells were
washed with PBS, scraped and homogenized with ice-cold PBS.
Mitechondrial complex | activity was assayed in the cell extracts
using the Complex 1 Enzyme Activity Microplate Assay Kit, by fol-
lowing the manufacturer's instructions, Mitochondrial complex |
activity was measured based on the oxidation of NADH to NAD™
at 450 nm in the microplate reader (Victor-X3, Perkin Elmer,
Finland}. Positive control was obtained with cells exposed to rote-
none (20 ph, a complex | inhibitor) for 30 min. Mitochondrial
complex [ activity was also evaluated in HEK-293 cells treated with
AAE (100 pg/mL) for 24 h, using rotenone (20 uh; 30 min.) as posi-
tive control. Data were presented as percentage of control (%),

212 ATP guantification

HEp-2 cells (5 = 10° cellspwell in opaque-walled 96-well plate)
were incubated with 100 pg/mL of AAE for 24 h. ATP levels were
measured by using the Cell-Titer-Glo® Assay Kit, according to the
manufacturer’s instructions, Luminescence was recorded using a
multi-mode microplate reader (Victor-X3, Perkin Elmer, Finland].
Positive control was obtained with cells exposed to rotenone
(20 pM, a complex 1 inhibitor) for 30 min. ATP levels were also

L A N : e (L= ] . () i ™ r
#’] I . J‘ ]/ . ! - I-.] ] l e
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1) 1.3.4.5-letrahydroxy- 2) 3-0O-methyl-D- 3) 4-nitrophenyl-g-D- 4) 4" -methoxyleclongenin
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Ao N
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Fig. 2. Chemical structures of the compounds identified in Aropcero ergustiiotio extract,
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Fig. 3. Antiproliferative activity on HEp-2 cells treated with Arawcaria ergustifslia
extract for 24, 48 and 72 b by MTT assay. % viahility = [{number of cells at time of
abservation/number of control cells) « 100). Values were averaged and expressed
with 50 values, “Significant difference between the cell lines according 1o AMOWVA
and Tukegs post hoc test (p < 0005), HEK-293 {non-tumor cells) was used as control,
Both lines present epithelial morphology.

quantified in HEK-293 cells treated with AAE (100 pg/ml) for 24 h,
using rotenone (20 phd; 30 min.} as positive control, Results were
expressed as percentage of control (&),

2.13. Sratistical analysis

Statistical analyses were performed using the Statistical
Package for Social Sciences (SP55, wversion 21.0) for Windows
(Ilinois, USA)L Kolmogorov-Smimoy test was used to assess for
the parametric distribution of data, Statistical significance was
evaluated vsing one-way analysis of variance [ANOVAL followed
by Tukeys post hoc test, Results are deemed significant if p-value
was less than 0,05,

3. Results
3.1. Phytachemical characterization

To  investigate the chemical composition of AAE, High
Resolution Mass Spectrometry (HEMS) was used with Q-TOF-I1
(Bruker™ Daltonics). The electrospray ionization (ESI) technigue
allows for the analysis of a wide range of compounds. Thus,
HEMS-ES] has been elected as one of the most powerful tools for
the analysis of complex mixtures such as plant extracts and have
been used by our group to rapidly analyze natural products [24].
In accordance, the positive (A) and negative mode (B} were tested

F 1IN0~ g —
= I HIK-2Y3
2
2 - = HeEp-2
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Fig. 4. Antiproliferative activity of Arawcorio angustifolic extract on HEp-2 cells for
24 hof treatment measured by trypan blue stain exclusion assay, The percentage of
viability was calculated by number of unstained cells/total number of cells < 100,
“Significant difference between the cell lines according to ANOVA and Tukeds post
ho test (p < U05).

using 1% of formic acid or 0.1% or ammonia hydroxide, respec-
tively (Fig. 1).

According to a set of information provided by HEMS as exact
mjz, isotopic ratio, fragmentation pathway (M3/MS], it 15 possible
to confirm the chemical structures of compounds already indicated
in literature, The widely accepted accuracy threshald for con-
firmation of elemental compositions was established as 5 ppm
[25], since it usually provides highly reliable identification of the
targeted compounds, For direct comparison with predetermined
to different Araucaria samples, some compounds were identified
in the crude extract used in this study (Table 1) They belong o dif-
ferent classes, such as flavanols, glucosides and carboxylic acids
(Fig. 2).

Other peaks (m/z] could not be recognized, and future studies
will be necessary. In addition, the isolation of these compounds
and identification of their chemical structures by other spectro-
scopic methods are necessary since there is no further information
about this species.

3.2, AAE exhibits antiproliferative activity

The sensitivity of HEp-2 cell line to AAE treatment was evalu-
ated by the MTT assay (Fig. 3] and trypan blue exclusion method
(Fig. 4). Mon-tumor (HEK-293) cell line was used as a control. It
was observed that AAE treatments induced a significant time-de-
pendent antiproliferative activity in HEp-2 cells, The concentra-
tions of 250 and 500 pg/mL were able to inhibit tumor cell
growth by approximately 50% in 24 h of treatment. In 48 h, tumaor
reduction reached 65 + 4.9% and 70 + 2.8% for 250 and 500 pg/mlL,
respectively. In 72 h, higher cytotoxicity rate was observed as
tumor reduction reached approximately 80% in the treatment with
250 and 500 ug/ml, indicating a dose-dependent effect only in
treatments below 250 pg/ml. It is important to observe the selec-
tive effect of AAE, which presented no significant cytotoxicity for
non-tumor HEK-293 cells treated with 250 pg/mL of AAE. Trypan
blue assay (Fig. 4) confirmed the results found in MTT assay,
reinforcing the selective antiproliferative activity of AAE to tumor
cells,

3.3. AAE induces morphological alterations in HEp-2 cells

Microscopic analysis of HEp-2 cells treated with different con-
centrations of AAE (100, 250 and 500 pg/mL] for 24 h of treatment
demonstrated a decrease in cell number, along with characteristic
structural changes, including vacuolization of the cytoplasm and
permeabilization of the plasma membrane. In addition, AAE chan-
ged the symmetry of the cells, reducing their growth and cell
adherence (Fig. 5A) To assess the nuclear morphology, the cells
were stained with DAPI, a DNA-specific fluorescent dye, and were
then examined by uorescent microscopy, HEp-2 cells treated with
250 and 500 pg/mlL of AAE exhibited condensed and fragmented
nuclei when compared to control cells, which showed clear and
interphase nuclei (Fig. 58

3.4 AAE pro-oxidants effects

To evaluate the possible mechanisms by which AAE leads to cell
death, oxidative damage markers to biomolecules, production of
WO and enzymatic antioxidant activities were assayed. As shown
in Table 2, AAE was ahle to induce oxidative damage to lipids
and proteins, and to increase the production of NO. Antioxidant
activities of Sod and Cat enzymes were significantly decreased
under all treatments, indicating that AAE could be generating high
levels of superoxide anion radical (05 ) thus increasing redox
imbalance in tumaor cells,
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Fig. 5. Morphological and nuclear alterations of HEp-2 cells in the presence or absence of Arsbcario angustifolia extract (100, 250 and 500 pg/mL) for 24 h, The
photomicrographs show a more representative image for each treatment. (A) Cells were grown in culture flasks as described in Section 2, and then photographed
[magnification 20«), (R} Cells were grown on 12 mm cover slips in 24-well culture plates stained with 4'6-diamidine-2-phenylindale, dilydrochloride (DAP, then
photographed {magnification 20« and 40 ), Arrows indicate condensation of chromatin and DNA fragmentation

Table 2
Redon stress markers in HEp-2 tumor cells treated with Amucorio angustifdio extract,

TBARS (nmol TMPImg  Carbonyl protein {nmol DNPH)

Nitrite concentration {nmaol SMP

Sod activity (USodimg  Cat activity [LiCat/mg

protein] mg protein) mg protein) protein] protein)
Control 298 £0.09% B0+ 1.0 36201" 932 £ 0.15" 3321008
AAE (100 pgiml) 392 £0,35% 13.2 £ 06" E4102" 244 & 0,02° 10,54 2,3
AAE (250 pg/mL) 402 £ 0,56 23.0£0.3 13.0% 18" 234 & 0.07" 9.6 £ 0.8"
AAE {500 pgimL) 442 001" FEREI R 14.0£1.4° 125 £0.3% 9.8 +05"

Resules are expressed as mean & 50,

“Different letters indicate statistically different values in each parameter evaluated, according to AMOVA and Tukeys post hoc test {p < W05,

3.5, AAE induces DNA damage

The genotoxic effect of AAE on HEp-2 cells was determined
through Single cell gel electrophoresis assay (Fig. 6, AAE treatment
was able to increase DNA damage levels in all tested concentra-
tions when compared to non-treated control group, DMNA damage
indexes were 158.0+11.31, 176.0 £ 16.18, and 280.0 + 14.43 for
100, 250 and 500 pg/ml of AAE, respectively (Fig. GA). AAE treat-
ments increased the frequency of classes 2, 3, and 4 of DNA damage
in a dose-dependent manner, with high levels of the maximal DNA
damage (class 4) (Fig. GB).

3.6, AAE modulates apoprotic profeins expression

To assess the involvement of apopiotic signaling molecules fiol-
lowing AAE treatment, the expression levels of cleaved and total
PARP, AlF, p53, cleaved caspase-3, Bax, Bad, and Bim were exam-
ined. In AAE-treated HEp-2 cells (100, 250 and 500 pgfmL), the
expression levels of total PARP were found to be 3, 5, and 9 times
higher than control, respectively (Fig. 7A) In addition, our results
showed that AAE treatment with 500 pg/mL was able to induce
PARP cleavage, which is an important substrate for apoptosis.
Expression levels of AIF were also upregulated by AAE treatment,
as shown in Fig. 78. Similar results were observed for cleaved cas-
pase-3 expression levels, which showed upregulation after AAE
treatment (Fig. 7D} AAE treatment did not influence the expres-
sion of p53 (Fig. 7C), suggesting an induction of p53-independent
apoptosis, Proteins of the mitochondrial intrinsic pathway (Bax,
Bad and Bim) were also analyzed, Bax expression was significantly

increased following treatment with AAE, only at higher concentra-
tions (Fig, 7E). On the other hand, the expression levels of Bad and
Bim were not modulated by AAE treatment (Fig. 7F and G,

3.7. AAE induces mitochondrial dysfunction

In order to evaluate the possible effects of AAE on the mitochon-
drial electron transport chain complex |, the lowest cytotoxic con-
centration [ TO0 pg/mL) of the extract was used. In HEp-2 cells AAE
treatment was able to reduce mitochondrial complex | activity by
55.05% (Fig. 8A) when compared to control group, Rotenone, a
specific inhibitor of complex |, caused a significant reduction in
complex | activity (76,36 £ 5.14%; Fig. 8A) following 30 min of
exposure. [n addition, solvent control (DMS0) did not inhibit com-
plex | activity (data not shown). Furthermore, HEp-2 cells exposed
to AAE treatment showed decreased levels of ATP production when
compared to untreated cells [20.86 £ 3.37%), and this decrease was
miore accentuated than those observed for rotenone exposure
[57.26 £ 1.03%; Fig. 8B). In order to assess the effect of AAE on
mitochondrial function in normal cells, mitochondrial complex [
activity and ATP levels were evaluated in HEK-293 cell line. It
was observed that rotenone presented higher inhibition on com-
plex 1 activity (around 75% of inhibition related to control group)
and consequently lower production of ATP (around G0% in compar-
ison to control group ). Moreover, HEK-293 cells treated with AAE
presented less inhibition on mitochondrial complex 1 activity
{around 35% of inhibition in relation to control group) along with
no significant reduction on ATP levels (around 92% of production
compared to control) (Fig, 84 and B,
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Fig. 6. DMNA damage index by comet assay in HEp-2 cells after 24 htreatment with AAE. Each cell was allocated to one of the fve classes from O (undamaged ] to 4 (maximally
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4. Discussion

some polyphenols [6.34] and fatty acids |35,36] found in plants
have already been described as chemotherapeutic agents; how-
ever, the mechanisms implicated in this effect have not been
clearly defined. Therefore, the study of chemical composition and
binlogical effects of plants with chemotherapeutic potential is use-
ful to the search of new compounds for cancer treatment. In this
study, we investigated the chemical compaosition, antiproliferative
activity and cytotoxic mechanism of action of A angustifolia, an
impartant native species from South America, on HEp-2 cells,

From the full mass spectrum and in accordance with a set of
characteristics for each ion, some compounds were identified by
E51-M35 (+) and ESI-MS (-1, In this work, for example, the presence
of 1.3.4.5-tetrahydroxy-cyclohexanecarboxylic acid (determined
by mfz 1930703 and 191.0560 in positive and negative mode
respectively) is a fragment indicative of 5-p-cis-coumaroylguinic
acid presence, which had its chemical structure recently deter-
mined by Chen et al. [26]. Among the compounds identified by
HEMS analysis, it could be highlighted the presence of 4'-methoxy-
tectorigenin, 3-glucoside-dihydroquercetin and biflavoneid amen-
toflavone 44" 7 7 -tetramethyl ether, important derivatives of
polyphenols; phenolic compounds that were previously reported
to exhibit anticancer and apoptosis-inducing properties in cell
lines and animal models [6.37]. Moreover, two important fatty
acids, dodecanoic acid (lauric acid) and hexadecanoic acid (palmi-
tic acid) were identified, both of which present antiproliferative
actions, capacity to modulate apoptosis, and ability to regulate
the cell cycle of human colon cancer cells [35,36,38],

In the present study, AAE showed a selective capacity to inhibit
the proliferation of HEp-2 cells, with no cytotoxicity to normal
epithelial cells, After 72 h of treatment, the cytotoxicity rate
induced by 250 pg/mL AAE reached around 80% of the tumor cells,
however it was not cytotoxic to non-tumor cells, This selectivity s

an important factor in cancer therapy and natural products that
present this particular selectivity are promising candidates to be
developed into new chemotherapeutic agents, Cancer cells utilize
high amounts of glucose to produce lactate even in the presence
of oxygen (“Warburg effect”), differently from normal cells [39].
This metabolic choice reduces concentration of pyruvate destined
to mitochondrial oxidative phosphorylation, and is probably
related to the overexpression of pyruvate kinase isoenzyme M2
[PKM2), which is able to inactivate the pyruvate dehydrogenase
complex [POHC) [40-42]. POHC is a key enzyme that catalyzes
the oxidative decarboxylation of pyruvate in order to produce
acetyl-CoA, linking glycolysis to the tricarboxylic acid cycle [43],
and thereby promoting mitochondrial respiration, Amongst the
possible mechanisms associated with selectivity elicited by AAE,
we hypothesized that AAE is able to inhibit PKM2, therefore
activating PDHC, Similar mechanisms have been already described
1o dichlorcacetate, which is able to induce a metabolic switch from
glycolysis to mitochondrial respiration in tumor cells (for review,
see |44

Besides the assumption that AAE could interfere with cytosolic
metabolism, our experimental data demonstrated that AAE may
act as a mitochondrial complex 1 inhibitor, with consequent ATP
depletion in HEp-2 tumor cells. In this sense, the AAE exerts a
hiphasic effect, first reversing the "Warburg effect” on HEp-2 cells
and posteriorly inhibiting the mitochondrial activity in these cells.
Tumor cells present a high proliferative index and reguire more
ATP generation [45,45], being more sensitive to inhibition of oxida-
tive phosphorylation than non-tumor cells.

It has already been shown that some phenolic compouncds are
able to inhibit mitochondrial respiration, resulting in the overpro-
duction of ROS (for review, see [10]). Furthermore, it has been
shown previously that polyphenols diffuse easily through the bio-
logical membranes and enter into the mitochondria [47-49),
Flavonoids, an important group of polyphenols, exhibit chemical
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Fig. 7. Effect of AAE on protein expression of apoptotic cascade in HEp-2 cells. Protein expression evaluation of PARP [ Poly-[ADP-ribose) polymerase) {A]; AIF [Apoptosis
Inclieci ng Factor] (B); pS3 (Ch; cleaved caspase-3 (D) Bax (E); Bad (F): Bim (G}, The cells were treated with AAE at different concentrations of 100, 250 and 500 pg/mi fer 24 b,
‘Wiestern blot data are quantified using #-actin as an internal control. Expression levels of proteins are expressed as the relative intensity of the bands, “p < 0005 compared to
the respective control,
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Fig. 8. Effects of AAE treatment (100 pg/mL] on complex | mitochondrial activity
{A) and ATP production (E] in HEp-2 and HEK-203 cells. Results are expressed as
mean + 50, Superscript letters indicate significant differences among groups in each
cell line according to ANOWVA and Tukeys post hoc test {p < 0,050

homology with the guinone moiety of coenzyme ), suggesting a
competitive inhibition through binding to the guinone sites in
the mitochondrial electron chain [50]. Similarly, three phenolic
compounds found in AAE (4'-methoxytectorigenin, 3-glucoside-
dihydroguercetin, and amentoflavone 4', 47,7, 7" -tetramethyl ether)
present chemical homology with the guinone moiety of coenzyme
1, This may explain the inhibition of mitochondrial complex |
ohserved in treated HEp-2 cells,

Complex | of the mitochondral electron transport chain is one
of the major sites of superoxide radical (Os) production [51].
Superoxide anion radical can be dismutated by the enzyme Sod,
producing HxOs. Increase in ROS levels along with reduced activi-
ties of the antioxidant enzymes ohserved in this study could lead
to tumor cell death. Along with the depletion of enzymatic antioxi-
dant defenses (Sod and Cat), we found high levels of lipid peroxida-
tion, protein carbonyl contents, and NO in AAE-treated HEp-2 cells.
This redox imbalance may lead to a loss of cell integrity and conse-
quent cell death. Nitric oxide has been implicated in the mod-
ulation of different cancer-related events |52] by being able to
induce cytostatic andjor cytotoxic effect on tumor cells through
caspase signaling |53]. NO can freely diffuse from the cytosol to
mitochondria, or can be formed in the mitochondria [54].
Although the N0 is a very unreactive radical, its interaction with
05 forms peroxynitrite (OMOO ), a potent cytotoxic oxidant with
multiple biological actions, including oxidation of thiols or
thinethers, nitration of tyrosine residues, and oxidation of nucleic
acids [55,56]). It has already been shown that ONOO™ generation
may also occur in mitochondria [54,57.58), resulting in redox
stress and alterations in mitochondnial physiology, such as inhibi-
tion in energy metabolism and opening of the permeability transi-
tion pores | 54,549], Besides MO, the hydroxy] radical (*OH) produced
from H2O: through Fenton reaction, is one of the most reactive
chemical species known, and it is able to induce high rates of

C5 Brance et al. / Chemico-Biologion! Interactions 231 (2075) 108-118

DMA damage [G0]. In this study, AAE was able to induce a signifi-
cant DNA damage index in HEp-2 cells. Additionally, DMNA breakage
was confirmed by nuclear microscopic analysis, which showed that
AAE-treated cells exhibit condensed and fragmented nuclei,

Cells show a wide range of responses upon exposure to ROS,
ranging from prevention of cell division, senescence or apoptosis
[60], The morphological changes associated with apoptosis process
include chromatin condensation, nuclear fragmentation, mem-
brane blebbing and cell shrinkage [G1], as observed in this study.
We found that AAE treatment significantly upregulated the expres-
sion of cleaved caspase-3, an important effector involved in the
irreversible process of apoptosis. In addition, we also observed that
the expressions of Bax and AIF were also highly upregulated in
AAE-treated HEp-2 cells. On the other hand, Bad (Bcl-2-associated
death promoter) and Bim { Bcl-2-interacting mediator of cell death)
were not upregulated by AAE treatment, suggesting that the
extract have other target molecules in the mitochondrial intrinsic
pathway.

Another important target in cancer therapeutics is PARP. Our
study demonstrated that AAE was able to increase total PARP
expression and induce PARP cleavage. When the levels of DNA
damage are irreparable, PARP plays a decisive role in the apoptotic
process, becoming a key substrate for the degradation of damaged
DMA by caspases [62,63). In fact, our results showed upregulation
in the levels of cleaved caspase-3 and PARP, indicating that AAE
induces apoptosis also via substrate cleavage, Additionally, expres-
sion of protein pa3, related to maintaining genomic stability had
no significative change in HEp-2 cells. Similar results were found
in previous reports [16,64] that showed induction of apoptosis
independent of p53 function.
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Scheme 1. Hypothetical model of Aroucarie angustifolia extract {AAE) mechanisms
of action on HEp-2 cells, AAE inhibit mitochondrial complex [ activity leading to ATP
depletion and redox stress by ROS generation. Superoxide radical anion (03] can be
disrmuted by action of the mitachondrial superoxide dismutaze {Sod ) enzyme and/
or may react with NO generating ONOO -, a potent oxidant that can diffuse into the
cytosol, cleaving DMWA, HpO0; is easily diffusible through biological mermbranes,
reacting with the catalase (Cat] enzyme or form 'OH via Fenton reaction. Cellular
stress and genotoxic insults increase Bax expression levels. which translocates from
the cytosol to the mitochondria, Bcilitating cytochrome ¢ and AIF release, Released
cytochrome ¢ is associated with up-regulation of cleaved caspase-3 expression,
wihich in turn cleaves nuclear proteins, such as PARPR. leading to apoplosis by
mitachondrial death pathway.
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The study of cell death signaling in different families of proteins
is very important in the discovery of new potential anticancer
agents. In fact, AAE displays a diverse range of molecular targets
(Scheme 1), mainly through mitochondnial dysfunction and redox
stress generation, demonstrating an important antitumor poten-
tial, Howsoever, it is important to evaluate the same molecular
parameters in non-tumaor cells. Moreover, the theoretical explana-
tion on how AAE may be modeling the PKM2 and PDHC activities
needs to be further investigated, along with other regulatory
enzymes of cytosolic and mitochondrial carbohydrate metabolism,

Although future studies are needed, our results brings forward
opportunities for future investigations that will lead to the devel-
opment of new therapeutic or adjuvant agents in the cancer
research field.

5, Conclusions

The findings of our study provide evidence that the chemical
composition of AAE demonstrates selective cytotoxicity and pro-
apoptotic activity in HEp-2 tumor cells, The cytotoxic mechanisms
of AAE include inhibition of the mitochondrial complex | activity,
induction of redox stress and DMNA breakage. The apoptosis path-
way activation occurs via Bax-triggered, along with AlF and cyto-
chrome ¢ release, and it is independent of p53 incitement. Lastly,
this study showed that mitochondria and redox homoeostasis are
chemotherapeutic targets of AAE in human laryn® HEp-2 cancer
cells.
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Cancer cells microenvironment and metabolism differ
significantly from normal cells. In relation to their

Cancer cell: present differential metabolizm compared to normal cells. Multiple molecular mechanizms
converge to alter cellular metabolism, and some of these inclode a process of metabolic reprogramming which
provides advantages to tumor cells in energy generation, growth and proliferation. Tumor energy production is
basically dependent on glucose driven to glveolysis (Warburg effect), but it also happens by means of fatty acids
and glutamine metabolism. Among the current challenges in cancer therapy, the tumor cell resistance and the
absence of selectivity of anti-cancer agents stand out. It has been already shown that polyphenols are able to
exert differential effects on normal and tomor cells. However, the exact mechanisms of these actions are not fully
understood. In our previous study, we showed that a polyphenols-rich extract (PE) from Araucaria angustifolin
held a selective capacity to inhibit the proliferation of human larynx HEp-2 cancer cells with minimal
cytotoxicity to normal epithelial cells. We hypothesized that the effect presented by PE have happened by
reversing the “Warburg effect” on cancer cells and inhibiting the mitochondrial electron transport chain
complex I activity along with ATF depletion on these cells. In this research highlight we will discuss the effects of
the PE on mitochondrial metabolism and their possible role in the modulation of mitochondrial sirtuin 3
(SIRT3) on tumor (HEp-2) and normal (HEK-293) cells, which may help to clarify the tumor selectivity
exhibited by polyphenals.

Keywords: Cancer; mitochondria; redox status; SIRTS; polyphenols
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Warburg Fl these cells display dysfunctional mitochondrial
respiration, taking up high amounts of glucose to produce

microenvironment, cancer cells are able to alter surrounding lactate. This metabolic reprogramming represents an
tissue or adjacent stroma in order to build a supportive important adaptation to microenvironment conditions
environment for tumor progression and metastasis L2 The exhibited by tumor cells ¥l The high demand of glycolysis

high proliferation rate exhibited by tumor cells depends on
many factors, including changes in the checkpoint controls
that regulate normal cellular division P! and failure in the
activation of apoptosis, a critical process for cell death
induction, which are key factors in carcinogenesis

development and metastatic progression of tumors B

Regarding cancer cell metabolism, as observed by Otto

displayed by these cells provides metabolites for other
metabolic pathways also used by tumors to increase biomass
and boost proliferation rates U These atypical metabolic
characteristics in energy generation provide advantages fo
cancer cells, representing an important limitation in
therapeutic approach. Besides cancer cell resistance, the
selectivity is another cenfral factor to be considered when
designing and developing new chemotherapeutic agents ey
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Abbreviations: PE (polyphenols-rich extract), PKM2 (pyruvate kinase isoenzyme M2), HIF-1a (hypoxia-inducible factor-
1alpha), PDK1 (pyruvale dehydrogenasa kinase 1), PDH (pyruvale dehydrogenase), SIRT3 (sirtuin 3), SOD (superoxide
dismutase ), ROS (reactive oxygen species). Legend Inhabition —_— Activabon wemeeeee PE alffect

Fig 1. Proposed action mechanisms of a polyphenols-rich extract (PE) from Arauvcaria angustifolia on
cancer and normal cells. On HEp-2 cancer cells, PKM2 enzyme regulates glucose metabeolism and lactate
production, and acts az a transcripfional co-factor of HIF-1a, which increases PDE1 activity, thus inhibiting PDH. On
HEK-293 normal cells, PKM2 is absent or downregulated, therefore PDH is funcfional, producing A-Cod which is
uzed in the TCA cycle. PE inhibits PKM2 enzyme on cancer cells, consequently downregulating HIF-1a and PDK1,
thus activating PDH and restering mitochondrial respiration. PE also inhibits mitochondrial complex 1 activity along
with SIRT3, which cannct restore complex 1 function, generating high levels of superoxide anion radical, causing
mitochondrial dysfunction, ATP depletion and cell death. On normal cells, PE activates SIRT3, which is able to
maintain mitochondrial complex 1 activity and ATP levels, avoiding mitochondrial damage and preserving cell

viability.

For example, paclitaxel has good antiproliferative effects on
human breast cancer MCF-7 cell; howsver, it 15 able to
damage normal cell seriously, as shown by Zhao af af B 1
this sense, natural or chemical compounds that display
selective cellular targets are promising candidates in the
anti-cancer therapeutics research.

Due to the central role of mitochondrial activity in critical
cellular processes, such as metabolism and apoptosis,
mitochondriz have been considered an important target for
cancer therapy B Mitochondrion is an important
bioenergetics organelle of the cell. Besides ATP generation
and control of redox homeostasis, it also modulates calcium
flux throughout the cell and mediates the intrinsic pathway of
apoptosis 51 pfitochondrial function depends on their
assembly, maintenance and dynamics, and the occurrence of
disruptions in this balance may cause primary and secondary
mitochondrial dysfunction, being hence deleterious to the
cell ™. Typically, the primary dysfunction is associated with

mufations to nuclear genes encoding mitochondrial proteins,
whereas secondary dysfunction 1z generally cansed by events
from other eticlogy 16 18181 Often, the dysfunction of
mitechendria is related with calcivm homeostasis disruption,
deficient ATP generation and enhanced reactive oxygen
species (ROS) formation, mainly through the electron
transport chain (ETC), which induces the formation of the
mitochondrial permeability transition pore (MPTP) leading
to mitochondrial damage %" The complex I of ETC, also
namely NADH: ubiquinone oxidoredutase is among the
major sites of superoxide anion radical (0, ") generation =
one of the most commoen form of ROS. Superoxide anion
radical can be dismutated by the action of the superoxide
dismutase (SOD) antioxidant enzyme, producing hydrogen
peroxide. Mitochondria contain their own SOD, specifically
MnSOD, found into the mitochondrial matrix =% 1,
however, high levels of ROS as well as other toxic stimuli,
can trigger the intrinsic apoptosis process, which is a
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desirable effect in cancer therapy. Infrinsic apoptosis,
mediated by mitochondria, is initiated with the release of
cytochrome ¢ (Cyt ¢) into the cytosol, which occurs often as
result of mitochondrial membrane permeabilization induced
by MPTP formation, and lead to initiation of the apoptotic
process and cell death 2 In this context, mitochondria
restoration 15 an inferesting strategy to be explored in cancer
research field 1.

Recently, our research group showed that a
polyphenols-rich extract (PE) derived from natural source
(Araucaria angustifolia) generates high cytotoxicity in
human larvax HEp-2 cancer cells, with minimal effect to
normal HEK-203 cells ™! This extract contains several
polyphenols belonging to the flavonoids class, mcluding
catechin and epicatechin (flavan-3-ol subclass); rotin and
quercetin (flavonol subclazs); apigenin (flavone subclass);
4 -methoxytectorigenin (1soflavone);
3-glucoside-dihvdroquercetin  {dihydroflavonel subclass),
and the biflavonoid amentoflavone
4 4777 7.7 tetramethylether 4281 A1l of these are phenolic
compounds that hold reco%njzod anti-cancer properties (for
review, see Asensi ef al. = ). We found that the PE inhibited
the activity of the complex I of the ETC, and consequently
depleted ATP production on cancer cells, leading the cell to
death via apoptosis. In contrast, PE administration did not
reduce ATP levels on normal cells, although it had minimally
diminished complex [ activity, and consequently the cell
viability was maintained (Figure 1). Considering these data
we showed that PE had the ability to alter the metabolism of
cancer cells, reversing the Warburg effect and then restoring
mitochondrial function in these cells. We postulated that this
effect is possible due to the inhibition of the pyruvate kinase
1soenzyvme M2 (PEM2) on tumor HEp-2 cells, which is a key
regulator of the glycolytic pathway, reprogramming the flux
of glucose that supplies the metabolic demand of growing
cells . This enzyme 15 one of the four 1soforms of pyruvate
kinasze -w‘\g], and acts as a transcriptional co-factor of
hypoxia-indocible factor-lalpha, which upregulates pyruvate
dehydrogenase kinase 1, causing an inhibition of the
pyruvate dehydrogenase U The silencing of PEM2 allows
the formation of pymuvate and its conversion to acetil-CoA,
consequently activating cellular respiration. Although PEM2
is encountered in few types of normal cells 251 it is present
at high levels in tumor cells Bl being an important target for
cancer therapy.

The inhibition of mitochondrial complex I by PE showed
in our work generated high levels of ROS and ATP
depletion, starting the activation of mitochondrial death
pathway, through uvpregulation of Bax expression. Bax
proteins translocate from the cytosol to the mitochondrion,
facilitating Cyt ¢ and AIF release. Escape of Cyt ¢ is

associated with upregulation of cleaved caspases-3, which
cleave nuclear proteins, such as PARP, leading to the

irreversible process of apoptosis 4

In our study [24], PE presented minimal cytotoxicity in
HEE-293, possibly through the differential modulation on a
group of proteins named sirtuins. Sirtuins activity have been
implicated in numerous biological processes including
cancer, and are messenger molecules that mediate the
metabolic status of the cell in response to stress conditions
1. Mitochondrial sirtuins (SIRT3. SIRT4, SIRTS) are able
to regulate cellular metabolism wvia post-translational
modifications %, and specifically SIRT3 is responsible for
coordinating the maintenance of mitochondria in order to
produce energy, mediating the oxidative metabolism and
redox homoeostasis 0 Moreover, SIRT3 activates the
ETC by deacetylating NDUFA9, 2 necessary component of
electron transport complex I, and it is also invelved with the
maintenance of ATP levels ©**"] The expression of Cyt ¢,
another important component of the ETC, is also dependent
of SIRT3 F¥ a5 well as the activation of MnSOD antioxidant
enzyme % *Y1 Therefore, we hypothesized that the data
shown in our previous study in cancer cells 1 is due to PE
downregulation and/or inhibition of SIRT3, resulting in
decreased antioxidant response and increased ROS, thus
mhibiting ETC and cell growth. On the other hand, in normal
cells the antioxidant response was maintaimed, preventing the
cells from oxidative damage and cell death (Figure 1).
Similar mechanism was shown for
i-)-epigallocatechin-3-gallate, a compound similar to those
found in our PE, which was able to suppress the expression
and activity of SIRT3 on cancer cells and to increase SIRT3
levels on normal cells ™Y These experimental and
hypothetical data evince the need to perform further studies
to understand the differential mechanisms of the polyphenols
on cancer and on normal cells, which could contribute to find
selective targets in cancer freatment.
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Abstract

Araucaria angustifolia extract (AAE) is a polyphenol-rich extract that has gained interest
as a natural anticancer agent. Recent work suggests that AAE induces oxidative damage
and apoptosis through its action on decreasing complex | activity of the mitochondrial
electron transport chain (ETC). In the present study, we aimed to further examine the
specific targets by which AAE exerts pro-apoptotic effects in HEp-2 cancer cells by
means of: 1) levels of pyruvate dehydrogenase (PDH) was assessed by ELISA assay; 2)
levels of reactive oxygen species (ROS) generation was determined using a fluorometric
assay; 3) levels of mitochondrial ETC complexes, focusing on complex | at the gene
transcript and protein level relevant to ROS generation was evaluated by multiplex
ELISA followed by gRT-PCR and immunoblotting; 4) mitochondrial membrane potential
(A¥m) was assessed by MitoTracker Red CMXRos; and 5) chemical variations on DNA
was evaluated by dot-blotting in HEp-2 cells. Results demonstrated that AAE increased
protein levels of PDH, switching energy metabolism to oxidative metabolism. Protein
expression levels of complex I and I11 were found decreased in AAE-treated HEp-2 cells,
leading to increased intracellular ROS. Analyzing the subunits of complex I relevant to
ROS generation, decreased protein and gene transcript levels of NDUFS7 were found.
Increased ROS levels were also accompanied by a loss of A¥m, DNA hypomethylation
and decreased DNA (cytosine-5)-methyltransferase 1 activity. Our data demonstrate for
the first time that AAE exhibits a therapeutic potential for cancer prevention and treatment

by inducing mitochondrial dysfunction and epigenetic changes in HEp-2 cancer cells.

Keywords: polyphenols; mitochondria; Complex I; methylation; hydroxymethylation
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Introduction
Head and neck cancer includes tumors of the pharynx, larynx and the oral cavity®.
Laryngeal cancer is the most common head and neck cancer with rates of morbidity,
mortality, and estimated new cancer cases increasing globally every year if left untreated?.
In the early stage, laryngeal cancer is often curable with conventional treatments
including surgery, radiotherapy and chemotherapy; however, a majority of patients with
the advanced stage have not achieved an improved outcome in the last two decades
despite therapeutic advancements®. This underscores the need for developing
complementary and alternative therapeutic approaches to minimize the morbidity and
mortality involved in this cancer. Epidemiological studies have suggested that dietary
phytochemicals found naturally in plants reduces the risk of several cancers, including
head and neck cancers*®°. Some of the phytochemicals that has been extensively studied
for cancer prevention and intervention for the past years are polyphenolic compounds®.
Polyphenols are plant-derived compounds that are increasingly recognized to exhibit a
variety of biological activities including antioxidative, anti-inflammatory and anticancer
effects’~1%. One such plant that have exceptionally rich source of polyphenols is Araucaria
angustifolial. Araucaria angustifolia (Bertolini) Otto Kuntze is a dioecious conifer
species in the family Araucariaceae found in the Araucaria moist forests of Southern
Brazil'. As a dioecious species, each tree contains either male or female conifer cones,
also known as strobilit!. Female strobilus originates the pinecone, which contains edible
seeds and undeveloped seeds, commonly known as bracts'!. These bracts are usually
discarded into the environment and thus many investigators have sought to investigate
the potential health benefits that these seeds hold*. Our group has recently characterized
the phenolic compounds in A. angustifolia extract obtained from the bracts, which
includes catechin, epicatechin, quercetin, and apigenin as its main componentst.
Emerging evidences, including those from our group have found that polyphenolic
compounds exert anticancer effects through modulating mitochondrial function®2,
Mitochondria are organelles responsible for producing energy by transferring
electrons through the electron transport chain (ETC) complexes I-1V in a process called
oxidative phosphorylation (OXPHOS)®. Substantial body of evidence indicates that
cancer cells reprogram their energy metabolism from OXPHOS to anaerobic glycolysis,
a process that generates less energy in the absence of oxygen to promote their survival,
rapid growth and proliferation'*. Due to altered metabolism, cancer cells frequently

display elevated levels of reactive oxygen species (ROS)®. The largest contributor to
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ROS generation is the mitochondrial ETC, mainly through complex I and 111*®. Though
low levels of ROS are important for cellular signaling, excessive ROS production can
lead to irreversible oxidative damage to DNA that drive the initiation and progression of
cancer’. Intriguingly, while it is believed that ROS contribute to cancer progression,
excessive ROS production can also act as cellular toxicants and place cancer cells in a
vulnerable state leading to growth arrest and apoptosis®. These events are further
exacerbated when cancer cells are exposed to compounds that further stress their ability
to control redox homeostasis®®. Oxidative damage to DNA can also cause epigenetic
instability'®°. A major type of epigenetic change to DNA is methylation?’. Accumulating
evidence have shown that too little or too much methylation on DNA can significantly
alter expression of key genes involved in cell cycle regulation, DNA repair and
apoptosis?. These changes are thought to be important driving factors in the development
of cancer?’. Therefore, compounds that could effectively target these altered metabolic,
redox and epigenetic pathways could serve as novel therapeutic approach to prevent
cancer cell progression.

Accumulating body of evidence have demonstrated that polyphenolic compounds
targets OXPHOS, redox and epigenetic pathways?>?3. Green tea and coffee polyphenols
have been shown to inhibit DNA methyltransferase, an enzyme involved in adding methyl
groups on DNA, leading to inhibition of DNA methylation in human breast cancer cells?*.
Using the same breast cancer cell line, polyphenol-rich Vitis labrusca seed extract have
been shown to induce DNA damage, upregulate pro-apoptotic factors, and inhibit Her-2
oncoprotein expression®. A recent study has demonstrated that epigallocatechin-3-gallate
(EGCG), a polyphenol found in green tea induce a profound increase in ROS and
apoptosis in oral cancer cells but exerts antioxidant and non-cytotoxic effects in non-
cancer human fibroblast cells?®?’. In support of these findings, our group have
demonstrated that AAE, a polyphenol-rich extract exerts selective cytotoxic effects in
HEp-2 cancer cells by inhibiting mitochondrial complex | activity, increasing oxidative
damage to proteins and lipids, and subsequently inducing apoptosis in HEp-2 cancer
cells?®, These effects were not observed in non-cancer epithelial cells?®. Taken together,
the above described data suggest that mitochondrial dysfunction and epigenetic
alterations induced by polyphenols play an important role in inhibition of cancer cells.

Because many of these consequences are interdependent, the precise mechanisms
by which AAE prevents cancer cell proliferation remains inadequately understood. In the

present study, we aimed to further examine the specific targets and mechanisms by which
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AAE exerts pro-apoptotic effects in HEp-2 cancer cells. Specifically, we will examine
the effect of AAE on the: 1) levels of pyruvate dehydrogenase, an enzyme that forms the
link between glycolysis and mitochondrial oxidative metabolism; 2) levels of ROS
generation; 3) levels of mitochondrial ETC complexes, focusing on complex | alterations
at the gene transcript and protein level relevant to ROS generation; 4) mitochondrial

membrane potential and 5) chemical variations on DNA in HEp-2 cells.

2. Materials and Methods

2.1. Preparation of A. angustifolia extracts

A. angustifolia extract (AAE) was obtained from non-sterile seeds (bracts) collected from
mature female conifer cones (strobili) of A. angustifolia in Caxias do Sul, Rio Grande do
Sul (29°9'34.90"S, 51°8'45.34"W); Ibama n° 02001.001127/2013-94, Brazil. VVoucher
specimens were identified by the Herbarium of the University of Caxias do Sul, Rio
Grande do Sul, Brazil (HUCS 40710/40711). Bracts were manually separated from the
pinecone. The extract was prepared by adding 5 g of bracts in 100 mL of distilled water
under reflux at 100 °C for 15 min. The mixture was sterilized by filtering through a
Sterflip equipment with a 0.45 um pore size (SFGS 047LS, Millipore Corp.) and then
lyophilized (LIOBRAS model L-101) to yield a powder. The freeze-dried extract was
stored at -20°C and protected from light until use. The major phenolic compounds found
in  AAE, including catechin, epicatechin, rutin, quercetin, apigenin, 4'-
methoxytectorigenin, 3-glucoside-dihydroquercetin and the biflavonoid amentoflavone
4'.4™ 7,7 -tetramethyl ether, were previously determined by high resolution mass

spectrometry*!:28,

2.2. Cell culture

Human laryngeal epithelial cell line HEp-2 (ATCC, VA, USA) was cultured in
Dulbecco's Modified Eagle Medium (DMEM, Sigma® St. Louis, MO, USA),
supplemented with 10% heat-inactivated fetal bovine serum (FBS; Invitrogen; Canadian
origin), 1% penicillin—streptomycin (10,000 U/mL), and 1% amphotericin B (both from
Sigma®). Cells were maintained in 75 cm? flasks in a humidified atmosphere of 5% CO;

and 95% air at 37 °C until experimentation.
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2.3. Cell treatment and preparation for experiments

To assess for markers related to the mitochondria, cells underwent two treatments: AAE
and rotenone (an established mitochondrial complex I inhibitor to serve as a positive
control). First, cells were treated with three different concentrations of AAE dissolved in
cell culture media (50, 75 and 100 pug/mL) or in AAE-deficient media for 24 h at 37 °C
and 5% COz. The 24 h treatment period with AAE was selected based on our previous
study that tested the effects of this compound on the growth curve of the cells in vitro®,
Following 24 h, cells underwent a washout period in serum-free media (DMEM without
FBS) for an additional 24 h before harvesting for experiments. Next, cells were treated
with rotenone at a concentration of 20 pM for 30 min or in rotenone-deficient media.
Then, the treatment media was removed and cells underwent a washout period by being
cultured in serum-free media (DMEM without FBS) for 24 h prior to being harvested for
experimentation. All experiments were performed in triplicates for each treatment

condition.

2.4. Cell viability measurement

HEp-2 cells were seeded in 96-well plates at a density of 1 x 10* cells per well with 200
uL medium (DMEM+10% FBS) and grown for 24 hours. Cells were then treated with
AAE (50, 75 and 100 pg/mL) for 24 h and rotenone (20 uM) for 30 min, and underwent
a washout period in serum-free culture media (DMEM without FBS) the following day.
Cell viability in each well was measured by 3-(4,6- dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide (MTT) assay. The MTT assay is based on the reduction of
tetrazolium salt to formazan by mitochondrial dehydrogenases (Denizot & Lang, 1986).
Briefly, 1 mg/mL of MTT dye was added to each well containing treated- and untreated-
cells and incubated for 3 h at 37 °C. Following incubation, 100 uL of dimethylsulfoxide
was dissolved in the resulting formazan violet product, stirred for 15 min, and the
absorbance was measured at 517 nm with a microplate reader. The cell viability was

expressed as percentage compared to AAE-untreated control cells.

2.5. Measurement of pyruvate dehydrogenase (PDH) levels

Pyruvate dehydrogenase (PDH) levels were measured using the PDH Profiling ELISA
Kit (Abcam; Cambridge, MA, USA) according to the manufacturer’s instructions.
Briefly, HEp-2 cells were grown to 80% confluency in 75 cm? flask. Cells were treated

with AAE as described above, harvested by centrifugation at 125 x g for 5 min, and
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suspended in 9 volumes of ice-cold PBS. Cell lysates were prepared by adding detergent
solution provided by the kit at the optimal protein concentration of 50 ug/200 pL. The
amount of PDH immunocaptured was measured at 600 nm for 20 min in a microplate
reader. Results were expressed as percentage of relative amount of PDH compared to

AAE-untreated control cells.

2.6. Measurement of protein levels of mitochondrial electron transport chain
complexes

Protein levels of all mitochondrial ETC complex components were measured in HEp-2
cancer cells treated with AAE or rotenone using the Human Oxidative Phosphorylation
(OXPHOS) Magnetic Bead Panel - Cellular Metabolism Multiplex Assay (EMD
Millipore, HOXPSMAG-16K) according to the manufacturer’s protocol. Briefly, cell
lysates were prepared with lysis buffer provided by the kit and were centrifuged at 14000
x g for 20 min. Samples containing 5 pg of total protein were incubated with antibody-
coated magnetic beads followed by detection antibodies and streptavidin-phycoerythrin.
Luminex Magpix (EMD Millipore) was used to read the plates. Analysis was performed
with the XPONENT software, where results were expressed as percentage of median

fluorescence intensity (MFI) compared to AAE-untreated control cells.

2.7. Measurement of reactive oxygen species levels

Intracellular reactive oxygen species (ROS) levels were determined by 2°,7° —
dichlorofluorescin diacetate (DCFDA) fluorometric assay as previously described
(Esposti, 2002). Briefly, AAE- and rotenone-treated HEp-2 cells were resuspended in
PBS buffer and were loaded into a 96-well plate at a density of 1 x 10° cells per mL. Cells
were then incubated with DCFH-DA (Sigma-Aldrich-D6883; St. Louis, MO, USA), a
reagent that measures hydroxyl, peroxyl and other ROS within the cell, for 1 h at 37 °C.
Following DCFH-DA diffusion into the cell, the compound gets oxidized by ROS into
2°, 7’ —dichlorofluorescein (DCF), which is highly fluorescent. The fluorescent intensity
of DCF was measured at an excitation rate of 488 nm and an emission rate of 525 nm in

a microplate reader. Fluorescence was directly proportional to the rate of ROS produced.

2.8. Measurement of protein expression levels of the core complex | subunits
Protein expression levels of the core mitochondrial complex | subunits (NDUFS7,
NDUFS8, NDUFV1 and NDUFV2) were evaluated by standard immunoblotting
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analysis. First, HEp-2 treated and untreated cells were harvested and prepared in Laemmli
sample buffer, and then denatured by boiling at 100°C for 5 min. Next, 3 pg/uL (10 pL)
were loaded onto a 12% acrylamide sodium dodecyl sulfate—polyacrylamide gel
electrophoresis gel and were electro-transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore Ltd., Ontario, Canada). After the membranes were blocked with
5% albumin for 1 h, blotting was performed using primary antibodies against NDUFS7
(sc-98644, Santa Cruz Biotechnology, Santa Cruz, CA, USA, 2 h, 1:1000), NDUFS8
(ab96123), NDUFV1 (ab96227) and NDUFV2 (ab96117) (Abcam; Cambridge, MA,
USA, 2 h, 1:1000), followed by a secondary goat anti-Rabbit 1gG (#ab97051) or anti-
Mouse IgG (#ab6789; both from Abcam Inc, Cambridge, MA, USA; 1 h; 1:2000)
antibody conjugated to horseradish peroxidase. For loading control, mouse monoclonal
antibody against beta-actin (#3700 Cell Signaling Technology, Danvers, MA, USA, 1 h,
1:1000; secondary antibody — 1:2000, 30 min) was used. Immunoreactive bands were
detected and imaged by incubating with ECL reagents using Versa Doc (Bio-Rad
Laboratories Ltd., Mississauga, Canada). Protein bands were normalized by beta-actin

and were quantified using the Image Lab 3.0 software.

2.9. Measurement of gene expression levels of the core complex | subunits

Gene expression levels of the core mitochondrial complex | subunits, NDUFS7,
NDUFS8, NDUFV1 and NDUFV2 were evaluated by real-time quantitative reverse
transcription polymerase chain reaction (QRT-PCR). First, total RNA was extracted from
the AAE- and rotenone-treated HEp-2 cells (as described above) using Trizol® reagent
(Thermo Fischer-15586026), followed by spectrophotometric measurement of
concentration and purity using the NanoDrop™ 1000 Spectrophotometer System®
(Thermo Scientific, Wilmington, DE, USA). Next, complementary DNA (cDNA) was
synthesized from 500 ng of total RNA using the QuantiTect® Reverse Transcription Kit
(Qiagen-205311) according to the manufacturer’s instructions. An aliquot of each cDNA
products (100 ng) were mixed with 2x QuantiFast SYBR Green PCR Master Mix, 10X
Quantitect Primer Assay (NDUFS7, NDUFS8, NDUFV1 or NDUFV2) and RNase-free
water to yield a total reaction volume of 25 uL/well in a 96-well PCR plate. Quantitative
real-time PCR was performed with Bio-Rad CFX96 (Bio-Rad Laboratories, Inc.) with
the following cycling conditions: 1) initial PCR activation for 5 min at 95 °C; 2)

denaturation for 10 s at 95°C and; 3) combined annealing/extension step for 30 s at 60
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°C. The cycle was repeated 40 times. Relative expression levels of NDUFS7, NDUFS8,
NDUFV1 and NDUFV2 gene transcripts for each sample were calculated by using the

ACtmethod, where gene expression was normalized to the housekeeping b-actin gene.

2.10. Visualization of the mitochondria

Mitochondria were stained using MitoTracker Red CMXRos (M7512, Invitrogen,
Carlsbad, CA, EUA) according to the manufacturer’s instructions. HEp-2 cells were
grown and treated with AAE as described above on coverslips placed in a tissue culture
plate at a density of 2 x 10° cells per mL. After cells reached 80% confluency, they were
washed twice with PBS and incubated with prewarmed culture media (37 °C) containing
0.5 pg/ml MitoTracker CMXRos for 45 min at 37 °C. Accumulation of the MitoTracker
CMXRos probe depends on the membrane potential. After staining is complete, staining
solution was removed and replaced with prewarmed media (37 °C). Mitochondria were
visualized and images were acquired using a fluorescence microscope Nikon Eclipse Ti-
u.

2.11. Measurement of DNA oxidation and methylation levels by dot-blotting
Genomic DNA was extracted from AAE-treated and —untreated HEp-2 using the
GenElute mammalian genomic DNA miniprep kit (GIN70, Sigma-Aldrich, Saint Louis,
MO) according to the manufacturer’s instructions. DNA samples (50 ng) were denatured
at 95°C for 5 min and were spotted onto a wet PVDF membrane (Millipore Ltd., Ontario,
Canada), fixed with UV irradiation (Stratalinker 1800, auto crosslink-mode; Stratagene,
Tokyo, Japan), and blocked with 5% bovine serum albumin in TBS-T (20 mM Tris-HClI,
pH 7.4; 150 mM NacCl; 0.1% Tween-20). The membranes were then incubated with
primary antibodies against 5-methylcytosine (5-mC; 1:500; #Mabel76, clone AB3/63.3,
Millipore Ltd., Ontario, Canada), 5-hydroxymethylcytosine (5-hmC; 1:500; ab73938,
Abcam, Cambridge, MA, USA) or 8-hydroxy-2' —deoxyguanosine (8-OHdG; 1:500;
ab10802, Abcam, Cambridge, MA, USA) for 30 min at room temperature, followed by
incubation with anti-rabbit or anti-mouse 1gG secondary antibody conjugated with
horseradish peroxidase (1:2000) for 30 min at room temperature. Dot signals were
visualized with the ECL reagent using VersaDoc (Bio-Rad Laboratories Ltd.,
Mississauga, Canada) and were normalized for each AAE treatment condition by negative
control (AAE-untreated cells) using the Image Lab 3.0 software.
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2.12. Measurement of DNA (cytosine-5)-methyltransferase 1 (DNMTL1) activity
HEp-2 cells were untreated or treated with the highest dose of AAE (100pg/mL) as
described above. After 24 h of washout period, nuclear and cytosolic fractions were
separated using the EpiQuik Nuclear Extraction Kit (Epigentek, USA) and
colorimetrically assayed for DNMT1 activity using the DNMT1 Assay Kit (ab113469,
Abcam, Cambridge, MA, USA) as per manufacturer’s instructions. Briefly, DNMT]I
contained in the nuclear and cytosolic fractions bound to the DNMT substrate pre-coated
on the well, which were probed with a specific DNMT1 antibody and colorimetrically
quantified at an absorbance of 450 nm on a microplate reader. Results were expressed as

percentage compared to AAE-untreated control cells.

2.13. Statistical analysis

Results were expressed as mean + standard deviation (SD) from at least three independent
experiments. Statistical analyses were performed using the SPSS 21.0 for Windows
software (SPSS Inc., Chicago, IL). Parametric distribution of the data was determined by
using the Kolmogorov—Smirnoff test. Differences between the group means were
assessed by one-way analysis of variance (ANOVA), followed by Tukey's post hoc test
for separate comparisons of the treatment groups with the control group. When
comparison involved only two groups, the data was assessed by independent sample t-

test. Differences were considered significant if p-value was less than 0.05.
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3. Results

3.1. AAE decreased HEp-2 cell viability
An overall significant difference in HEp-2 cell viability was found between the treatment
groups F(4, 35) = 37.84, p < 0.0001 (Figure 1). HEp-2 cell viability was significantly

decreased in rotenone (20 uM)-treated cells compared to AAE-untreated control (30 %).

While it was found that 50 and 75 pg/mL of AAE were able to maintain cell viability
around 100% (97.38 + 5.95 and 95.75 + 3.77 %, respectively) the dose of 100 pg/mL of
AAE significantly decreased HEp-2 viability (91.88 + 3.00) by 10% when compared to
AAE-untreated control (p < 0.05).
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Figure 1. Cell viability
measurement by MTT assay in
HEp-2
Araucaria angustifolia extract
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3.2. AAE altered pyruvate dehydrogenase levels in HEp-2 cells

An overall significant difference in PDH levels was found between the treatment groups,
F(3, 8) = 28.45, p < 0.0001 (Figure 2). Specifically, AAE treatments at 50 and 75 pg/mL
significantly augmented PDH levels in HEp-2 cells (33% and 25% of increment,

respectively) when compared to untreated HEp-2 control cells. No significant difference

was found in HEp-2 cells treated with the highest concentration of AAE (100 pg/mL)

when compared to untreated control cells.
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3.3. AAE induced specific changes in protein levels of the mitochondrial electron
transport chain complexes in HEp-2 cells

We next evaluated whether the levels of complex I, 11, I11, IV, and V of the mitochondrial
electron transport chain differed between the AAE treatment conditions (Figure 3). An
overall significance was found between the treatment groups for complex I, F(4, 10) =
59.24, p < 0.0001; complex Il, F(4, 10) = 50.09, p < 0.0001; complex IlI, F(4, 10) =
10.81, p = 0.0012; complex 1V, F(4, 10) = 14.58, p < 0.0004 and complex IV, F(4, 10) =
29.10, p < 0.0001. Tukey’s multiple comparison test revealed that rotenone (20uM), a
specific complex | inhibitor, produced a 50% decrease in complex | levels and a 60%
increase in complex V levels in HEp-2 cells compared to AAE-untreated control. While
AAE at all tested concentrations (50, 75, and 100 pg/mL) induced a significant decrease
in complex | (around 40%) and complex Ill (around 20%) levels in HEp-2 cells, a
significant increase in complex IV levels was also observed (11% increase for 50 pg/mL;
and 9% increase for both 75 and 100 pg/mL). In addition, HEp-2 cells treated with the
highest dose of AAE (100 pg/mL) significantly decreased complex Il levels by 50%, and
increased complex V levels by 66% in comparison to untreated control. Since complex |
and Il are a major endogenous source of ROS production and because AAE induced a
marked reduction in complex I and Il protein levels in a similar way to rotenone, levels

of reactive oxygen species production were next evaluated.
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3.4. AAE induced reactive oxygen species production in HEp-2 cells

There was an overall significant difference in the production of ROS between the
treatment groups, F(4, 15) = 18.67, p < 0.0001 (Figure 4). The highest concentration of
AAE (100 pg/mL) induced a significant increase in intracellular ROS by 36%, in a similar
manner to rotenone which produced a 42% increase in ROS production when compared
to AAE-untreated control. While significance was not reached for cells treated with 50
and 75 pg/mL of AAE, a concentration-dependent increase in ROS levels was observed.
As AAE was observed to increase ROS production, the protein expression levels of the

core complex | subunits involved in electron transfer and ROS generation were next

measured.
Figure 4. Total levels of ROS
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*KkKk
= e fluorophore DCFH-DA in HEp-
S 150- T
8 — 2 cells treated with Araucaria
'S — —_ angustifolia extract (AAE).
§ 100 Legend: Statistical significance
g in relation to control group for
E' 50+ ***(p<0.001) using one-way
8 ANOVA followed by Tukey’s
0 T T T T T post hoc test.
Control Rotenone AAE AAE AAE

20uM  50ug/mL  75pg/mL 100ug/mL

3.5. AAE altered protein expression levels of the core complex I subunits in HEp-2
cells

To determine the effect of AAE on protein levels of the core complex | subunits
(NDUFS7, NDUFS8, NDUFV1 and NDUFV2) involved in electron transfer and
subsequent ROS generation, standard immunoblotting analysis was used (Figure 5).
Between group differences were found only for NDUFS7, F(4, 15) = 14.50, p < 0.0001
and NDUFV2, F(4, 15) = 33.03, p < 0.0001 in cells treated with AAE. Further analysis
showed a significant decrease in NDUFS?7 levels by 0.5, 0.6 and 0.5 times respectively in
HEp-2 cells treated at all concentrations of AAE (50, 75 and 100 pg/mL) when compared
to AAE-untreated control, while a significant increase in NDUFV?2 levels (around 1.5
times) were found in cells treated with 75 and 100 pg/mL of AAE. NDUFS8 and
NDUFV1 levels did not differ between the AAE treatment groups. In addition, rotenone
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was found to significantly decrease NDUFS7 and increase NDUFV2 levels similarly to

AAE, however a decrease in NDUFS8 was also observed.

NDUFSS (24 kDa) W s S - —

0.08+ NDUFS7 (20 kDa) S e - — 0.04-
p-Actin (45 kDa) —— ——— [-Actin (45 kDa) e e —— —
c
c 0.06+ % 0 0.034
) 8%t
8E a =
g?d x 2
5% 0.044 o5 0.021
~ g Q5
[ (eI
g 8 [Ty
g e
0.024 z 0.014
0.00- 0.00-
Control  Rotenone AAE PAE PAE
Control  Rotencne AAE ARE AAE
20uM 50ug/mL 75pgimL. 100pg/mL 20uM 50pg/mL 75ug/mL 100pg/mL
0.04 NDUFV1 (51 kDa) Yiotn ‘S S S~ % NDUFVZ (27 kDa) . e e e
.04+ U9 ———— "
[-Aotin (45 kDa) — ——— p-Actin (45 kDa) —
0.84
£ c
6 —~ 0.034 8~ . . o
8 8t
g 5 53 0.64
X x 2
oE 0.021 5%
- Vs
E a E o 0.44
s =i
3 2%
=z 0.014 2 0.21
0.00- 0.0-
Control  Rotenone ME AAE ME Control  Rotenone PMAE ME AAE
20uM S0ugimL  7SugimL  100pgimL

20uM 50ug/mL  75ug/mL  100ugimL

Figure 5. NDUFS7, NDUFS8, NDUFV1 and NDUFV2 protein expression in HEp-2 cells treated with
Araucaria angustifolia extract (AAE) by Western blot assay normalized by beta-actin. Legend: Statistical
significance in relation to control group for * (p<0.05); ** (p<0.01); ***(p<0.001) using one-way ANOVA

followed by Tukey’s post hoc test.

3.6. AAE altered gene expression levels of the core complex I subunits in HEp-2 cells
To complement core complex | subunits analysis, gene expression of NDUFS7,
NDUFS8, NDUFV1 and NDUFV2 was assessed using gRT-PCR. An overall significance
in NDUFS7 and NDUFV2 gene transcript levels between the groups was found, with a
significant downregulation of NDUFS7 by 15% and an upregulation of NDUFV2 by 20%
found in HEp-2 cells treated with the highest AAE concentration (100 pg/mL) compared
to AAE-untreated control (Figure 6). Rotenone, however, was found to significantly

decrease NDUFS7 and NDUFS8 gene transcript levels by around 20%.
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Figure 6. NDUFS7, NDUFS8, NDUFV1 and NDUFV2 gene expression in HEp-2 cells treated with
Araucaria angustifolia extract (AAE) by gRT-PCR assay normalized by beta-actin. Legend: Statistical
significance in relation to control group for * (p<0.05), ** (p<0.01) using one-way ANOVA followed by
Tukey’s post hoc test.

3.7. AAE induced changes in mitochondrial membrane potential in HEp-2 cells

To further explore whether AAE alters mitochondrial function, AAE-treated and
untreated HEp-2 cells were stained with MitoTracker CMXRos, which measures
mitochondrial morphology and mass in a manner that is dependent on the mitochondrial
membrane potential (Figure 7). In AAE-untreated control, mitochondria were of round-
shaped, closely localized and encircled the nucleus, and brightly stained by the red dye,
suggesting maintenance of membrane potential. Similar aspect was observed to HEp-2
cells treated with 50 pg/mL of AAE. In AAE-treated HEp-2 cells (75 and 100 pg/mL),
however, mitochondria were abnormally enlarged, scattered in the cytosol, and showed a
reduction in membrane polarization relative to that of AAE-untreated HEp-2 cells, as

evidence by reduced red intensity.

82



- -
. -
Figure 7. Mitochondrial membrane potential (A%¥m) in HEp-2 cells treated with Araucaria angustifolia
extract (AAE). (A) AAE-untreated control cells; (B) AAE 50 pug/mL; (C) AAE 75 pg/mL, and (D) AAE

100 pg/mL. Cells were grown on 12 mm cover slips in 24-well culture plates as described in Section 2, and

then photographed (magnification 20x).

3.8. AAE did not affect DNA oxidation in HEp-2 cells

To determine whether DNA is a target for oxidation by AAE, 8-hydroxy-2'-
deoxyguanosine (8-OHdG), a marker of DNA oxidative damage, was measured in
untreated- and treated-HEp-2 cells. No significant difference was found for 8-OHdG

levels between the AAE treatment groups (Figure 8).
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3.9. AAE decreased DNA methylation and increased hydroxymethylation in HEp-2

cells

To further investigate the effect of AAE on DNA chemical modifications, 5-
methylcytosine (5-mC) and 5-hydroxymethylcytosine (5-hmC) was measured in HEp-2
cells. An overall significant difference in 5-mC, F(3, 8) = 33.8, p <0.0001 (Figure 9) and
5-hmC, F(3, 8) = 18.74, p = 0.0006 (Figure 10) levels were found between the groups.
AAE (50, 75 and 100 pg/mL) produced a significant dose-dependent decrease in 5mC

levels, and a dose-dependent increase in 5hmC levels (with significance at 75 and 100

png/mL of AAE) when compared to AAE-untreated control.
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3.10. AAE decreased DNMT1 activity in HEp-2 cells

As DNMT1 is responsible for regulating DNA methylation levels, the activity of DNMT1
was assessed in the nuclear and cytosolic fractions of HEp-2 cells treated with the highest
concentration of AAE (100 pg/mL). To determine whether DNMT1 differed between
AAE-untreated and AAE (100 pg/mL)-treated HEp-2 cells, independent samples t-test
was used. Results revealed that DNMT1 activity was significantly reduced in AAE (100
pg/mL)-treated HEp-2 cells in both the nuclear, t(7) = 7.23, p = 0.0002, and the cytosolic,
t(7) = 3.18, p = 0.015, fractions compared to AAE-untreated control (Figure 11).
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Figure 11. Activity of DNA (cytosine-5)-methyltransferase 1 (DNMTL1) in HEp-2 cells treated with
Araucaria angustifolia extract. Legend: Statistical significance in relation to control group for * (p<0.05)

and ***(p<0.001) using one-way ANOVA followed by Tukey’s post hoc test.
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Discussion
We previously demonstrated that AAE treatment inhibits mitochondrial complex |
activity leading to oxidative damage to proteins and lipids and subsequent apoptosis in
HEp-2 cancer cells®®. In the present study, we further explored the underlying
mechanisms of action of apoptotic death in HEp-2 cancer cells. Results demonstrated
that AAE increased protein levels of PDH, switching energy metabolism to oxidative
metabolism. Protein expression levels of complex | and 111 were found decreased in AAE-
treated HEp-2 cells, leading to increased ROS generation. Analyzing the subunits of
complex | relevant to ROS generation, decreased protein and gene transcript levels of
NDUFS7 in HEp-2 cancer cells were found. Increased ROS levels were also accompanied
by decreased mitochondrial membrane potential, and decreased methylation of DNA in
HEp-2 cells. There is growing evidence that these mitochondrial and epigenetic
impairments can be targeted by AAE polyphenols to inhibit cancer cell growth.

Pyruvate dehydrogenase, the rate limiting enzyme involved in the conversion of
pyruvate to acetyl-coA is frequently suppressed in many cancer types leading to increased
glycolysis?®. In patients with head-and-neck cancer, increased lactate concentration, a
product of anaerobic glycolysis, was found to clinically associate with tumour
progression and metastasis®. Increased lactate production in cancer cells suggest that the
pathway involved in feeding pyruvate, the final product of aerobic glycolysis into the
mitochondria for oxidative metabolism is altered. Herein, we found that AAE
concentrations (50 and 75 pg/mL) significantly increased PDH levels in HEp-2 cancer
cells, suggesting that AAE may be preventing HEp-2 cancer cells from using anaerobic
glycolysis to maintain its rapid proliferation by increasing the influx of pyruvate, the final
product of aerobic glycolysis into the mitochondria for oxidative metabolism. Currently
there are no studies evaluating the role of polyphenols on PDH in cancer cells. However,
several studies demonstrated that positive modulators of PDH presents anticancer
effects?®. For example, dichloroacetate, a small molecule that activate PDH in cancer
cells, was shown to increase influx of pyruvate into the mitochondria, increase apoptosis
and subsequently suppress tumour growth®!. These results suggest that targeting PDH by
AAE could be a major mechanism of inhibiting growth and inducing apoptosis in HEp-2
cancer cells.

As switching of anaerobic metabolism to oxidative metabolism can trigger
apoptosis by activating PDH, we next evaluated the effect of AAE on the protein

expression levels of the mitochondrial ETC complexes in HEp-2 cancer cells. We found
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that AAE at all tested concentrations decreased protein expression levels of complex |
and Il and increased complex IV and V. This supports our previous study in which
decreased complex | activity was found in AAE-treated HEp-2 cells?®. The effect of AAE
is particularly interesting, because a major effect of ETC inhibition, mainly at complex |
and I11, is the induction of ROS generation resulting in the selective killing of cancer cells,
as they are more vulnerable than normal cells to oxidative stress®2. Subjecting HEp-2 cells
with the highest concentration of AAE (100 pg/mL) was found to induce a significant
increase in intracellular ROS, suggesting that induction of cancer cell death by AAE may
be mediated in part, by inhibition of mitochondrial complex I and I1l. Currently, there are
very few studies assessing the effect of polyphenols on the levels of mitochondrial ETC
complexes in cancer cells. However, a recent study demonstrated that grape seed extract
induced mitochondrial dysfunction by inhibiting complex Il activity, but did not affect
complex 1 activity in head and neck squamous cell carcinoma, leading to increased
intracellular ROS and subsequent apoptosis®®. The generation of ROS appears to be an
important event in facilitating AAE-induced apoptosis in HEp-2 cancer cells.

Increased ROS production is associated with deficits in several protein subunits
of the mitochondrial ETC, particularly complex I and 11, Complex | is the first and
largest complex of the ETC and is a major site of ROS production®. It is composed of 45
protein subunits containing 7 nuclear DNA-encoded core subunits clustered into two
functional modules: 1) an electron input module (N-module) and 2) an electron output
module (Q-module)*®. The N-module contains a site for oxidation of NADH while the Q-
module receives electrons from the N-module and transfers them to the electron-
accepting ubiquinone molecule®. The transfer of electron starts at NDUFV1,
NDUFV2, and NDUFS1 subunits of the N-module responsible for oxidizing NADH,
followed by NDUFS2, NDUFS3, NDUFS7, and NDUFS8 subunits of the Q module
responsible for electron transfer to ubiquinone®®. Herein, we found that AAE induced a
significant increase in NDUFV2 in the N-module and a decrease in NDUFS7 in the Q-
module at both the gene transcript and protein levels in HEp-2 cells. An increase in
NDUFV2 and decrease in NDUFS7 levels suggests that while AAE is able to increase
the ability of HEp-2 cells to oxidize NADH, the ability to transfer electrons to ubiquinone
is reduced. Reduced electron-transferring ability increases the rate of electrons escaping
from complex | and if persist for enough time, will react with molecular oxygen to
produce superoxide anion, a major form of ROS involved in cancer cell apoptosis®’®. To

our knowledge, this is the first study examining the effect of AAE on specific nDNA-
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encoded core subunits of complex I in HEp-2 cancer cells and identifies NDUFS7 as a
key target of AAE.

ROS accumulation can promote oxidative damage to DNA and mitochondrial
membrane, and consequently trigger cancer cell apoptosis®*#. Previously, we have
shown that AAE induced significant global DNA damage and fragmentation in HEp-2
cells?®. To assess whether ROS overload induced by AAE was also accompanied by
increased oxidative damage to DNA, 8-hydroxy-2' —deoxyguanosine (8-OHdG), a major
product of DNA oxidation, was measured. Herein, we demonstrated that AAE did not
affect 8-OHdG levels in HEp-2 cells. Increased global DNA damage in the absence of 8-
OHdG in AAE-treated HEp-2 cells suggests that DNA guanine base is not a target for
oxidation by high levels of ROS and that damage to DNA induced by AAE may occur
through different mechanisms, which warrants further studies. ROS could contribute to
DNA damage and cancer progression by additional mechanisms including damage to
DNA repair enzymes*!, impairment to DNA polymerase leading to increased error rate
during replication*?, or reaction of lipid peroxidation products with DNA bases forming
a variety of mutagenic adducts*®. Furthermore, DNA oxidation is not only limited to 8-
OHdG. Several other DNA oxidation products such as 2-hydroxyadenine, 5-
hydroxycytosine, formyluracil, and 5-hydroxyuracil can lead to mutagenic lesions in
DNA*,. Further studies are needed to examine these specific markers of DNA damage in
AAE-treated HEp-2 cells.

A consequence of ROS overload and DNA damage is change in the mitochondrial
membrane potential*>*®, Mitochondrial membrane potential (A¥m) is an important
indicator of functional mitochondria due to its role in maintaining the function of the ETC
to generate energy*®. A significant loss of A¥m renders cells depleted of energy and is
one of the early events leading to apoptosis*’. To decipher the implications of increased
ROS production and DNA damage following AAE treatment, we next assessed the effect
of AAE on A¥Wm using a mitochondrial-targeted probe, Mitotracker Red CMXRos, which
accumulates in mitochondria based on its membrane potential. In HEp-2 cells treated with
AAE (75 and 100 pug/mL), the fluorescence intensity of the probe decreased, indicating a
loss in A¥Ym. Loss of AYm is associated with increased permeability of the outer
mitochondrial membrane, release of cytochrome ¢ and apoptotic-inducing factor (AIF)
into the cytosol, activation of caspase-9 (initiator of apoptosis) leading to activation of
caspase-3,6,7 (executioners of apoptosis)*’“%. In our previous study, we found that AAE

increased protein expression levels of pro-apoptotic factors, including AIF and caspase-
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328, Previous studies have shown that polyphenols presenting anticancer activities, such
as curcumin disrupts AWYm and mediates oxidative stress leading to apoptosis in many
cancer models*®°°. Therefore, our data suggests the possibility that AAE exert anticancer
effects through ROS accumulation and DNA damage leading to increased mitochondrial
membrane permeability and decreased A¥Ym, triggering the apoptotic pathways and death
in HEp-2 cancer cells.

Uncontrolled production of ROS could also disrupt epigenetic processes®-*2,
Epigenetic processes involve chemical modifications of DNA to control level of gene
expression?. DNA methylation, a common epigenetic marker, is the process of adding a
methyl group to the cytosine or adenine nucleotide of DNA, leading to silencing of gene
expression®. Evidence have demonstrated that a large number of human malignancies
are associated with high levels of 5-methylcytosine on tumour suppressor genes that are
transcriptionally silent?>*, In the present study, we demonstrated that AAE decreased 5-
mC levels in a concentration-dependent manner in HEp-2 cancer cells. We further showed
that AAE decreased the activity of DNMT1, a predominant human methylating enzyme.
These findings suggest that AAE may be promoting DNA demethylation in HEp-2 cancer
cells. DNA demethylation is also associated with the conversion of 5mC to 5hmC>. Low
levels of 5hmC was found to associate with myeloid malignancies®®. Herein, AAE was
also found to increase 5ShmC levels in HEp-2 cells in a dose-dependent manner. Several
studies have shown that the production of ROS can directly oxidize the methyl group on
5mC leading to demethylation processes in several model systems®”°. In line with our
findings, a study demonstrated that (-)-epigallocatechin-3-gallate could inhibit DNMT1
activity and decrease methylation at specific genes involved in regulating cell cycle
division, including p16, RARb and MLH®. Following EGCG treatment, cell growth was
found inhibited and ultimately many damaged and polynuclear cells were observed — a
sign that the cancer was being stopped®®. Decreased DNMT1, reduced DNA methylation
and increased hydroxymethylation found in this study may be attributed to increased
intracellular ROS and suggests that AAE may be reactivating tumour suppressor genes,
which is critical for preventing cancer cell growth and survival. While these results are
very interesting, future studies are needed to determine which specific genes are targets
of methylation by AAE.

While interpreting our results, it is important to discuss several limitations from
our methods and highlight future directions. First, little efforts have been made to evaluate

the role of individual polyphenol constituents of AAE on its pro-apoptotic effects. Further
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studies are necessary to examine which active constituent(s) of AAE are involved in
mitochondrial dysfunction and epigenetic changes in HEp-2 cancer cells. Secondly, we
only analyzed 4 nuclear-encoded genes of complex | as they are most relevant to electron
transfer and ROS generation. Given that electron transfer also occurs through complex
Il and can be affected by genetic alterations in the mitochondrial DNA, we could not
exclude the possibility that AAE also play a role in influencing these changes.
Furthermore, several markers such as PDH and DNMT1 were measured either at the
protein or activity level. More studies involving the combination of gene, protein, and
activity levels, as well as identifying key transcriptional regulators are needed in order to

fully understand the mechanisms of AAE.

Conclusion

In conclusion, we further provided compelling evidence that AAE shows pro-apoptotic
activity against HEp-2 cancer cells. This pro-apoptotic activity was associated with
increased PDH levels which was accompanied by increased intracellular ROS. Increased
ROS appeared to originate from decreased NDUFS7 levels of complex I, which triggered
loss of mitochondrial membrane potential, DNA hypomethylation and induction of
apoptosis in HEp-2 cancer cells. The results demonstrate the potential of AAE to be used

as a therapeutic agent for cancer for laryngeal carcinoma.
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DEVELOPMENT OF POLYCAPROLACTONE (PCL) NANOSPHERES IN THE
PRESENCE OR ABSENCE OF POLYPHENOLS-RICH EXTRACT AND
EVALUATION OF PCL TOXICITY IN HUMAN CELLS

Nanoparticles have great potential as drug delivery; however, there is few studies on their
possible toxicity. In this study we developed nanospheres using poly(e-caprolactone)
(NPCL) and evaluated its mechanisms of action in tumor (HEp-2) and non-tumor
(MRC5) cells. The possibility to associate a polyphenols-rich extract (PE) to the
formulation was also investigated. Cell viability was assessed by MTT assay; and
oxidative and morphological parameters were evaluated as NPCL’s mechanisms. The pH
of NPLC in presence or absence of PE was stable between a range of 5.9 and 6.4; diameter
was around 200 nm and both samples exhibited narrow distribution (polydispersity index
up to 0.19) with zeta potential from -9.6 to -10.6 mV. Low association rate for NPCL plus
PE (efficiency of 19.05 %) was found; therefore, further studies are needed to improve
PE encapsulation. NPCL reduced viability with different level of toxicity (ICso values
460 + 25 pg.mL* for HEp-2 and 573 + 51 pug.mL* for MRC5 cells; p=0.008, t-test). This
reduction was associated to alterations on redox metabolism. Changes on symmetry and
cell adherence at highest doses were observed in both cells. Results suggest that,
depending on the applied concentrations and the cell type, NPCL per se may interfere on

cellular response.

Keywords: nanotechnology; cytotoxicity; redox metabolism, tumor cells
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INTRODUCTION

Nanomedicine is among one of the most promising fields, combining the pharmaceutical
and biomedical sciences with nanotechnology. In the last decades, the number of different
applications using nanoparticle materials on drug delivery or as drugs themselves (per se)
has increased 3. Nanocarriers are systems developed at the nanoscale (< 1 pm) and
includes several different forms already approved by Food and Drug Administration
(FDA\) such as microcapsules and nanospheres 4. The nanospheres are systems able to
incorporate both hydrophilic and lipophilic substances, thus increasing the bioavailability
of poorly soluble substances ’. Among the aliphatic polyesters commonly used as drug
carriers, the poly(e-caprolactone) (PCL) has stood out due to their diverse applications 2.
Some of the main advantages of using PCL are a slow degradation rate, the absence of
acidity during degradation and its high permeability to small drug molecules 8°, showing
broad pharmacological applicability.

The increasing number of diseases worldwide highlights the importance of the
development of new pharmacological alternatives, and the polymeric systems for drug
delivery have gained attention. Diseases like cancer have driven studies seeking to
develop new nanotechnology-based therapeutics %1, Nowadays, more than 50 % of the
drugs used on cancer treatment is based on natural products 2 which contain
phytochemicals, potent modulators of cellular signaling pathways 3-1°. Taking into
account the low bioavailability of these compounds, their instability, and target
specificity, the nanotechnology represents an innovative and promising approach. Our
research group has been studying a polyphenols-rich extract (PE) derived from natural
source, the Araucaria angustifolia (for review, see 17), which possess important and
selective antitumor activity '®°, being therefore a promising candidate for encapsulating.
Polyphenols are compounds chemically labile and encapsulating is a valuable way to
preserve its chemical characteristics and hence the stability. In fact, there are studies
reporting the use of the nanocarriers to incorporate chemically labile substances, such as
lipoic acid °, quercetin ?*?2, and catechin 2.

Until now, there are few data in the literature showing employment of
nanotechnology for association of plant extracts, since encapsulate these phytochemicals
without changing their genuine characteristics is a challenge to be overcome. Indeed, it is
need to know the physicochemical parameters of the chosen carrier, its stability and

compatibility to phytochemicals naturally present in plant extracts. Furthermore,
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understanding the biophysicochemical interactions of nanocarriers without active
substance is very important in order to keep the safety and effectiveness.

In view of this, the aim of this study was to prepare a formulation of nanospheres
using poly(e-caprolactone) (NPCL) and evaluate its mechanisms of action in tumor (HEp-
2) and non-tumor (MRC5) cells. Moreover, the possibility to associate a polyphenols-rich

extract (PE) to the formulation was also investigated.

EXPERIMENTAL

Chemicals

Poly(e-caprolactone) (PCL) (Mw = 14,000 g mol™) and sorbitan monoesterate (Span 60
®) were supplied by Aldrich® (Strasbourg, France). Polysorbate 80 was obtained from
Henrifarma® (S&o Paulo, Brazil). Acetone was acquired from Nuclear® (Diadema,
Brazil). The chemicals used in cell culture were Complete Dulbecco’s Modified Eagle
Medium (DMEM), Fetal Bovine Serum (FBS), trypsin—-EDTA and penicillin—
streptomycin, all were purchased from Gibco BRL® (Grand Island, NY, USA). Catechin
and other reagents and solvents were obtained from Sigma® (St. Louis, MO, USA). All

chemicals were of analytical grade.

Preparation of NPCL

NPCL were synthesized by interfacial deposition of preformed polymer 2. The organic
phase composed of PCL, sorbitan monoesterate and acetone was prepared at 40 °C.
Separately, polysorbate 80 was dissolved in distilled water (agueous phase). The organic
solution was injected into the aqueous solution, and maintained for 10 min under
magnetic stirring, at room temperature. After complete homogenization, the acetone was
eliminated and the suspension was concentrated under reduced pressure at 40 °C
(Rotavapor Buchi ®, model R210). For preparation of NPCL containing the polyphenols-
rich extract (PE) from Araucaria angustifolia sterile seeds (bracts), two different
approaches were employed: a) it was used an aqueous extract obtained using 5 g of bracts
in 100 mL of distilled water (under reflux at 100 °C) for 15 min; and b) it was used a
lyophilized powder obtained from PE as described above, under vacuum conditions at -
54 £5 °C (Lyophilizer LIOBRAS® model L-101); both were added to the aqueous phase
(polysorbate 80 and distilled water) containing, respectively, 1.43 mg mL™* and 1.27 mg

mL? of catechin equivalents. PE is rich in phenolic compounds including catechin,
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epicatechin, rutin, quercetin, apigenin, 4'-methoxytectorigenin, 3-glucoside-
dihydroquercetin and the biflavonoid amentoflavone 4',4™7,7"-tetramethyl ether, as
described previously by our group 18242, As catechin is the major compound present in

PE, it was used as a marker to represent the total content in the colloidal structure.

Chemical characterization of NPCL suspensions

The physico-chemical characterization of the suspensions was performed through the
determination of the pH, particle size, analysis of polydispersity index (PDI) and zeta
potential (ZP). The pH values of the suspensions were measured without previous dilution
using a calibrated potentiometer (TECNOPON model Mpa-210). Quantifications of
particle diameters and PDI were performed by dynamic light scattering using a Zetasizer
ZS (Malvern, UK). Measurements of ZP were carried out by electrophoretic mobility
technique using a Zetasizer ZS (Malvern, UK). To assess the morphology and surface
characteristics of NPCL, the suspensions were previously dried by lyophilization
(Lyophilizer LIOBRAS® model L-101) and analyzed by scanning electron microscopy
(SEM) using a Shimadzu SSX 550, equipped with a CCD camera. In order to quantify
levels of catechin (marker) in the NPCL formulation containing PE, an aliquot of the
suspension was combined with methanol, and submitted to ultrasonic extraction to
promote the dissolution of the nanospheres. The solution was then filtered in Millipore
equipment (pore size, 0.22 pm; Millipore® Corp.) and analyzed by High Performance
Liquid Chromatography (HPLC). To assess the encapsulation efficiency of the PE, it was
used a microcentrifuge tube coupled with filter (Amicon® Ultra 0,5 10.000 NMWL,;
Millipore Corp.). The sample was centrifugated at 12 000 rpm, 4 °C for 15 min to separate
aqueous and polymeric portions. The lipophilic (polymer) portion was analyzed by HPLC
in order to quantify the amount of catechin. The chromatographic analyzes were carried
out using HPLC model HP 1100 UV/VIS (Palo Alto, CA) by Zorbax SB C18 column
(250 x 4 mm) with a flow rate of 0.5 ml mint. The samples were eluted (20 pL injection
volume) using an isocratic mobile phase 90% acidic water (5% acetic acid) and 10%
acidic methanol (5% acetic acid), monitored by UV absorbance at 280 nm at 45 min. The
concentration of catechin was estimated from standard curves obtained by the analysis of

various doses of standard compound. The results were expressed as mg.mL* of catechin.
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Assays with mammalian cells

To study the effects of NPCL in human cells, the laryngeal tumor cells (HEp-2) and lung
fibroblast cells (MRC5) were used, both acquired from American Type Culture
Collection (ATCC bank; VA, USA). Cells were cultured in DMEM medium,
supplemented with 10 % FBS, and 1 % penicillin—streptomycin (10,000 U mL™), and
were maintained in a humidified atmosphere of 5 % CO, and 95 % air at 37 °C until

experimentation.

Analysis of cytotoxicity of NPCL — MTT assay

The possible cytotoxicity of the NPCL was evaluated using MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl- 2H-tetrazolium bromide] assay 2°. This assay reflects
the activity of mitochondrial dehydrogenases by viable cells in convert MTT salt. The
HEp-2 and MRCS5 cells were seeded (1 x 10*cells mL™), and incubated at 37 °C in 5 %
CO, for 24 h to attach. After this time, the medium was removed and replaced by fresh
complete medium containing 0; 0.03; 0.3; 3; 30; 300 and 750 pug mL?* of PCL
nanospheres for 24 h. MTT (1 mg mL*) was then added to the wells, and incubated for 3
h. Subsequently, MTT solution was removed and the resulting formazan violet product
was dissolved in dimethylsulfoxide (DMSQO), stirred for 15 min, and the absorbance was
measured using a microplate reader (Victor-X3, multilabel counter, Perkin Elmer,
Finland) at 517 nm. The cell viability was expressed as percentage (%) of the control
from five independent experiments. The ICso, i.e. the inhibitory concentration that is
needed to reduce 50 % of the cell proliferation was also quantified.

Redox metabolism evaluation

Oxidative damage to lipids and proteins, and enzymatic and non-enzymatic antioxidant
defenses were assessed in HEp-2 and MRCS5 cells (1 x107 cells mL™) treated with 3; 30;
300 and 750 pug mL* of NPCL. The concentrations were chosen from MTT assay, taking
into account the minimal doses able to reduce cell viability. Oxidative damage to lipids
was monitored by the formation of thiobarbituric acid reactive substances (TBARS)
during an acid-heating reaction ?’. Results were expressed nmol TBARS per mg of
protein. Oxidative damage to proteins were measured based on the reaction of protein
carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH) 8. The results were expressed
as nmol DNPH per mg of protein. Enzymatic antioxidant defenses were assessed through
Superoxide dismutase (SOD) and Catalase (CAT) activities 2°*°. SOD activity was
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determined spectrofotometrically and results were expressed as USOD per mg of protein.
One unit of SOD is defined as the amount of enzyme that inhibits the rate of
adrenochrome formation by 50 %. CAT activity was determined by hydrogen peroxide
(H202) decomposition rate. The values were expressed as UCAT per mg of protein.
Protein sulfhydryl content was quantified as non-enzymatic defense and it was
determined by a reaction with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) 3. Results
were expressed as mmol DTNB per mg of protein. The protein concentration was
measured by Lowry method, using bovine serum albumin as the standard 2. All assays

were performed in triplicate.

Cellular morphology analysis

Alterations on cellular morphology were analyzed in HEp-2 and MRC5 culture flasks
after treatment with NPCL (3; 30; 300 and 750 ug mL™) for 24 h. The changes on
symmetry along with increase or decrease on cell number, growth and cell adherence,
were analyzed. The images were obtained using an inverted microscope (Optiphase -
403F, USA).

Statistical analysis

Results were expressed as the mean + standard deviation (SD) from at least three
independent experiments. The data were determined to be parametrical by using the
Kolmogorov-Smirnoff test. Statistical significance was evaluated using a one-way
analysis of variance (ANOVA) and Tukey's post hoc test. Relationships between the
continuous variables were assessed using the Pearson’s correlation coefficient. Results
are deemed significant if p-value less than 0.05. The software SPSS 21.0 for Windows

(SPSS Inc., Chicago, IL) was used for statistical analysis.

RESULTS AND DISCUSSION

NPCL characterization

The first approach of NPCL preparation involving the addition of the PE in the liquid
form was unsatisfactory; there was no interaction between the liquid extract and the raw
materials used in the preparation; therefore it was not possible to obtain and characterize
it. More studies are needed to investigate the inability to associate the liquid extract to the

system.
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For the formulation using PE in the powder form, it was possible to obtain and
characterize the samples. The results about main characteristics of formulations of NPCL
in the presence or absence of PE are shown in the Table 1. Both evaluated formulations
exhibited macroscopically homogeneous aspect. The NPCL formulation showed an
opaque white color whereas the NPCL plus PE had a slightly brownish appearance (very

characteristic of the presence of proanthocyanidins on A. angustifolia extract).

Table 1. Physico-chemical parameters evaluated on NPCL formulations

Sample pH value Particle size PDI Zeta potential
(nm) (mV)
NPCL 6.04 £ 0.20 189.6+ 1.0 0.12 £0.01 -10.6 £ 1.0
NPCL plus PE 5.94+0.29 1963+ 1.0 0.19 £ 0.02 -9.6+0.5

NPCL (nanospheres of polycaprolactone); PE (polyphenols-rich extract); PDI
(polydispersity index).

The pH found was around 6.0 for both formulations, and it was stable for a period of 30
days with the samples stored under refrigeration (4 °C). According the dynamic light
scattering technique, the average particle size for NPCL spheres was around 190 nm, and
for NPCL plus PE was almost 200 nm. In addition, it was found low PDI values (up to
0.19), which is within the expected parameters for the system. As previously shown, the
PDI values of 0.1 to 1 are considered suitable from the standpoint of uniformity in particle
distribution . Regarding zeta potential, we found values ranged from -9.6 to -10.6 mV
in NPCL plus PE and NPCL per se, respectively. Zeta potential represents the
electrokinetic potential of nanoparticle surface and is a very important marker of
interaction between nanosystems and biological membranes 4. The negative values of ZP
obtained in our study are in agreement with previous studies, which also found a negative
superficial charge in nanospheres using PCL %% and in nanoparticle containing PEG *.
For NPCL plus PE samples, we also evaluated the total levels of catechin, major
compound of the extract (Figure 1), on whole solution. Moreover, in order to assess the
association rate (incorporation of PE to the polymer phase) the levels of catechin were
also quantified on spheres. The results revealed the total catechin levels found in the

whole solution were 0.42 mg mL™, being greater than 80% of the total content added.
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The analysis of the association rate showed only 0.08 mg mL™ of catechin on spheres,
indicating an association efficiency of 19.05 %. Previous studies have found different
profiles on entrapment of bioactive compounds using plant aqueous extracts in
nanosystems %’. A study using extract from Phoenix dactylifera reached an encapsulation
efficiency of 70-78% in nanocapsules 3. The anthocyanin-rich extract of Hibiscus
sabdariffa was associated to liposomes reaching an association efficiency around 70% 3°.
On the other hand, the association efficiency for extract from Green tea (Camellia
sinensis) in PCL nanoparticles was around 30% “°. Some factors may influence the
association rate, including the nature of the polymer and the physico-chemical
characteristics of the drug, and one of the most relevant is the difference of polarity
between the drug and the polymer L. Alonso et al. (1991) improved the association
efficiency in 55% by changing the molar ratio of drug and surfactant to increase the
intrinsic drug solubility in nanoparticles #X. In our work, we have a similar profile, which
the PE is polar and the carrier is hydrophobic. Therefore, our data show us the employed
polymerization conditions must be changed in order to reach high levels of incorporation

using PCL spheres as a vehicle for a polyphenols-rich extract from A. angustifolia.
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Figure 1. Chromatograms (HPLC) for tannins at 280 nm showing the presence of
catechin in polyphenols-rich extract from A. angustifolia.

Taking into account the low association rate we have obtained on NPCL plus PE
formulation, we decided to continue the biological experiments using only NPCL
samples, since it is necessary to know the possible toxicity of these systems per se. By
SEM analysis, the formulation exhibited structures with spherical appearance, size

heterogeneity and empty inside, seemingly (Figure 2 A-B), being considered adequate for
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in vitro experimentation. According to Gaumet et al. 3, SEM is an appropriated technique
to detect particle size from 50 nm to 100 pm. Regarding size, studies with PCL
nanoparticles already showed that different diameters, such as 363 nm *2 and 449.6 nm 3°

can be found, depending on the employed measurement technique.

Figure 2. Representative TEM images of PCL spheres. (A) general aspect of the particles
showing size heterogeneity; (B) image showing the formation of hollow structure
(arrows). Samples were prepared as described in Section 2, and then photographed.

NPCL cytotoxicity in mammalian cells
Although polymers generally employed in the preparation of nanosystems are regarded
as nontoxic *3, few studies reporting the real effects of its administration on human cells
were conducted so far. For that reason, we decide to investigate the possible effects of
NPCL on metabolism in tumor (HEp-2) and non-tumor (MRC5) cells, by assessing the
cell viability (MTT assay). Both cell lines were chosen due their characteristics in order
to explore the differential cellular response in tumor and normal cells. Previously, cells
were treated with increased concentrations of NPCL formulations (0.03; 0.3; 3; 30; 300
and 750 pg mL?Y) for 24 h. Low doses of NPCL (0.03 and 0.3 pg mL™) did not
significantly reduce the viability of both cells. On the other hand, it was observed that
NPCL treatments were able to significantly decrease the cell proliferation from the
concentrations of 3 and 30 ug mL™ (p<0.001; Figure 3) for HEp-2 tumor and MRC5 non-
tumor cells, respectively. The PCL toxicity was already discussed in few studies. In recent
study, it was showed time-dependent PCL cytotoxicity (from 2, 4 and 6 days) in all tested
doses (25, 100 and 200 pg mL™) in retinal pigment epithelium and retinal vascular
endothelial cells 4. Similar results were found in hepatocyte after an exposure to PCL at
highest doses (300 and 1000 pg mL™) after 72 h of treatment “2. In opposition, no
significant reduction on hepatocyte viability was found in 24 h of exposition to the PCL
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at concentrations up to 1 % (v/v) 2. With a different level of cytotoxicity, the ICso found
in our study was 460 * 25 ug mL™ for HEp-2 and 573 + 51 ug mL™ for MRC5 cells being
significant statistically (p=0.008; t-test), indicating that tumor cells are more sensitive to
NPCL treatments than non-tumor cells. Indeed, tumor cells exhibit differential
metabolism compared to normal cells, especially on energy generation and maintenance
to cell growth and proliferation 4>, In order to understand the mechanisms behind the
differential reduction on cell viability revealed by NPCL, the cytotoxic concentrations (3;
30; 300 and 750 pug mL; 24 h) were chosen to verify possible redox alterations on tumor

and non-tumor cells.
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Figure 3. Viability of tumor (HEp-2) and non-tumor (MRC5) cells treated with increasing
concentrations of nanospheres of polycaprolactone (NPCL) for 24 h by MTT assay. %
viability = [(number of cells at time of observation/number of control cells) < 100].
Values are expressed as mean + standard deviation (SD). The symbol * indicates a
significant difference from the non-treated cells for MRC5 and ~ for HEp-2. Statistical
significance according to analysis of variance (one-way ANOVA) and Tukey’s post-hoc
test (p <0.001).

Oxidative stress and cell redox status

With the aim to study the cytotoxic mechanisms of the NPCL, we decide to evaluate
oxidative stress levels, once reactive oxygen species (ROS) production has been
identified as one of the earliest toxicity mechanisms for polymeric nanoparticles %2. The
oxidative stress evaluation was assessed through the membrane oxidative lipid damage
(TBARS assay) and oxidative damage to proteins (Carbonyl assay). The treatment using
cytotoxic concentrations (3; 30; 300 and 750 ug mL™) of NPCL formulations was able to
induce high levels of lipid peroxidation at doses of 300 and 750 pg mL™* in HEp-2 tumor
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cells when compared to control non-treated (p<0.001) and to MRC5 non-tumor cells
(p<0.05; Figure 4 A).
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Figure 4. Oxidative damage to lipids (A) and proteins (B) in tumor (HEp-2) and non-
tumor (MRC5) cells treated with different concentrations of nanospheres of
polycaprolactone (NPCL) for 24 h. Values are expressed as mean + standard deviation
(SD). The symbol * indicates a significant difference from the controls, and * indicates
difference between the cell lines by analysis of variance (one-way ANOVA) and Tukey’s
post-hoc test.
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Additionally, the treatments were not able to induce lipid peroxidation in non-tumor cells.
The doses at 30; 300 and 750 pg mL " induced a significative increase on carbonyl levels
in both tumor and non-tumor cells in relation to the controls (p<0.001). The highest
concentration (750 pg mL™) was able to significantly increase carbonyl levels in HEp-2
(p<0.05; Figure 4 B) in relation to MRC5 cells. Oxidative damage to lipids and proteins
observed is associated with production of reactive oxygen species (ROS) along with
alterations on redox defense systems. We assessed total thiol levels measured by
sulfhydryl content as a non-enzymatic antioxidant marker and found this parameter
significantly altered in all NPCL tested doses (3 to 750 pg mL™) in HEp-2 tumor cells
(p<0.001; Figure 5 A) than compared to MRC5 non-tumor cells. Moreover, it was
observed that HEp-2 cells present lower levels of sulfhydryl even on control non-treated.
Although the higher dose has reduced sulfhydryl levels on non-tumor cells (p<0.001)
when compared to their respective control, in general these cells exhibit increased levels
of this marker, indicating normal cells present enhanced ability to neutralize ROS.
Besides sulfhydryl content, we also evaluated activities of superoxide dismutase (SOD)
and catalase (CAT), the first line of defense against oxidative injury. The SOD enzyme
catalyzes the dismutation of radical anion superoxide (O2 ") producing H202, which can
be eliminated by the action of CAT. The results showed HEp-2 tumor cells naturally
present high levels of SOD on control non-treated (p<0.001; Figure 5 B) than compared
to MRC5 non-tumor cells. In addition, at the highest PCL dose (750 pug mL), HEp-2
cells also exhibited increased levels of SOD in relation to MRC5 cells (p<0.05). We also
observed that in tumor cells the treatments at all doses reduced the SOD activity when
compared to their respective control (p<0.001). This data seems to indicate that NPCL
may induce generation of O, ", the main ROS produced by mitochondria 5, Besides
SOD, we also quantified CAT activity in NPCL-treated cells, however no significant
differences were found in both HEp-2 and MRCS5 cells (Figure 5 C).
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Figure 5. Evaluation of cellular redox metabolism in tumor (HEp-2) and non-tumor
(MRC5) cells treated with different concentrations of nanospheres of polycaprolactone
(NPCL) for 24 h. Total thiol content (A); superoxide dismutase (B) and catalase (C)
activities. Values are expressed as mean + standard deviation (SD). The symbol *
indicates a significant difference from the controls, and * indicates difference between
the cell lines by analysis of variance (one-way ANOVA) and Tukey’s post-hoc test.

Pearson’s correlation analysis between cell viability and redox status markers was
performed and is shown in Table 2. In HEp-2 cells, viability was positively correlated
with catalase activity (r = 0.646; p = 0.009); however, it was negatively correlated with
oxidative damage to lipids (r = —0.894; p = 0.001) and proteins (r = —0.768; p = 0.001).
On the other hand, in MRCS5 cells, the viability was positively correlated with catalase
activity (r = 0.545; p= 0.036) and with sulfhydryl content (r = 0.868; p=0.001). These
data indicates that, at least in tumor cells, the reduction on viability induced by NPCL
treatments is linked to oxidative damage. In addition, in normal cells, the maintenance of
cell viability is associated with antioxidant defenses systems, which suggest a more
efficient cellular defense mechanism by non-tumor cells. In the present study, the
alterations found in the MTT assay, which measures mitochondrial dehydrogenases
activities, along with SOD activity levels seems to suggest NPCL may alter mitochondrial
dynamic and function, which, depending on cell type, can modify the cell energetic

balance.

Cellular morphology

Microscopic analysis of MRC5 non-tumor and HEp-2 tumor cells treated with different
concentrations of NPCL (3; 30; 300 and 750 pug mL™) is presented in the Figure 6. The
images reveals NPCL treatments caused alterations on symmetry and cell adherence at
highest doses in normal cells (Figure 6 G and I). In HEp-2 tumor cells it was also observed
for the same NPCL doses (Figure 6 H and J).
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Table 2. Pearson correlations between cell viability, lipid and protein oxidative damage, sulthydryl content, and enzymatic antioxidant defenses

in HEp-2 tumor () and MRCS5 normal (D) cells treated with different concentrations of nanospheres of polycaprolactone (NPCL) for 24 h

Viability Lipid damage Protein damage Sulfhydryl Sod activity Cat activity
Viability - -0.894™ -0.768" 0.603 0.260 0.646™
- -0.440 -0.549 0.868™ 0.482 0.545"
Lipid damage -0.894" - 0.811° -0.772" -0.537 -0.665"
-0.440 - 0.757" -0.370 -0.625 -0.386
Protein damage -0.768"" 0.811° - -0.661° -0.461 -0.747"
-0.549 0.757" - -0.454 -0.759™ -0.492
Sulfhydryl 0.603 -0.772™ -0.661" - -0.701" 0.370
0.868™ -0.370 -0.454 - 0.139 -0.250
Sod activity 0.260 -0.537 -0.461 0.701" - 0.471
0.482 -0.625 -0.759™ 0.139 - 0.682"
Cat activity 0.646™ -0.665™ -0.747" 0.370 0.471 -
0.545" -0.386 -0.492 -0.250 0.682" -

Statistically significant * for p<0.05 and ™" for p<0.01. Sod: superoxide dismutase; Cat: catalase.
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Figure 6. Morphological alterations in MRC5 non-tumor and HEp-2 tumor cells treated
with different concentrations of nanospheres of polycaprolactone (NPCL) for 24 h.
Legend: (A) MRC5 control non-treated cells; (B) HEp-2 control non-treated cells; (C)
MRCS cells treated with NPCL 3 ug mL™; (D) HEp-2 cells treated with NPCL 3 ug mL
- (E) MRCS5 cells treated with NPCL 30 ug mL; (F) HEp-2 cells treated with NPCL 30
ug mL'; (G) MRCS5 cells treated with NPCL 300 ug mL; (H) HEp-2 cells treated with
NPCL 300 ug mL; (I) MRCS5 cells treated with NPCL 750 ug mL™" and (J) HEp-2 cells
treated with NPCL 750 ug mL”. The photomicrographs show a more representative
image for each treatment. Cells were grown in culture flasks as described in Section 2,
and then photographed (magnification 20 x).

These data indicate that, at least on cellular morphology, both tumor and normal cells
treated with NPCL show the similar response. Taking into account the interaction
between nanoparticle surface and cellular membranes, more studies are necessary to
better understand this data.

Anyway, taken together, our results show a possible link between NPCL toxicity and
alterations on cellular redox metabolism of tumor and normal cells. Considering the few
studies in scientific literature about the toxicity of polymeric systems, these data can

contribute to understanding the effects of PCL nanospheres in mammalian cells.

CONCLUSIONS

The findings of our study demonstrated that the PCL spheres synthesized in the presence
or absence of polyphenols-rich extract (PE) presented suitable physico-chemical
parameters, including size, distribution and zeta potential. Nevertheless, a low association
rate to the PE was found. The biological assays showed that the PCL spheres per se can
induce cytotoxicity in concentrations higher than 3 and 30 pug mL™ in tumor and normal
cells, respectively. This effect was associated with oxidative damage to lipids and proteins
along with alterations on antioxidant defense systems, mainly on sulfhydryl levels.
Moreover, our findings showed that in contrast to non-tumor cells, tumor cells are more
sensitive to the NPCL treatments. Although more studies are needed, these results suggest
that nanoparticles made by using PCL could be a candidate for antitumor drug delivery.
Considering the antiproliferative potential of PE from Araucaria angustifolia in cancer

cells, retries encapsulation of this extract will be carried out.
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4  DISCUSSAO GERAL

O cancer ¢, atualmente, a segunda causa de morte na popula¢do mundial, e sua
incidéncia continua aumentando, especialmente nos paises em desenvolvimento
(GLOBOCAN 2012; WHO 2016). Trata-se de um grupo de doencas caracterizadas por
modificacdes geneéticas e epigenéticas que levam ao desequilibrio entre sobrevivéncia e
morte celular (Feinberg & Tycko 2004; Feinberg et al. 2006; Khan et al. 2007; Gerhauser
2012; Fulda 2014). Dos mais de 100 tipos de carcinomas existentes (WHO 2016) destaca-
se 0 tumor de laringe, o qual representa 25% dos tumores malignos que acometem a area
de cabeca e pescoco e 2% de todas as doencas malignas (INCA 2016).

O microambiente e o metabolismo energético das células tumorais diferem
significativamente das células normais, fornecendo uma série de vantagens as primeiras.
Com respeito ao microambiente, células cancerosas sao capazes de modificar os tecidos
e estroma adjacentes a fim de construir um ambiente de apoio a progressao tumoral e
metastase (Kalluri & Zeisberg 2006; Whipple 2015). Em relacdo a proliferacéo celular,
estas adquirem a capacidade de modificar os sinais de controle e checagem do ciclo de
divisdo celular (Cairns et al. 2011), silenciar a expressdo de genes supressores tumorais e
ativar proto-oncogenes (Jones & Thompson 2009; Cairns et al. 2011; Chen et al. 2014),
além de ndo responderem a ativacao de apoptose, um processo critico de controle para
inducdo de morte celular programada (Cohen 1997; Susin et al. 1999; Spurgers et al.
2006; Fulda 2014). Além de alterar o microambiente, favorecendo o crescimento tumoral,
as células de cancer possuem a capacidade de modificar o seu metabolismo, aumentando
a efetividade de captagdo de glicose, glutamina e acidos graxos para aumento de biomassa
e geracdo de energia (Gatenby & Gillies 2004; Heiden et al. 2009; Heiden et al. 2012;
Zhao et al. 2013). Como descrito por Otto Warburg (Warburg 1956), as células tumorais

subutilizam a respiracdo mitocondrial e utilizam basicamente a via glicolitica para



formacdo de lactato, desviando a producdo de piruvato, necessario para a ativacdo da
fosforilagéo oxidativa mitocondrial. Este fendmeno ¢ conhecido como “efeito Warburg”
(Garcia-heredia & Carnero 2015; Liberti & Locasale 2015). Esta troca metabdlica
representa uma peculiar adaptacdo destas células para as condi¢cdes de anaerobiose
(Gatenby & Gillies 2004; Kim et al. 2006; Jones & Thompson 2009; Heiden et al. 2009),
mesmo na presenca de oxigénio. Tais caracteristicas tornam o tratamento das neoplasias
ainda mais desafiador, e indicam a necessidade do desenvolvimento de novos farmacos
antitumorais com alvos moleculares especificos.

Considerando o papel da mitocdndria no metabolismo energético celular, estas
organelas tornam-se alvos importantes para o estudo e desenvolvimento de novas terapias
antineoplasicas (Bhat et al. 2015). Evidéncias demonstram que os polifendis séo
compostos capazes de modular a funcdo e dindmica mitocondrial (Sandoval-Acufa et al.
2014; Gorlach et al. 2015) e estes sdo encontrados em grandes quantidades no extrato
obtido a partir de bracteas, residuos naturais da pinha de Araucaria angustifolia, tendo
seus efeitos bioldgicos ja estudados em leveduras (Michelon et al. 2012), linhagem de
fibroblastos de pulmdo humano (Souza et al. 2014) e em células eucaribticas de
Anticarsia gemmatalis (Anexos | e II).

Tendo como finalidade identificar o possivel efeito antiproliferativo do extrato de
A. angustifolia (EAA) frente as células tumorais de laringe, este trabalho avaliou os
efeitos de sua administracdo em células da linhagem HEp-2 por meio de analises
moleculares da funcdo e dindmica mitocondrial, geracdo de EROs, danos ao DNA e
alteracbes epigenéticas. Ainda, a possivel incorporagdo do EAA ao sistema

nanovetorizado baseado em nanoesferas (NE) também foi investigado.

Como se pode observar nas Figuras 1 e 2 e na Tabela 1 (Capitulo Il), a analise

quimica do EAA por meio de espectroscopia de alta resolu¢do nos modos positivo (ESI-
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MS (+)) e negativo (ESI-MS (-)) evidenciou a presenca majoritaria de compostos
fendlicos, tais como isoflavonas e biflavonoides, alguns dos quais ja tiveram seu efeito
antitumoral e apoptoético estudado em cultura de células e em modelos animais (Hadi et
al. 2007; Khan et al. 2012). Além disso, dois importantes acidos graxos foram também
identificados, o &cido dodecandico (l&urico) e o acido hexadecandico (palmitico), ambos
apresentaram atividade antiproliferativa e apoptdtica e capacidade de regulagéo do ciclo
celular em células de cancer de colon (Fauser et al. 2011; Matthews et al. 2012; Fauser et
al. 2013). Em relagdo a atividade antiproliferativa do extrato, observou-se que o
tratamento, com doses a partir de 100 pg/mL, inibe de maneira tempo-dependente o
crescimento de células tumorais HEp-2 e ndo causam citotoxicidade significativa em
celulas HEK-293 utilizadas como controle (Figuras 3 e 4; Capitulo 11). Este efeito foi
acompanhado por alteracdes morfoldgicas, inducdo de estresse oxidativo, danos ao DNA,
aumento da expressdo de proteinas apoptoéticas, inibicdo do complexo | mitocondrial e
deplecdo dos niveis de ATP. Todos estes fendmenos sdo mostrados no Esquema 1 do
capitulo Il. Neste capitulo fica evidenciado o interessante efeito seletivo do EAA,
indicando que os compostos nele presentes possuem potencial para serem utilizados no
desenvolvimento de farmacos antitumorais. Como mostrado no Capitulo 111 (Figura 1), a
principal hipotese que foi explorada para tentar explicar o efeito diferencial do EAA em
células tumorais e ndo tumorais seria a possivel inibicdo da isoenzima chamada piruvato
kinase M2 (PKM2), a qual regula o metabolismo da glicose e a consequente producdo de
piruvato, agindo como um fator transcricional do fator indutor de hipoxia (HIF-1a), 0
qual aumenta a atividade da enzima piruvato desidrogenase kinase 1 (PDK1) levando a
inibicdo da piruvato desidrogenase (PDH) e consequentemente da formacéo de acetil Co-
A, a qual é requerida para a continuacéo do processo oxidativo na mitocondria (Hitosugi

et al. 2010; Igbal et al. 2014; Zhao et al. 2013; Ferriero et al. 2015). Nos capitulos Il e 111
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foi mostrado que o EAA possui dois mecanismos principais de acéo, primeiro revertendo
o efeito Warburg das células tumorais, ativando a mitocondria destas e entdo inibindo o
complexo |, causando a morte da célula. Por outro lado, em células normais o extrato
poderia estar atuando sobre uma classe de proteinas conhecidas como sirtuinas,
especialmente a sirtuina mitocondrial (SIR 3) a qual é responsavel por manter a atividade
dos complexos, preservando a funcionalidade da mitocondria e assim mantendo a
viabilidade celular (Ahn et al. 2008; Chen et al. 2011; Li et al. 2013; Jeong et al. 2014).

A enzima PDH ¢é frequentemente suprimida em vérios tipos de céncer,
impulsionando a glicolise (Sutendra & Michelakis 2013). Em pacientes com céncer de
cabeca e pescoco foi demonstrado aumento da concentragéo de lactato, produto final
resultante da glicdlise, o qual foi clinicamente associado com progressdo tumoral e
metastase (Brizel et al. 2001). O aumento dos niveis de lactato em células tumorais sugere
que o metabolismo oxidativo destas células é alterado em favorecimento da via de
oxidagdo de glicose citosodlica. Os resultados obtidos no Capitulo IV demonstram que as
concentragdes de 50 e 75 pg/mL de EAA aumentaram em 33 e 25%, respectivamente, 0s
niveis de PDH nas células tumorais HEp-2 (Figura 2; Capitulo 1V). Embora até o
momento ndo existam estudos especificos avaliando o papel dos polifendis sobre os niveis
desta enzima em células de cancer, ja foi previamente reportado que moduladores
positivos de PDH apresentam efeitos antitumorais (Sutendra & Michelakis 2013). Um
exemplo bem conhecido é o dicloroacetato, o qual tem sido apontado como um ativador
de PDH, aumentando o influxo de piruvato na mitocondria, ativando apoptose e
subsequentemente suprimindo a proliferacdo tumoral (Michelakis et al. 2008).

A ativacdo mitocondrial € um alvo importante na terapia antineoplésica (Bhat et
al. 2015), uma vez que a mitocondria é responsavel por importantes processos

metabolicos, que vao além da geracdo de ATP, tais como controle da homeostasia redox,
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influxo de calcio e ativacdo de apoptose de via intrinseca (Wallace 2012; Smith et al.
2012; Zhao et al. 2013). A Figura 3 do Capitulo IV apresenta os resultados das
modificacOes especificas nos niveis de cada complexo da CTE, e observou-se que 0 EAA
foi capaz de reduzir os niveis de expressao dos complexos | e I1l. Este achado corrobora
os dados apresentados no capitulo 11, demonstrando a inibi¢do da atividade do complexo
| pelo extrato (Figura 8; Capitulo Il). Como consequéncia desta inibi¢do, ocorre
acumulacdo de EROs na mitocondria ocasionando perdas no potencial de membrana
mitocondrial (A¥m) e na manutencdo do funcionamento da CTE, sinalizando para
ativacdo de apoptose (Raam et al. 2008; Kroemer et al. 2007). De fato em nosso estudo
verificamos alteragcdes no A¥m (Figura 7; Capitulo 1) em células HEp-2 tratadas com o
EAA, efeito que foi associado com a expressdo de proteinas pro apoptéticas, como AlF,
caspase-3 e Bax (Figura 7; Capitulo Il). Nossos achados estdo de acordo com dados
prévios da literatura mostrando que polifendis, tais como a curcumina, podem afetar o
A¥Ym, mediando a geracdo de EROs ativando apoptose em modelos de cancer (Teiten et
al. 2010; Yang et al. 2012). Tomados em conjunto, os dados apresentados nos capitulos
Il e IV destacam a participacdo do estresse oxidativo como mediador dos eventos que
causaram a morte das células HEp-2 ap6s exposicdo ao EAA.

A epigenética esta intimamente relacionada ao estresse oxidativo (Weitzman et al.
1994; Hitchler & Domann 2013). Os processos epigenéticos envolvem modificagdes em
nivel de DNA capazes de regular a expressao génica (Jaenisch & Bird 2003). A metilacdo
do DNA, um dos marcadores epigenéticos mais comuns, é caracterizada pela adi¢do de
um grupo metila (CH3) a uma citosina ou a uma adenina, levando ao silenciamento da
expressdo génica (Smith & Meissner 2013). Evidéncias tém mostrado que um grande
numero de malignidades estdo associados a altos niveis de 5-metilcitosina (5mC) através

do silenciamento transcricional de genes supressores tumorais (Rhee et al. 2002; Ehrlich
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2002). No capitulo 1V (Figura 9) foi demonstrado uma reducdo nos niveis de 5mC em
células HEp-2 tratadas com EAA, de maneira dose-dependente. Além disso foi
encontrado reducéo da atividade de DNMT1 (Figura 11; capitulo V), enzima responsavel
por manter os niveis de metilacdo, indicando que o EAA possa estar promovendo
demetilacdo do DNA em células tumorais.

O processo de demetilacdo estd associado com a conversdo de 5mC para 5-
hidroximetilcitosina (5hmC) (Hill et al. 2014). Tem sido previamente demonstrado que
niveis baixos de 5hmC estéo associados com malignidades mieldides (Ko et al. 2011). Os
dados apresentados na Figura 10; capitulo IV demonstram aumento dos niveis de 5hmC
nas células HEp-2 tratadas com o EAA. Diversos estudos tém mostrado que a geracéo de
EROs pode diretamente oxidar o grupamento metila na 5mC levando a demetilacdo em
modelos animais (Lim et al. 2008; Gong & Zhu 2011; Madugundu et al. 2014).
Corroborando com nossos achados, um estudo mostrou inibicéo da atividade de DNMT1
e diminuicdo da metilagdo em genes especificos de regulacdo do ciclo celular, incluindo
pl6, RARb e MLH apo6s tratamento de células tumorais com epigalocatequina-3-galato
(Fang et al. 2003).

A Figura 5 sintetiza os principais efeitos do EAA em células tumorais de laringe
HEp-2 abordados nos capitulos 11-1VV. O EAA altera a sinalizagdo molecular destas células
via modulacdo em nivel mitocondrial (especialmente no Cl, alterando a expresséo génica
e protéica de duas importantes subunidades deste complexo) e epigenético (induzindo a
reducdo nos niveis globais de metilacdo) causando uma série de eventos que levam a

morte por apoptose.

124



Reduzida, 5 Preservagao
porém mantida | —> Geragdo de da viabilidade
. ATP normal
atividade do CI celular

Células
normais
(HEK-293)

Deplegio de 1 Dano ao " Bax
D > e O

Células o
. Inibigao da e A
tumorais expressao e —3 erda de m
(HEp-2) atividade do T
Cl
: citocromo c e
¢ ___AF
Clivagemde | ____________ . [ Clivagem de |
caspase-3 PARP
| NouFsT 5
':‘lnica — 0t | Expressdo
T NDUFV2 § - de proteinas
Subunidades
do Clda CTE
DNA nuclear
Tumorais

Alteracoes 4 Demetilagdo do Metilagdo do DNA (5mC)
epigeneticas DNA (5hmC) X Atividade de DNMT1

¥

Intervenc3o especifica nos mecanismos
de sinalizagdo molecular

Figura 5. Resumo dos principais mecanismos de acdo do extrato de Araucaria
angustifolia (EAA) em células tumorais de laringe HEp-2. Legenda: AlF (fator indutor
de apoptose); Cl (complexo | mitocondrial); CTE (cadeia de transporte de elétrons);
DNMT1 (DNA metil transferase 1); ERO (espécies reativas de oxigénio); PARP (poli
ADP-ribose polimerase); A¥m (potencial de membrana mitocondrial); 5mC (5

metilcitosina); 5ShmC (5 hidroximetilcitosina).
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Devido ao numero crescente de casos de cancer em todo o mundo e os altos indices
de inefetividade dos tratamentos, os sistemas poliméricos para entrega de farmacos vem
ganhando atencdo. Atualmente jA é possivel veicular ativos utilizando sistemas
poliméricos muito pequenos (50 nm) e dessa forma dirigir a substancia a um alvo de a¢éo
especifico, em nivel subcelular. Um estudo recente demonstrou que nanoparticulas de
poli(acido lactico-co-glicolico) sdo capazes de se acumular nos lisossomos, reticulo
endoplasmatico e até nas mitocondrias de células de epitélio pigmentar de retina humana
(linhagem celular ARPE-19) (Lin et al. 2016), destacando a importancia do emprego
destes sistemas na farmacologia.

O Capitulo V teve como objetivo sintetizar formulagdes de nanoesferas utilizando
poliepsoncaprolactona (NPCL) como polimero, associando o EAA ao sistema.
Inicialmente, tentou-se adicionar o EAA na forma liquida, porém esta abordagem néo foi
satisfatoria, uma vez que ndo houve interacdo entre o extrato liquido e as matérias-primas
utilizadas na preparacédo, por meio da formacéo de grumos e precipitados. Dessa forma,
ndo foi possivel a obtencdo desta amostra, bem como sua caracteriza¢do. Quanto a
formulacdo utilizando o EAA na forma de p6 liofilizado, esta foi obtida com éxito.

Os resultados sobre as principais caracteristicas das formulacfes de NPCL na
presenca e auséncia do EAA sdo apresentadas na Tabela 1 e Figuras 1-2 deste capitulo.
Ambas as amostras avaliadas exibiram aspecto macroscopicamente homogéneo. A
formulacdo de NPCL sem o extrato apresentou uma coloracdo branca opaca, enquanto
que as NPCL contendo o EAA (NPCL + AAE) exibiram um aspecto ligeiramente
acastanhado (caracteristico da presenca das proantocianidinas). O pH encontrado foi de
cerca de 6,0 para ambas as formulagdes, e mostrou-se estavel durante um periodo de 30
dias. De acordo com a técnica de dispersdo dindmica de luz, o didmetro medio das

particulas para NPCL foi de cerca de 190 nm, e para as NPCL + EAA foi em torno de
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200 nm. Além disso, verificou-se baixos valores de indice de polidispersdo (PDI)
(méximo 0.19), o que estd dentro dos parametros esperados para o sistema. Como
previamente mostrado, valores de PDI de 0.1 & 1 sdo considerados adequados do ponto
de vista da homogeneidade na distribuicdo de particulas (Gaumet et al. 2008). Em relacéo
ao potencial zeta (PZ), foi encontrado valores de -9,6 a -10,6 mV em NPCL + EAA e
NPCL, respectivamente. O PZ representa a potencialidade eletroquimica da superficie
das nanoparticulas e € um marcador muito importante de interacdo entre nanossistemas e
membranas bioldgicas (Honary & Zahir 2013). Os valores negativos de PZ obtidos em
nosso estudo estdo de acordo com estudos anteriores, que também encontraram uma carga
superficial negativa em nanoesferas usando PCL (Pilar et al. 1996; Campos et al. 2013) e
em nanoparticulas contendo polietilenoglicol (Wang et al. 2015).

Embora tenhamos encontrado caracteristicas fisico-quimicas adequadas na
formulacdo de NPCL + EAA, ndo houve uma associacgdo significativa dos compostos ao
sistema, tendo sido observado apenas 19% de taxa de incorporagdo. Estudos prévios tém
relatado diferentes perfis de incorporagao de compostos presentes em extratos aquosos de
plantas nos nanosistemas (Zorzi et al. 2015). Um estudo utilizando extrato de Phoenix
dactylifera alcancou uma eficiéncia de encapsulacdo entre 70 e 78% em nanocapsulas
(Bagheri et al. 2013). Em trabalho recente, o extrato rico em antocianinas de Hibiscus
sabdariffa incorporado a lipossomas apresentou uma eficiéncia em torno de 70% (Gibis
et al. 2014). Por outro lado, a eficiéncia de encapsulacdo do extrato de cha verde
(Camellia sinensis) encapsulado a nanoparticulas foi de cerca de 30%, apenas (Sanna et
al. 2015). Diversos fatores podem influenciar a eficiéncia de encapsulagdo, incluindo a
natureza do polimero e as caracteristicas quimicas da substancia ativa, e um dos fatores
que se destaca nesse sentido € a diferenca de polaridade entre o ativo e o polimero (Alonso

etal. 1991; Rao & Geckeler 2011). Em estudo de Alonso et al. (1991), os autores relatam
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0 aumento da eficiéncia de associacdo de 4.76 para 60.47% por meio de modificacdes da
massa do ativo associado e do tensioativo utilizado, aumentando, por conseguinte, a
interacdo entre os constituintes da nanoparticula. Em nosso estudo, nds temos uma
condigdo similar ao trabalho de Alonso e colaboradores, aonde o EAA ¢ hidrofilico e o
carreador (PCL) é dotado de natureza lipofilica. Sendo assim, os nossos dados indicam a
necessidade de mais estudos empregando diferentes condic¢Oes de polimerizagéo a fim de
melhorar a eficiéncia de associa¢ao do extrato ao sistema.

Em funcdo da baixa taxa de associagdo obtida e considerando a lacuna de
conhecimento existente sobre o potencial toxico dos sistemas nanoparticulados per se, a
formulacdo de NPCL sem o EAA foi testada em relacdo a sua possivel toxicidade em
cultura de células utilizando uma linhagem tumoral (HEp-2) e ndo tumoral (MRC5)
humanas.

Na Figura 3; capitulo V é possivel observar que baixas doses de NPCL (0,03 e 0,3
pug/mL) ndo causaram reducdo da viabilidade nas duas linhagens avaliadas. Por outro
lado, observou-se que os tratamentos foram capazes de diminuir significativamente a
proliferagdo a partir das concentragdes de 3 ¢ 30 ug/mL (p<0,001) nas células HEp-2 e
MRCS5, respectivamente. A toxicidade de PCL ja foi discutida em poucos estudos. Em
estudo recente, demonstrou citotoxicidade tempo-dependente (a partir de 2, 4 e 6 dias)
em todas as doses testadas (25, 100 e 200 pg/mL) em células pigmentares e endoteliais
vasculares da retina (Lin et al. 2016). Resultados semelhantes foram encontrados em
hepatdcitos apos exposicdo a doses elevadas de PCL (300 e 1000 ug/mL) depois de 72 h
de tratamento (Singh & Ramarao 2013). A dose capaz de inibir a taxa de proliferacdo
celular em 50% (ICso) encontrada em nosso estudo foi de 460+25 pg/mL para HEp-2 e
57351 pg/mL para MRC5 (p = 0,008; t-teste), indicando que as celulas tumorais séo

mais sensiveis aos tratamentos do que as celulas ndo tumorais. A reducédo da viabilidade
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celular foi associada com danos oxidativos e alteracdes redox nos sistemas de defesa
antioxidante das células HEp-2 (Figuras 3-5 e Tabela 2; capitulo V). Ainda, observou-se
que as doses mais elevadas de PCL s&o capazes de induzir alteracbes morfoldgicas nas
células HEp-2 e MRC5 expostas (Figuras 6 e 7; capitulo V). O resultados deste capitulo
demonstram uma possivel ligacdo entre a toxicidade das NPCL e alteragdes no
metabolismo redox das células tumorais, aspectos que devem ser levados em conta na
escolha do melhor sistema polimérico. A partir dos resultados obtidos neste capitulo é
possivel considerar a PCL como um possivel carreador para a vetorizacdo de ativos
antitumorais. Considerando o interessante potencial antitumoral do EAA via modulagéo
da funcdo mitocondrial e alteracBGes epigenéticas, novas tentativas de encapsulacdo do
extrato devem ser investigadas.

Por fim, os resultados obtidos nesta pesquisa mostram a potencialidade dos
compostos quimicos presentes no extrato de A. angustifolia para o desenvolvimento de

novas terapias adjuvantes e/ou complementares para a terapéutica do cancer.
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5 CONCLUSOES

O conjunto de resultados desta tese permite concluir que o extrato proveniente das
bracteas, residuos naturais da pinha de A. angustifolia, apresenta importante e seletivo
efeito antiproliferativo em células tumorais de laringe HEp-2, mediado por alteracdes na
funcdo e dinamica mitocondrial, especialmente em nivel de complexo I, além de
alteracdes epigenéticas. Em conjunto, os dados aqui apresentados destacam o potencial
terapéutico do EAA como antitumoral in vitro.

Este trabalho permitiu obter as seguintes conclusdes especificas:

v A caracterizacdo quimica do EAA identificou a presenca de diferentes classes de
polifendis.

v" O EAA foi citotoxico a linhagem tumoral HEp-2, no entanto, ndo foi capaz de
induzir citotoxicidade significativa na linhagem nao-tumoral HEK-293, nas mesmas
condicdes testadas.

v Danos oxidativos a macromoléculas celulares, aumento da produgdo de 6xido
nitrico e deple¢do nas defesas antioxidantes enzimaticas (Sod e Cat) foram observados
nas células tumorais tratadas com o EAA.

v O ensaio Cometa mostrou que o extrato apresenta atividade genotdxica nas células
tumorais HEp-2 e a analise de microscopia revelou condensacdo da cromatina e
fragmentacdo do DNA.

v" O EAA foi capaz de inibir a atividade do complexo | da CTE de células tumorais
e afetar os niveis de producdo de ATP por estas células.

v A exposicao das células tumorais ao extrato aumentou a expressdo de proteinas
apoptdticas de via intrinseca mitocondrial, mediada pela ativacdo da proteina Bax,

liberagdo de AIF e foi independente da ativagdo de p53.



v" O EAA aumentou os niveis de PDH nas células tumorais, alterando o metabolismo
de obtencéo de energia via glicolise pela fosforilagdo oxidativa mitocondrial.

v' Falhas no potencial de membrana mitocondrial (A¥m) foram observadas,
juntamente com diminuicdo dos niveis de proteinas dos complexos | e Il da CTE e
producdo de ERO apds o tratamento das células tumorais com 0 EAA.

v Alteracbes nos marcadores epigenéticos foram encontradas nas células tumorais
tratadas com o0 EAA, como hipometilacdo do DNA e reducdo da atividade de DNMT1.

v A taxa de associacdo do EAA a NE ndo foi satisfatoria, obtendo-se apenas 19%
de taxa de incorporacao.

v As NE contendo ou ndo o EAA apresentaram um pH estavel, tamanho de particula
adequado, indice de polidispersibilidade inferior a 1 e potencial zeta negativo.

v' As NE per se demonstraram capacidade de alterar o metabolismo de células

tumorais e ndo tumorais, reduzindo a viabilidade celular e induzindo alterag6es redox.
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6 PERSPECTIVAS

Para uma melhor compreensdo dos efeitos gerados pela exposicdo das células
tumorais a0 EAA, assim como para a efetiva encapsulacdo do mesmo, seria de grande
relevancia a avaliacdo dos seguintes aspectos:

v" Analisar os compostos fendlicos presentes no EAA individualmente, a fim de

tentar identificar qual(is) o(s) responsavel(is) pelo efeito antitumoral.

v" Avaliar as principais enzimas regulatérias do metabolismo de carboidratos, em
especial a isoenzima piruvato kinase M2 (PKM2) e a piruvato desidrogenase
kinase 1 (PDKZ1) nas células tumorais, visando identificar os alvos do EAA e/ou
seus constituintes.

v Analisar os niveis de expressao da sirtuina 3 (SIR 3) em células tumorais € ndo
tumorais tratadas com EAA.

v" Verificar a possivel modulacdo nos niveis de expressdo da DNA metiltransferase
1 (DNMT1) a fim de correlacionar com a sua atividade.

v’ Testar novas alternativas de encapsulacdo do EAA as NE, bem como alterar os
parametros de carga e afinidade polimérica, visando a otimizacdo da taxa de
associacao.

v Avaliar o efeito de NE contendo EAA sobre a viabilidade e parametros de estresse

oxidativo em células tumorais.
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Plant-derived products have been considered as an important alternative to common pesticides. Araucaria angustifolia
extract (AAE) containg high levels of polyphenols, which are correlated with mortality in defoliating insects. Therefore,
thiz study aimed to evaluate the effects of AAE treatments on A, gemmatalis larvae, Results showed that AAE was able to
induce lipid, protein, and DNA damage in the larvae via oxidative stress. AAE treatment did not induce larvae mortality;
however, there was an increase in the number of malformed pupae, along with a decrease in the emergence of the insects.
These biological effects may be comelated with the palyphenol content of the AAE,

Keywords: Arancaria angustifolia; velvetbean caterpillar; oxidative damage; polyphenols

1. Introduction

The continued need for pest management in agriculture is
self-evident, with pressure increasing on farmers to boost
production (Birch et al. 2011; Corley and Jervis 2012). In
Brazil, the velvetbean caterpillar Anticarsia gemmatalis
(Hiibner) (Lepidoptera: Erchidae) is a major defoliating
pest of soybean and one of the largest defoliating pests in
the world, causing major losses to agricultural production,
especially in tropical America. Moreover, soybean is one
of the most cultivated grains in the world and contributes
to about two-thirds of global agricultural calories (Ray
etal. 2013).

The emergence of insects resistant to chemical insecti-
cides and the growth of organic agriculture are prompting
an increase in studies on entomotoxic plant-derived com-
pounds, which are considered to be a valuable alternative
to the usual synthetic pesticides widely used in agricul-
ture, The great diversity of vegetal species in Brazilian
ecosystems constitutes an important source for the discov-
ery of new agents with potential entomotoxic activity,
The conifer Arauwcaria angustifolia (Bert) 0. Kuntze
(Araucanaceae) is an endemic tree of Southern Braril,
known popularly as “pinheiro-do-parand” or “pinheiro-
brasileiro™ It is a dioecious species, which means it fea-
tures male and female specimens that have their own dis-
tinct strobilus. The female strobilus consists of seeds (the
edible part of A. angustifolia) and bracts, which are unde-
veloped seeds commonly discarded into the environment,
Our group has previously studied the agueous extract
obtained from the bracts of A, angustifolia, showing that
it is rich in polyphencls (Michelon er al. 2012; Souza
et al. 2014). Phenolic compounds are produced by the
plant as secondary metabolites to provide self-defense

against pests with some of them being associated with
pupal and for larvae mortality in defoliating insects,
meluding A, gemmatalis (Gazzoni et al. 1997; Piabelli
et al. 2003; Salvador et al. 2010).

In this context, the objective of this study was to
investigate oxidative and genotoxic damage induced by
A. angustifolia extract (AAE) on the velvetbean caterpillar
A. gemmatalis. In addition, weight gain, viability, malfor-
mation of the pupae, and emergence of the adults were
evaluated.

2. Materials and methods

2.1 Avaucaria angustifolia extract (AAE)

Female strobiluses of A, angustifolia were collected m Cax-
ias do Sul, Rio Grande do Sul (29710°057S, 517 10746" W),
Brazil. Voucher specimens were identified by the Herbar-
ium of the University of Caxias do Sul, Rio Grande do Sul,
Brazil (HUCS 40710 /4071 1). Bracts were manually sepa-
rated from the pine, and the extract was obtained using 5 g
of bracts in 100 mL of distilled water, under reflux (100 °C)
for 15 min, filtered in Millipore equipment (pore size,
045 wm; SFGS (47LS, Millipore Corp.) and then
Ivophilized (LIOBRAS model L-101) under vacuum pres-
sure to yield a powder. This extract had a total polyphenolic
content of 1586 £ 14.53 mg gallic acid equivalents per
100 g of bracts, The main phenolic compounds of AAE
(Figure 1) are catechin {1406 £ 2.86 mg /100 g bracts),
epicatechin (41.3 £ 2,73 mg /100 g bracts), quercetin
(232 = 006 mg/100 g bracts), and apigenin
(0.6 £ 0.06 mg /100 g bracts), as already described by our
group (Souza et al. 2014 ). To perform the assays, AAE was
solubilized in distilled water immediately before its use.
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Figure 1. Phenolic compounds found in Araucaria angnesidfolia extract. ldentification and quantification were performed through by HPLC
analysis, using an HP 1100 system equipped with a UV /VIS detector (Santa Clara, California, USA), Compound separation was performed
with a 5 pwm Li-Chrospher RP1X column (250 mm = 4 mm) at a Aow rate of 1 mL /min. (A} catechin, (B} epicatechin, (C) quercetin, and
(D) apigenin. Images oblained using Symyx Draw 4.0.0 software (Symyx Technologies Inc., Santa Clara, California, USA).

2.2 Insects

The insects used in this study were from colonies kept at
the Laboratory of Contrel of Pests, Institute of Biotech-
nology, University of Caxias do Sul, Brazil, The insects
were reared on a soy-based diet, according to Greene
et al, (1976), They were maintained in an acclimatized
chamber at 27 £ 1 °C: 50 £ 100 relative humidity, and a
142 10 h light /dark photoperiod.

2.3, Treatments

Thirty larvae (third instars) of A. gemmatalis were used in
each group, which included three AAE treatments (1, 10,
and 50 mg /mL of AAE) and one control group. The lar-
vae were transferred to individual cups, and every two
days the insects were fed on Glycine max foliar discs
(1.0 em diameter) with an air-dried 25 pL drop of a solu-
tion containing 1, 10, and 50 mg /mL of AAE for 10 days.
AAE concentrations were defined from previous tests,
Control insects were fed on foliar discs containing air-
dried 25-pL drops of distilled water, Leaf discs were con-
sumed by the insects within 2 days and were replaced
until the insect reach the pre-pupal stage. All the insect
groups were evaluared every 2 days for weight gain, Rates

of mortality, malformation of pupae (morphological alter-
ations), and emergence of adults were also evaluated. Oxi-
dative damage o lipids and proteins as well as the
genotoxic effects were evaluated on the fourth day of the
treatment, before the larvae reached the pre-pupal stage.

2.4, Oxidative damage to lipids and proteins

Larvae of each treatment were homogenized in | mlL of
ice-cold 50 mM potassium phosphate buffer containing
0.5 mM ethylenediaminetetraacetic acid (EDTA), pH 7.2,
and centrifuged at 1500 = g at 4 °C for 5 min. The super-
natant was used for the assays. To determine the extent of
lipid damage, the assay described by Hermes-Lima and
Storey (1995) was used. Briefly, aliquots (100 pL) of the
supernatant were mixed with 100 pL of the color reagent
(1% thiobarbituric acid [TBA], 50 mM sodium hydroxide
{NaOH), 0.1 mM butylated hydroxytoluene [BHT]) and
50 pL 7% (v /v) phosphoric acid. The mixture was placed
in a boiling water bath for 15 min. After cooling, 1.5 mL
of n-buthanol was added to the mixture followed by cen-
trifugation for 5 min at 1600 = g The absorbance of
supernatant was measured at 532 nm, and the results were
expressed in nanomaoles per milligram of protein. Oxida-
tive damage to proteins was measured by quantifving the
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carbonyl group based on the reaction with 2,4-dinitrophe-
nylhyvdrazine (DNPH) { Levine et al. 1990), An aliquot of
2000 pL of DNPH (10 mM) or 200 pL of hydrochloric
acid (HCI) (2 M) for the blank was added to 50 pL of the
samples. The reaction mixture was incubated in the dark
for 30 min and vortexed every 10 min, Next, 250 pl. of
20% trichloroacetic acid (TCA) was added and the mix-
ture centrifuged at 1500 x g for 8 min. The supernatant
was discarded and the pellet was washed three times with
ethanol —ethyl acetate (1 : 1) to remove free reagent. Sam-
ples were centrifuged and pellets were redissolved in
1000 L of urca solution (8 M) at 37 °C for 15 min.
Absorbance was read at 365 nm, and results were
expressed as nmol DNPH / mg protein, Total protein con-
tent was assayed by the method of Bradford (1976) using
the bovine serum albumin as standard.

2.5, DNA damage

The genotoxicity of the AAE was evaluated through the
alkaline single-cell gel test (Comet assay) according to the
method of Singh et al. (1988), with modifications (Ber-
tholdo-Vargas et al. 2009). Twenty pl. of the hemolymph
from the larvae, collected by capillary, was mixed with
80 pL of low-melting-point agarose (0.75%). The mixture
was poured onto a frosted microscope shde coated with
normal-melting-point agarose (1%) and covered with a
cover slip. After solidification, the cover slip was removed
and the shides were placed in lysis solution (2.5 M NaCl,
100 mM EDTA, 10 mM Tris [pH 10.0], 10% dimethyl
sulfoxide [DMSO], and 1% Triten X-100) at 4 °C for 1 h,
Subsequently, the slides were incubated in freshly made
alkaling buffer (300 mM NaOH and 1 mM EDTA [pH
12.6]) for 20 min to allow DNA unwinding, The DNA was
electrophoresed for 300 min at 25 V (0.9 V em) and
300 mA, After the run, the agarose-fixed cells were neutral-
ized with 0.4 M Tris (pH 7.5). Finally, DNA was stained
with silver nitrate, and the slides were coded for blind

analysis. Images of 100 randomly selected cells (of four
replicated slides) were analyzed from each sample, The
integrity of cell nuclel was assessed visually and the DMNA
damage was scored according to tail size into five classes,
from no tail () to maximal long tail (4). Therefore, the
damage index (DI) could range from O (all cells with no
tail, 100 cells =0), which means no damage, to 400 (all
cells with maximally long tails, 100 cells =x4), which
means the highest damage, The frequency (%) of the dif
ferent classes (0 to 4) of DNA damage was also evaluated.

2.6, Stavistical analysis

Results were expressed as mean £ standard deviation
(5D} obtained from two independent experiments. The
Kolmogorov—Smirnov  test was used to assess the
parametric distribution of data. Statistical significance
was evaluated using one-way analysis of variance
(ANOVA) and Duncan’s post-hoc test. The relationships
between the vanables were assessed with Pearson’s prod-
uet-moment  correlation  coeflicient.  Significance  was
accepted at P = 0.05. Statistical analyses were performed
using the Statistical Package for Social Sciences (SPSS)
version 21 (Ilmos, USA) for Windows.

3. Results

In order to examine the effects of AAE on A. gemmatalis
development, third instars larvae received six doses of
G. mar loliar dises containing 25 pL of 1, 10, and
50 mg /mL of AAE for 10 days, resulting in a total intake
of 0,15, 1.5, and 7.5 mg of AAE. To evaluate the possible
cytotoxic mechanism of the extract, AAE concentrations
were administered for 4 days, resulting in a total intake of
0,05, 0.5, and 2.5 mg of AAE,

Mo statistical differences were observed between
weight gain of the control group and the larvae treated
with AAE (Figure 2). Moreover, there was no alteration
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Figure 2. Average weight gain img) of insects treated with Araucaria angustifolia extract (AAE) for 10 days. Two groups of 30 insects
{third instars) in individual cups were fed Glveine max foliar discs containing increasing concenirations of extract (0.13, 1.5, and 7.5 mg
of AAE) and were weighed every 2 days. Control insects were fed on foliar discs containing distilled water. The bars represent mean

+ 5D of two independent expenments.

147



a* a

_ 100+ S
3
2 8“-
:—s'
2 604
_%
B 404
£
S 204
e
<

0

International Jowrnal of Pest Management 117

3 Control

B AAE (0.15 mg)
El AAE (1.5 mg)
El AAE (7.5 mg)

Figure 3. Percentage of viability (%) of the insects in the contral and larvae treated with Araucaria angustifolia extract (AAE) after
10 days, Two groups of 30 insects (third instars) in individual cups were fed with Glyeime max foliar discs (0.15, 1.5, and 7.5 mg of
AAE). Control insects were fed on foliar discs conlaining distilled waier. The bars represent mean £ 5D of two independent

experiments,

in the number of surviving larvae until the 10th day of the
treatment {Figure 3). However, AAE induced an increase
in the number of malformed pupae (Figure 4A), along
with a decrease in the emergence of the msects (1.5 and
7.5 mg of AAE treatments) (Figure 4B). Together, these
data indicate that AAE causes structural and physiological
changes in A gemmatalis larvae.

AAE treatments induced an increase in oxidative dam-
age to both lipids and proteins. The increase in the
TBARS (thiobarbituric acid reactive substances) levels
was around 1.7 and 1.8 times higher than the control at
doses of 0.5 mg and 2.5 mg AAE, respectively. Similar
effects were observed in the carbonyl protein levels, being
around 1.8 and 2 times higher than the control at doses of
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Figure 4. Momphological and structural alterations induced by Araucaria angustifolio extract treatment in Anticarsia gemmatalis,
(A) Percentage of malformation pupae in the control and larvae-treated groups. (B) Percentage of emergence ol adulis. The bars repre-
sent mean £ 5D of two independent experiments. *Different letters correspond o values significantly different using analysis of

varance (ANOWVA) and Duncan's post-hoc test for P = 0,05,
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Table 1. Oxidative damage 1o lipids and proteins, and DNA damage in Anticarsia genmaralis induced by treatment with Araucaria

angustifolio extract (AAE),

AAE (mg/mlL) TBARS (nmol'mg protein)

Carbonyl protein

(nmol DMPH / mg protein) DMNA damage index (DI}

0.0 (control) 19,11 4 3,53
.03 23.24 +2.35°
0.5 32.87 < 2.58°
25 3541 4 1.43°

14,53 +0.10°
16.93 4+ 3.42°
26.60 4 0.20°
29 48 +0.30°

4.67 + 057
15.67 +£3.22"
TEOD 4 1273
96.50 + 14 85°

Third instar A. genomasells fed for two days on foliar discs containing 0 or (L05—-2,50 mg /mL of AAE, On the fourth day, larvae of each treatment were
homogenized 4 five insects /1 mL) in order to obtain cellular extracts, Hemolymph was used for DNA damage evaluation (Comet assay).
*Different leters correspond to values significamtly different using analysiz of variance (ANOVA) and Duncan’s post=hoe test for P = 0,05 for each treat-

ment evaluated,
TBARS = thiobharbituric acid reactive subsiances,

0.5 mg and 2.5 mg AAE, respectively. In addition, DNA
damage was significantly increased at all the AAE con-
centrations tested when compared with the control, which
showed a basal damage index (Table 1). The DNA dam-
age found for 0.05 mg of AAE treatment was approxi-
mately 4 times higher than the control, whereas for
0.5 mg and 2.5 mg of AAL, it reached 17 and 20 times
higher than the control, respectively. Furthermore, AAE
administration (0,03, 0.5, and 2.5 mg) decreased the fre-
quency of undamaged cells and increased the frequency
of classes 2, 3, and 4 of DNA damage, mainly at higher
doses, In the treatment with 2.5 mg of AAE, a significant
increase in the frequency of cells with maximal DNA
damage (class 4) demonstrated a higher level of genotox-
icity (Table 2).

Correlation analysis ( Pearson test) between bioassays
data, oxidative stress markers, DNA damage index, and

polyphenols content from AAE are shown in Table 3. No
emergence was positively correlated with damage te any
of the biomolecules and the contents of catechin, epicate-
chin, and apigenin found in AAE. In relation to the mal-
formation of pupae, only oxidative damage o proteins
was positively correlated with this parameter, There was a
significant correlation between oxidative damage to lipids,
proteins, and DNA with all the polyphenols present in the
AAE.

4. Discussion

Phenolic compounds represent a valuable biological con-
trol alternative, because they play important functions in
plant defense against microorganisms and insects {Dixon
and Steele 1999; Samoilova et al. 2014). Taking into
account the high polyphencl content of AALE, this extract

Table 2. Freguency (%) of the different classes of DNA damage in control and Araucario angustifolia extract (AAE-treated groups in

Anvicavsia gemmaralis hemaolymph,

AAE treatments

Damage ¢lass 2 Damage class 3 Damage class 4

{mg/mlL) Undamaged cells Damage class |
0.0 {control) 0667 + 0.57" 200 & .02
0.5 8667 4 306" 1100 £ 3.00°
15 4050 £ 1717 4400 £ 9,197
S0 £ 566 3400 & 266"

0006 % 000" 0.00 + .00 0,00 £ 100"
233 4 0,58 100 £ 0.01" (.00 £ 00,00
14.50 £ 495" 200 £ 0.07° 250+ 0,120
19,00 £ 2.73" 350+ 0.71" .00 £ 0,05

Cells were assessed visually and received scores from 0 {undamaged) to 4 (maximally damaged), aceording to the size and shape of the tail. Results repre-

sent average values + SD.

*Supersenpd letlers indicate significant differences according 1o ANOVA and Duncan's posi-hoc test for P = 0,05 in cach treatment cvaluated.

Table 3. Pearson correlations between bioassays data, oxidative damage to lipids and proteins, DNA damage, and polyphenols found in

Araucaria angustifolia extract {AAE).

No emergence Malformation

Lipid damage Protein damage DM A damage

No emergence

D620(FP =0.101)

Malformation 0620 (F=0.101) -

Lipid damage 0895 (P =0.003) 0699 (P = (.054)
Protein damage 0858 (P =0.006) 0735 (P =0.038)
DNA damage 0879 (P =0.004) 0AT5(P=0.067)
Catechin 0,624 (P = 0.049) 1L407 (P = 0.158)
Epicatechin 0621 (7= 0.050) 0,404 (P =0.160)
Quercetin 0600 (P=0.058) ARD(P=0.171)
Apigenin 0.624 (= 0.049) 0407 (P = 0.158)

L89S (P = 0.003)
LG99 (P = 0.054)
DOZ1(P =0.001)
0,960 P = 10,0004
0,766 (F = 0.027)
0,764 (P = 0.027)
0,747 (P =0.033)
0.766 (P = 0.027)

(LESE (P = 0.006)
0735 (P = 0.038)
0O21F =0.001)
0977 (P = 0.000)
(LEOS (P =0.016)
(802 (F=001T)
0786 (P =0.021)
(0LB0S (P = 0.016)

0879 (P =104}
0.675 (P =1L067)
0,960 (P = 1L.000)
0.977 (P = 0.000)
0.820 (F=10.013)
0818 (P =0.013)
0.801 (P =0.017)
0,820 (7 = 0.013)
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was assayed in A, gemmatalis, a caterpillar known to be a
major defoliating pest of soybean (Piubelli et al. 2005;
Salvador et al, 20007, Assays were conducted using leaf
discs of G max, because results obtained by other authors
{ Duffey and Stout 1996) have shown that ingredients used
in artificial diets can increase the impact of chemical com-
pounds related to plant defense. The concentrations of
AAE tested were 1, 10, and 50 mg /mL for 10 days (lar-
vae viability, malformation of pupae, and emergence rate
determination) or 4 days (oxidative damage to lipids and
proteins and DMNA damage assay), resulting in a total
intake of 0.15, 1.5, and 7.5 mg (10 days treatments) or
0.05, 0.5, and 2.5 mg (4 days treatments). Higher concen-
trations of AAE were not tolerated by the insects (data not
shown).

Although AAE did not induce mortality in the larvae,
important secondary elfects were observed, such as mal-
formation of pupae and a reduction in the rate of adult
emergence, Similar results were found by Hoffimann-
Campo et al. (2006), showing detrimental effects on the
larval growth without any significant effects on mortality
in A gemmatalis fed on a rutin-amended diet.

The AAE was able to induce oxidative damage to lip-
ids and proteins on A, gemmatalis larvae. Similar results
were found by Summers and Felton (1994}, which demon-
strated increased levels of oxidative damage to lipids and
proteins in Helicoverpa zea larvae treated with phenolic
acids {caffeic and chlorogenic acids). Lipid peroxidation
caused by oxidative stress can lead to a progressive
decrease in the fluidity of the membrane, reducing the
potential increased the 1on permeability and generating a
cascade of damaging events within the cell {Barber and
Bernheim  1967). Oxidative damage to proteins s
involved in several events, such as a loss in specific pro-
tein function, disruption of the cellular redox-balance, and
interference with the cell eyele (Halliwell and Gutteridge
2007y, Although other more studies are needed, it is possi-
ble that the oxidative stress induced by AAE could be
associated with the malformations and lack of emergence
observed in the A, gemmatalis larvae,

Measurement of DNA damage is a very important tool
to evaluate the rtoxicity of different compounds, The
Comet assay is one of the most versatile techniques for
the evaluation of genotoxicity. Moreover, this is a sensi-
tive method to assess both quantitative and qualitative lev-
els of DNA damage in any nucleated cell (Fairbairn et al.
1995; Collins et al. 2008). In the present study, we
employed the standard alkaline comet assay, which is able
to detect single- and double-strand breaks as well as
alkali-labile sites (Singh et al. 1988; Collins et al. 2008).
Our results showed that AAE is able to induce high levels
of DNA damage in A, gemmatalis larvae. However, it is
mmportant o mention that the DNA damage detected by
the Comet assay could be repaired. Therefore, it would be
interesting to assess how much of this damage could be
fixed, by employing mutagenicity experiments, such as a
micronucleus assay (Kier and Kirkland 2003), which eval-
vates the frequency of chromosomal alterations in the
Lenome,
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Oxidative damage to lipids, proteins, and DNA along
with the non-emergence of the insects were positively cor-
related with the polyphenol content of the AAE. These
compounds are secondary metabolites produced by the
plants for the purpose of self-defense. Polyphenols can be
structurally classified into favonoids (flavan-3-ol, flavo-
nol, flavone, isoflavone, flavanone, and anthocvanidin
subclasses) and non-flavonoids (Del Rio et al. 2013). Cat-
echin and epicatechin, the major compounds found in the
AAE, are flavan-3-ols, the most complex subclass of fla-
vonoids. Quercetin belongs to the flavonol subclass. Fla-
vones, such as apigenin, also found in AAE, have similar
structure to flavonols. except they lack a hydroxyl group
at carbon 3 (Del Rio et al. 2013). The three classes (fla-
van-3-ols, flavonols, and flavenes) of polyphenols pre-
sented in AAE could be linked to the biological elfects
observed in A. gemmatalis. Polyphenols have been shown
to increase reactive oxygen species (ROS) levels in cell
culture and multicellular organisms (Tang and Halliwell
2010), Moreover, phenolic compounds can induce oxida-
tive stress in herbivores (for review, see Appel 1993),
including lepidopteran insects (Felton et al, 1989; Felton
and Duffey 1991, 1992; Bi et al. 1994). This is detrimental
to the organism since high levels of ROS affect the cellu-
lar redox balance, and will lead to lipid and protein oxida-
tion, as well as DNA damage (Halliwell and Gutteridge
2007).

In summary, the findings of our study show that AAE
can  induce oxidative stress and DNA damage in
A, gemmatalis, an important defoliating pest of soybeans.
In addition, AAE causcs significant alterations during the
stages of insect development, leading to pupal malforma-
tion and reduced adult emergence. Although further stud-
ies are needed to fully examine the mechanism of action
of AAE in the context of insect biology, our results open
new perspectives regarding biological pest management
in breeding programs,
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Redox imbalance mediates entomotoxic effects of
the conifer Araucaria angustifolia in Anticarsia
gemmatalis velvetbean caterpillar
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Abstract: The velvetbean caterpillar, Anticarsia gemmatalis is one of the most im-
portant pests of soybean crops in tropical America. By feeding on leaves, significant
defoliation occurs resulting in reduced photosynthetic capacity required for plants’
maintenance and growth, which subsequently can lead to crop losses and reduced
agricultural productivity. Many studies have sought to look for compounds that have
insecticidal effects. One class of compounds is phenolics, which are produced by
plants and have been found to influence the behavior and development of defolia-

tors, representing an important alternative approach to many synthetic insecti-
cides. Particularly, Araucario angustifolia is a plant rich in polyphenols, which are
compounds able to alter cellular dynamics through modulating redox status. In this
study, A. angustifolia extract (AAE) was added to the artificial diet of A. gemmatalis.
The results demonstrated that AAE was able to reduce larval viability by inducing
morpholagical changes and a delay in the insect’s developrent. In addition, AAE
was found to induce oxidative damage to lipids and proteins, as well as increased
nitric oxide levels in A. gemmatalis larvae. AAE treatments also decreased the an-
tioxidant defense systems, leading to a redox imbalance. The reduction in viability
in A. gemmatalis was positively correlated with oxidative markers, suggesting that
redox imbalance can lead to larvae’s death. These results suggest that AAE possess
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insecticidal potential through the mechanisms of action of altering cellular redox
state. Though further studies are required to confirm this, our study nevertheless
contributes to a better understanding of AAE’'s mechanisms of action as potential
biopesticides in pest management, opening new perspectives on the development
of compounds with insecticidal action.

Subjects: Agriculture & Environmental Sciences; Biochemistry; Biotechnology; Environmental
Studies & Management

Keywords: biological control; lepidopteran; velvetbean caterpillar; polyphenols

1. Introduction

The Lepidoptera order covers a broad and diverse group of insects around the world, including spe-
cies that are crop pests. Among them, the velvetbean caterpillar, Anticarsio gemmuatalis (Hibner,
1818) (Lepidoptera: Erebidae) is the main insect pest that requires control measures in soybeans
crops, especially in Brazil, which is the world's second-largest producer of soybeans, behind the
United States of America (USDA, 2015). Attack of A. gemmatalis on soybean crops causes defolia-
tian, which in turn compromises the quality and yields by altering the filling of the grains and pods
of the plant (Levy, Falleiros, Moscardi, & Gregério, 2011). Considering the importance of soybean as
one of the most cultivated grains in the world, (Ray, Mueller, West, & Foley, 2013) pest control ac-
tions and management are therefore crucial.

Currently, the most cormmon intervention for A. gemmatalis control in soybean agriculture is the
employment of synthetic insecticides (Bernardi et al., 2012). However, the continuous intensive use
of chemical pesticides may contribute to an increase in pest resistance leading to failure to pest
control (Sarfraz, Keddie, & Dosdall, 2005). Considering the diverse problems associated with the
maossive use of these chemicals in agriculture and in environment, the biotechneology field can con-
tribute to the discovery and development of new alternative pest control strategies (Penman, 1994).
Some natural opponents including viruses (Baculovirus anticarsia) (Braconi et al, 2014; Piubell,
Hoffmann-Campo, Moscardi, Miyokubo, & de Oliveira, 2006; Piubelli, Moscordi, & Hoffmann-Campo,
2009), entomopathogenic fungi (Bertholdo-Vargas et al.,, 2009), and bacteria (Fiuza, Schiinemann,
Finto, & Zanettini, 2012; Gobatto et al., 2010) have been used for biological control of pest popula-
tions of A. gemmatalis;, however, they are not completely effective, prompting mare studies to inves-
tigate better pest management strategies for agronomical applications.

The great diversity in plant kingdom represents an impaortant source of molecules with potential
entomotoxic value, Araucaria angustifolia (Bert. 0. Kuntze) belongs to the Araucariaceoe family and
is found in South America. It is a dioecious species that contains male and female reproductive or-
gans carried on distinct strobilus. The female strobilus consists of seeds (the edible part of A. angus-
tifolio) and brocts, which are undeveloped seeds naturally discarded into the environment that
contains high levels of bioactive compounds, particularly polyphenols (Branco et al., 2015; Michelon
et al, 2012; Souza et al., 2014). Flants naturally produce phenolic compounds in order to provide
self-defense against pests. Some of these phenolic compounds have been shown to present ento-
motaxic effects on defoliating insects, including A. gemmatalis (Batista Pereira et al,, 2002; Gozzoni,
Hilsmeyer, & Hoffmonn-Compo, 1997; Hoffmann-Campe, Ramos Neto, Oliveira, & Oliveiro, 2006;
Fiubelli et al., 2006; Salvador et al., 2010) and 5. frugiperda (Batista Pereira et al,, 2002).

The potential of noturel compounds must be token into occount when defining the best pest con-
trol appraach. In this context, the aim of this study waos to investigote possible entomotoxic effects
induced by A, angustifolio extract (AAE) when administered in on artificial diet to soybeon caterpillar,
A. gemmatalis. In order to understand the possible entomatoxic mechanisms induced by AAE, oxi-
dative damage to lipids and proteins, nitric oxide levels, and antioxidont defenses systerns were
evaluated.
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2. Materials and methods

2.1. Araucaria angustifolia extract

Mature fermale strobili of A, angustifolio were collected in Caxias do Sul, Rio Grande do Sul (29°9°34.90"
5, 51"8°45.34° W); Ibama n® 02001.001127/2013-94, Brazil. Voucher specimens were identified by
the Herbarium of the University of Caxias do Sul, Rio Grande do Sul, Brazil (HUCS 40710/40711).
Bracts were manually separated from the pine, and the extract was obtained using 5 g of bracts in
100 mL of distilled water, under reflux (100°C) for 15 min, filtered in Millipore equipment (pare size,
0.45 pm; 5FGS 047LS, Millipore Carp.) and then lyophilized (LIOBRAS model L-101) under wvacuum
pressure to yield a powder. To perform the assays, AAE was solubilized in distilled water immediately
before odded to artificial diet. The chemical characterization of AAE was already described by our
research group (Branco et al, 2015; Michelon et al., 2012; Souza et al,, 2014) and the presence of
several polyphenals, including isoflovones and bioflavonoids waos confirmed (Figure 1).

2.2. Insects

The insects (4. gemmuatalis) used in this study were from colonies kept at the Laboratory of Control
of Pests, Institute of Biotechnology, University of Caxias do Sul, Brazil. The insects were reared on
artificial diet (Greene, Leppla, & Dickerson, 1976), maintained in an acclimatized chamber ot 27 * 1°C;
50 £ 10% relative humidity; and o 14:10 light/dark photoperiod.

2.3. Treatments and experimental design

Thirty larvae (third instars) of A. gemmatalis were used in each group, which included three AAE
treatments (1.25, 5, and 10 mg/mL AAE) ond one control group. The larvae were transferred to indi-
vidual cups, and every two days, the insects were fed on ortificial diet of 1.25, 5, and 10 mgfmL AAE.
The AAE concentrations were defined from previous tests. Insects served as control were fed with
artificial diet without AAE. The diet waos cut with a stainless steel spatula, previously cleaned with
70% alcohol, and individually offered to eoch coterpillor, in cubes around 1 cm?, during the daily
maintenance activities. Diets were consumed by the insects within two days and were replaced until
the insects reach the pre-pupal stage. All the insect groups were evaluated every two days for weight
gain. Rates of larvae and pupae mortality and malformation of larvae and pupae (morphological
alterations) were evaluated. Oxidative and nitrosative stress, as well as enzymatic and non-enzy-
matic antioxidant cellular defenses were evaluated on the fifth day of the treatment.

2.4, Lipid and protein oxidative damage

Larvaoe of each treatment were homaogenized (five insects per mL) in ice-cold 50 mM phosphate po-
tassium buffer containing 0.5 mM ethylenediominetetroacetic acid (EDTA), pH 7.2, and centrifuged
at 1,500 % g ot 4°C for 5 min. The supernatant was used for the assays. To determine lipid domage,
aliguots (100 pL) of the supernatant were mixed with 100 pL of the color reagent (1% thicbarbituric
acid (TBA), 50 mM sodium hydraxide (NaOH), 0.1 mM butyloted hydroxytoluene (BHT)) and 50 pL 7%
{v/v) phosphaoric acid. The mixture was placed in o boiling woter bath for 15 min. After cooling, 1.5 mL
of n-buthanol was odded to the mixture followed by centrifugation for 5 min at 1,600 % g. The ab-
sorbance of supernatant was measured at 532 nm, and the results were expressed in nmol/mg of
protein (Hermes-Lima & Storey, 1995). Oxidative damage to proteins was measured by guantifying
the carbonyl groups bosed on the reaction with 2 4-dinitrophenylhydrazine (DNPH) (Levine et al.,
1990). Two hundred pL of DNPH (10 mM) or 200 pL of hydrochloric acid (HCL) (2 M) for blank was
added to 50 pL of the samples. The reaction mixture was incubated in the dark for 30 min and vor-
texed every 10 min. Mext, 250 pL of 20% trichloroacetic ocid (TCA) was odded and centrifuged at
1,500 = g for 8 min. The supernatant was discarded ond the pellet wos washed three times with
ethanol-ethyl acetate (1:1) to remove the free reagent. Sarmples were centrifuged and pellets were
redissolved in 1,000 pL of urea solution (8 M) at 37°C for 15 min. Absorbance was read at 365 nm,
and results were expressed as nmol DNPH/mqg protein.
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Figure 1. Polyphenolic
compounds identified in
Araucaria angustifolia extract
(AAE). (A) Cotechin; (B)
Epicatechin; (C) Rutin; (D)
Quercetin; (E) Apigenin (F)
&'-Methoxytectorigenin; (G)
3-Glucoside-dihydroquercetin;
{H) Amentoflavone

&4 7,7 -tetramethyl ether.

Mote: Images abtained using
Symyx Drow 4.0.0 software
{Symyx Technologies Inc.,
Santa Clara, California, USA).
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2.5. Nitric oxide levels
To evaluate the possible nitrosative stress induced by AAE in A. gemmatalis larvae, nitric oxide (NO)
levels were determined as nitrite NO;J production, using the Griess reaction-based method (Green,
Tannenbaurn, & Goldman, 1981). Larvae of each treatment were homogenized (five insects per mlL)
in ice-cold 50 mM phosphate potassium buffer containing 0.5 mM ethylenediominetetroocetic acid
[EDTA), pH 7.2, and centrifuged at 1,500 x g at 4°C for 5 min. For the assay, 50 pL of supernatonts
was reacted with an equal volume of Griess reagent (0.1% naphthylethylenediamine and 1%
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sulfanilamide in 5% H,PO,) for 10 min at room termperature, and the absorbance was read at 5350 nm.
Sodium nitroprusside was used as the standard. The results were expressed os nmaol of nitrite per ma
of protein.

2.6. Superoxide dismutase and catalase activities

After treatments, third instar A. gemmatalis were homogenized (five insects per mL) in ice-cold
50 mM phosphate patassiurm buffer containing 0.5 mM ethylenediaminetetroacetic acid (EDTA), pH
7.2, and 0.1 mM phenylmeathylsulforyl fluoride (PMSF) (protease inhibitar), The homogenate was
centrifuged at 1,600 % g at 4°C for 30 min, and the supernatants were used for both enzymatic as-
says. Superoxide dismutase (Sod) activity was measured by the inhibition of self-catalytic adreno-
chrorne formation rate at 480 nm, in a reaction medium containing 1 mmol/L odrenaline (pH 2.0)
and 50 mrmol/L glycine (pH 10.2) at 30°C for 3 min (Bannister & Colobrese, 1987). Results were ex-
pressed as Usod {units of enzyme activityl/mg protein, One unit is defined as the ormount of enzyme
that inhibits the rate of adrenochrome formation by 50%. Catalase (Cat) activity was measured by
rate of H,0, decornposition at 30°C for 1 minin 240 nm (Aebi, 1984). Results were expressed os UCat/
mg of protein, One unit is defined as the amount of enzyme that decomposes 1 mmol of H.0, in
1 minat pH 7.4. All absorbance were measured in a microplote reader (Victor-X3, multilabel counter,
Perkin Elmer, Finland).

2.7. Protein sulfhydryl content

This assay is based on the reduction of 5,5 -dithiobis(2-nitrobenzoic acid) (DTNB) by thiols, generat-
ing o yellow derivative (TNB), whose absorption is determined spectrophotometricolly ot 412 nm
(Aksenov & Markesbery, 2001), The sulfhydryl content is inversely correlated to oxidative domage to
proteins. Results were expressed as mmol of DTNB/mg of protein.

2.8. Protein content determination
Larvae tatal protein content was guantified by the method of Bradford, using the bovine serum al-
bumin as standard {Bradford, 1976).

2.9, Statistical analysis

Results were exprassed os mean * standard deviation (30) abtained from two independent experi-
ments. The Kolmogorov-Smirnov test was used to assess the parametric distribution of doto,
Statistical significance was evaluated using o ene-way analysis of varance (ANOVA) and Duncan’s
post hoc test. Relationships between the continuous variables were assessed using Pearson's cor-
relation coefficient. Significonce wos accepted ot p < 0.05. All statistical onolyses were performed
using the 5P55 21.0 software (5P5S Inc., Chicogo, IL).

3. Results

In this study, we started the experiments with third instars A, gemmatalis, which received on artifi-
ciol diet containing 1.25, 5, and 10 mag/mL AAE for 10 days. The diet was offered until the insects
reached the pre-pupation stage, which occurred between 8th and 10th days. In view of this, the
parameter weight gain was evaluated until the 6th day. It was observed that larvae fed with AAE
had a reduced weight in all tested concentrations when compared to control group, even before the
4th day (Figure 2). Moreover, higher concentrations of AAE (5 ond 10 mag/mL) were able to induce a
significont decrease in weight compared to those fed with 1.25 mg/mL AAE on the 4th and &6th days.

In addition to weight changes, AAE-treated A, gemmatalis showed significant altered morpholo-
gy, mainly with 5 and 10 ma/mL treatments (Figure 3), along with malformation of pupoe and low
emergence of adults (dota not shown), Among AAE-treated larvae, mortality at the larvol stage
reached to 10.0, 96.7, and 99.0% with 1.25, 5, and 10 ma/mL AAE, respectively (Figure 4{A)). In com-
parison to pupal mortality, 26.6% of mortality with 1.25 mg/mL AAE was observed, while 95% of
pupae mortality was abserved at both concentrations of 5 and 10 ma/mL AAE (Figure &{B)).
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Figure 2. Average weight gain
(milligrams) of insects treated
with Araucaria angustifolia
extract (AAE) for 10 days.

Motes: Groups of 30 insects
{third instars) in individual
cups were fed with artificial
diet containing increasing
concentrations of extract
{1.25; 5 and 10 mg/mL of
ARE] and were weighed
every 2 days. Control insects
were fed with artificial diet
containing distilled water.
Values are expressed as
mean * standard deviation.
The symbol * indicates o
significant difference (p <
0.05) from the control group.
The symbol ** indicotes a
significont difference (p = 0.05)
from larvae treated with AAE.
Analysis of variance (ANOVA)
and Duncan's post-hoc test for
p = 0.05.

Figure 3. Evaluation of larvae
maorphology of Anticarsia
gemmatalis treated with
increasing concentrations of
Araucaria angustifolio extract
(AAE).

Motes: Photographs of
Anticarsia germmatalis on the
five day of treatment with
Araucaria angustifolio extract
(AAE). (A) exemnplary of the
contral group showing normal
rmorphology; (B) exemplary of
the group treoted with 1.25
rmgfml of AAE showing normal
maorphology; (C) exemplary of
the group treoted with 5 mg/
mlL of AAE showing altered
rnorphology; (D) exermplary

of the group treated with

the higher concentration of
AAE (10 ma/mlL) shawing
significontly oltered
morphology.

<X cogent -~ food & agriculture

15
[ JRSETE

s =12 epiml
-

- p LTI
=310 mpirl

" &

Alverage weight g freg)
7]

Far evaluation of redox stotus, we onolyzed cellular extrocts of larvoe fed with artificiol diet, in the
presence or absence of AAE on the fifth day of treatment. AAE treatments (5 and 10 mg/mL) induced
an increase in oxidative domage to beth lipids and proteins. In addition, nitric oxide levels were sig-
nificantly increased in all AAE concentrations tested when compared to the control (Table 1), indi-
cating that AAE is able to induce oxidotive and nitrosative stress. This condition, along with low
antiozidant defenses systems, is very dangerous to cells. For this reason, we next investigated the
activity of the antioxidant enzymes, superoxide dismutase, and catalase, as well as the noen-enzy-
matic cellular defense, sulfhydryl protein content in A, gemmatalis larvae. Our results showed that
the activities of 5od ond Cot enzymes, ond the protein sulfhydryl levels were significantly decreosed
at all treatment concentrations of AAE (Table 2), indicating a depletion in antioxidant defenses.

Pearson's correlation analysis between A. gemmatalis viability (at the larval stage or pupal) and
redox status markers was performed and is shown in Table 3. Viability was positively correlated with
both superoxide dismutase (r=0.933; p = 0.001} ond catalose activities (r = 0.756; p = 0.030), and
with sulfhydryl content {r = 0.904; p = 0.002); however, it was negatively correlated with oxidative
damage to lipids (r = -0.940; p = 0.001) and proteins (r = —0.966; p = 0.001); ond nitric oxide
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Figure &4. Percentage of viability
(%) of Anticarsia gemmatalis
larval and pupal in the control
ond treated groups with
Araucaria angustifolio extract
(AAE)

Mote: Groups of 30 insects
(third instars) in individual
cups were fed with artificial
diet contoining increasing
concentrations of extract
{1.25; 5 and 10 mg/mL of
AME). Control insects were fad
with ortificial diet containing
distilled water. Different
letters correspond to values
with significant effects using
analysis of varionce [ANDWVA)
and Duncan’s post-hoc test for
p=0.05.
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Table 1. Oxidative and nitrosative stress parameters evaluated in A. gemmatalis treated with
A. angustifolio extract (AAE)

Groups TBARS (nmol/mg Carbonyl protein Mitrite concentration
protein) (nmol/mg protein) {nmol/mg protein)

Control 0127 £ 00140 1674 £ 0.108 0.720 £ 0.004*

AAE 1.25 mgimL 3173 +0.035° 2366 + 0.304° 0958 + 0.136%

AAE 5 magimil Da4b +0.062° 6.743 + 0055 1057 0087

AAE 10 mgfrmL 0632 +0.040F B028+ 1537 1008 + 00455

Netes: Third instar A. gemmatalis larvae fed for four days with artificial diet containing 0 or 1,25-10 mg/ml of AAF,
Different superscript letters correspond to walues stotistically different using analysis of wariance (ANOVA] and Duncan's
post hoc test for p = 0.05 for each parameter evaluated. TRARS: thiobarbituric acd reactive substonces.

Table 2. Enzymatic and non-enzymatic antioxidant defense systems evaluated in A.

gemmatalis treated with A. angustifolia extract {AAE)

Groups Superoxide Catalase (UCat/mg Sulfhydryl content
dismutase (USod/mg protein) (mmaol/mg protein)
protein)
Contral 0.704 + 0,064 0.973 £ 0.044° 0.030 £ 0.004
AAE 1,25 magiml D487 +0,056° 0,651 + 0084 0,018 + 0005
MAE S mgimil 0,243 £0.02% 0.553 £ 0093 0u00a £ 0,002
AAE 10 mafmL 0.280 + 0.005° 0.586 + 0.045¢ 0,003 + 0.001"

Nates: Third instar A. gemmaotalis fed for four doys with ortificial diet containing 0 or 1.25-10 mg/mL of AAE. Different
superscript letters correspond to values statistically different using analysis of vorionce (ANOVA] ond Duncon's post
foc test for p £ 0005 for each parameter evaluated, Usod: omount of enzyme that inhibits the rate of adrenachrome
formation in 50%. UCat: amount of enzymea that decomposeas 1 mmaol of H,0, in 1 min at pH 7.4,

production {r = -0.746; p = 0.034). Moreover, negative correlations were found significant between
oxidative damage to biomolecules and nitric oxide levels with antioxidant defenses (Table 3).

4, Discussion

Matural products constitute an impaortant source of phytochemical ogents with several biological
activities, including entormotoxic activity (Céspedes, Calderdn, Lina, & Aranda, 2000; Macedo,
Oliveira, & Oliveira, 2015; Miyazawa, Wada, & Kameoka, 2001). The use of these compounds offers
numerous advantages over conventional synthetic pesticides used in crops, and therefore could
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Table 3. Pearson correlations between A. gemmatalls viability, lipid and protein oxidative
damage, nitric oxide levels, and antioxidant defense systems

Viability Lipid Protein Nitric Sod Cat Sulfhydryl

[ [ damage | damage oxide activity [ activity |
Wighility 03507 0.966% 0746 0933+ 0.756* 0804
Lipid dam ~0.980" - 097 0702 -0.849" -0.699 -0.871"
age
Frotein -0.966" na70* - 0.706 -0.885" —0.744* -0.875
GCII'HEIE_iE
Nitric axide -0.745" 0702 0.706 - -0.889* ~0.865** -0.931*
Sod octivity | 0933+ | 0,345 | -0.885* -0.380 - | 0.853 | 0.986"
Cat activity | 0.756° | 0.699 | 0.764° 0.865* 0853 | - | 854"
Sulfrydryl 0004 -0.871" —0E7s™ -0ga 0986 0BS54

Motes: Sod: superoxide dismutase; Cot: cotalose.
*Statistically significant for p < 0.05.
*Sratistically significant for p £ 0,01

potentially prevent problems associated with insecticidal resistance, reduction in predatory and
parasitoid insects, and also toxicity to other animals and to environment (Duke et al., 2003).

Phenalic compounds found in plants cover a chemically diverse and widespread group of defen-
sive molecules that ranges from simple phenolics to complex polymers (Del Rio et al,, 2012; Quideau,
Deffieux, Douat-Casossus, & Pouységu, 2011). These secondary metabolites participate in defense
mechanisms ogainst ultraviolet rodiation and plant pathogens (Appel, 1993; Whitehill, Rigsby,
Cipollini, Herms, & Bonello, 2014). Although polyphenols are well known by its antioxidont effects,
they can become pro-oxidant at high doses, leading to the formation of reactive oxygen species
(ROS) and inducing oxidative stress (Halliwell, 2007, 2008; Prochdzkova, Bousova, & Wilhelmowa,
2011). Thus, phenolic compounds can be toxic to herbivorous insects (Appel, 1993; War, Paulraj,
War, & Ignacimuthu, 20110, 20110).

The endemic conifer, A. angustifolio (Bert. 0. Kuntze), contains phenolic compounds of different
closses including flavonoids and non-flavonoids. Previously, we investigoted the entomotoxic effect
of an aqueous extract obtained from the sterile seeds of AAE on velvetbean caterpillar A. gemmata-
lis cellular state. We found that this extract was able to induce oxidative and genotoxic damage in
larvae of A. gemmatalis; however, it was unable to induce larval mortality (Branco et al., 2014).
Considering thot phenclic compounds are molecules that may be oxidized by different conditions,
such as luminosity expasition, heating, and humidity level, we believe that the absence of significant
effect on the viability of A. gemmatalis could be attributed to the experimental design performed by
us. Therefore, in the present study, we added the Araucaria extract powder on the insect's artificial
diet in order to maintain its stability, while aveiding possible food interferences. We observed that
AAE was able to induce a significant reduction in weight of A. gemmatalis, as well as alter the larval
marphology, deform the structure of pupas, and decrease emergence of adults. Besides these ac-
tions, we found that AAE administration coused significant reduction in A. gemmatalis viability, both
at larval and pupal stoges. At larval stage, the lethal concentration (LC, ) found was ot 3.5 mg/mL
AAE, i.e. the lethal concentration that is needed to reduce 50% of the individuals of o population. On
the other hand, the LC,, wos 2.3 mo/mL during the pupal stoge, indicating thot these insects are
maore sensitive to AAE at this particular stage of development. These results are consistent with a
study performed by Batista Pereira et al. (2002) who demonstrated that flavonoid astilbin was able
to induce significant toxicity during the pupol stage of A. gemmatalis and S. frugiperdo. The data
found in our study indicate thot concentrations around 3.0 mo/mL are most promising for future
tests oimed ot evaluating the toxic effects of AAE on the biology and development of A
gemmuatalis.
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In order to evaluate the entomotoxic mechanisms of action of AAE, we decided to investigate
levels of oxidative stress, as well as the possible modulation of the antioxidant defense systems in
third instars A. gemmatalis. The AAE treatments induced an increase in oxidotive damage to both
lipids and proteins, as well as an elevated production of nitric oxide, indicating high index of oxida-
tive stress and cellular damoge. Oxidative domage to biomolecules such as lipid peroxidation and
protein modifications is involved in several events that subsequently may lead to cell death (Cabb &
Cole, 2015). Cellular nitrosative stress may also occur through nitrosylation of proteins and lipids
through the incorporation of nitric oxide and its derivatives (0'Donnell et al., 1992). Nitric oxide (NQ)
is a ubiguitous and water-soluble molecule, which plays key role in various physiological and patho-
logical processes in mammals (Korde Choudhari, Chaudhary, Bogde, Gadbail, & Joshi, 2013). In in-
vertebrates, including insects, NO production has been shown to play a key role in inducing cellular
response of these organisms against pathogens and other stress conditions (Faraldo, 5a-Nunes, Del
Bel, Faccioli, & Lello, 2005; Foley & O'Farrell, 2003; Gourdon, Guérin, Torreilles, & Roch, 2001; Nappi &
Ottaviani, 2000), Moreover, NO plays a critical role in the initiation of insect metamorphosis, as ob-
served during Drosophila developrment {Caceres et al., 2011), indicating that this molecule is associ-
ated with important biological processes regarding metabolism and behavior (Yomonaka &
O Connor, 2071), In our study, the increrment in NO levels induced by AAE may be understood as the
insect's respanse to toxicity as o result of polyphenol metabolisrm.,

To counteract oxidative stress, eukaryotic cells possess an antioxidant defense system that con-
trols RO5 generation and levels, However, when ROS levels exceed the capacity of antioxidant de-
fense systems, cellular oxidative stress occurs (Halliwell, 2007, 2008; Halliwell & Gutteridge, 1955).
In our study, we demonstrated increased oxidative stress, as the activities of Sod and Cot antioxi-
dant enzyrmes were found significantly depleted after treatments. This suggests that AAE is inducing
the generation of high levels of superoxide anion radical (3, and hydregen peroxide (H,0.), contrib-
uting to cellular redox imbalance in A gemmatalis. Sod enzyme is impartant for the detoxification of
02' inte H,0., which is subsequently dismutated by Cat enzyme. In addition to the reduction of Sod
and Cat activity, we demonstrated for the first time that AAE was able to reduce the levels of protein
sulfhydryl, an important non-enzymatic ontioxidant defense marker, in A, gemmatalis larvae,
Superoxide onion and hydrogen peroxide are thought to be byproducts of cerobic respiration gener-
ated by electron transport chain of the mitochondria (Boe, Oh, Rhee, & Yoo, 2011). Though mito-
chondria are traditionally known for producing energy for cellulor survival, they also play an
important role in regulating other cellular mechanisms such as apoptosis, an essential dynamic
process that maintains the stability of the internal environment and contrals the development of
multicellular organisms, including insects (Huang, Lv, Hu, & Zhong, 2013). Taking into account the
link between redox imbalance and apoptosis, our results suggests that AAE-induced ROS genera-
tion, mainly by O, formation observed in this study, may be responsible for the reduction in insect
viahility, leading to cell death possibly vio mitochondrial regulation of apoptosis signaling. However,
further studies are needed in order to confirm this hypothesis,

In surmmary, our data demonstrated that the entomaotoxic mechanisms presented by AAE are as-
sociated with redox imbalance in A. gemmatalis larvae, leading to reduction in viability and deleteri-
ous changes in its development. As well, our data suggest that the natural extract of A, angustifolia
presents a potential to be used as a biological control agent for the management of velvetbean
caterpillar A, gemmatalis in soybean crops.
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