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RESUMO

O cancer de mama triplo negativo (CMTN) representa a forma mais agressiva da doenga
e apresenta elevada taxa de mortalidade atribuida a metastase. O docetaxel (DTX) é um
quimioterapeutico frequentemente usado no tratamento do CMTN. No entanto, efeitos
adversos limitam sua aplicagdo como monoterapia. A biodiversidade brasileira representa
fonte rica de moléculas bioativas que podem contribuir para o tratamento do CMTN. O
oleo de pequi (Caryocar brasiliense Camb), planta originaria do Cerrado brasileiro, €
constituido principalmente por acidos graxos e carotenoides que lhe conferem diversas
propriedades biologicas, incluindo efeito antitumoral. Além disso, o &cido anacardico
(AA), isolado da casca da castanha de caju (Anacardium occidentale), também apresenta
potencial anticancer. Entretanto, a hidrofobicidade dessas moléculas representa limite a
suas administrac@es. Portanto, nanoemulsao a base de 6leo de pequi (PeNE) foi projetada
como sistema de transporte e liberacdo do 6leo sozinho ou em associagdo com DTX e AA
baseando-se em terapia combinatéria. Neste trabalho, as investigagdes foram conduzidas
em 4 capitulos: (1) sintese e caracterizacdo de PeNE e avaliacdo da citotoxicidade em
células 4T1 e NIH3T3; (11) investigacdo dos efeitos antitumorais do PeNE em células
4T1, in vitro, na proliferacdo celular, morfologia, funcionamento de organelas
(lisossomo, mitocéndria, nucleo), mecanismos celulares (producdo de ROS e liberagdo
de calcio) e perfil de morte; (111) sintese, caracterizacdo e avaliacdo do efeito antitumoral
da associacdo da PeNE com DTX (PDTX) e AA (PAA) em células 4T1 na morfologia,
proliferacdo celular, organelas, mecanismos celulares, perfil de morte, in vitro (IV) e
avaliacdo da eficacia e toxicidade por meio de andlises clinicas, bioguimicas,
hematoldgicas e histopatoldgicas em modelo de camundongos fémeas balb/c, in vivo. Os
resultados demonstraram sucesso na obtencdo de PeNE estavel e com caracteristicas
adequadas a proposta de ser utilizada como plataforma para transporte de biomoléculas.
Além disso, PeNE apresenta atividade citotdxica em células 4T1 dose e tempo dependente
com diminuicdo da proliferacdo celular, inducdo de lesdo da membrana plasmatica,
bloqueio do ciclo celular, fragmentacdo de DNA, permeabilidade da membrana
lisossomal, despolarizacdo da membrana mitocondrial, alteracdo da morfologia celular,
da producdo intracelular de ROS e no nivel de célcio. Adicionalmente, a associacdo de
DTX e AA a PeNE aumentou a eficacia dos tratamentos, in vitro. A combinacao
PAA+PDTX apresentou efeito aditivo e foi considerada como tratamento mais promissor,
in vitro. Contudo, os ensaios in vivo sugeriram que a combinacdo AA+DTX livres
administrados por via intratumoral é o tratamento de maior eficacia com diminuigo
significativo do volume tumoral, regressdo tumoral em 50% dos animais tratados e
impedindo processo de metéstase em 100% dos animais. Apesar dessa diferenca
observada entre modelos in vitro e in vivo, pode-se concluir que a associacdo de AA e
DTX, livres (in vivo) ou nanoencapsulado (in vitro) apresentou melhoria quando
comparado com os demais tratamentos. Dessa forma, essas combinagdes sdo promissoras
e merecem futuros estudos para investigar melhor o potencial anticancer.

Palavras chaves: 6leo de pequi, docetaxel, cido anacardico, nanoemulséo, 4T1



ABSTRACT

Triple negative breast cancer (CMTN) is the most aggressive form of breast cancer and
presents high mortality rate attributed to metastasis process. Docetaxel (DTX) is a
chemotherapeutic frequently used in the treatment of CMTN. However, adverse effects
limit its application as monotherapy. Brazilian biodiversity represents a rich source of
bioactive molecules that can contribute to the treatment of CMTN. Pequi oil (Caryocar
brasiliense Camb), a plant native to the Brazilian Cerrado, is mainly constitute of fatty
acids and carotenoids that give it several biological properties, including antitumor
effect. In addition, anacardic acid (AA), isolated from the cashew nut shell (Anacardium
occidentale), also demonstrates anticancer potential. However, the hydrophobicity of
these molecules represents a limit to their administrations. Therefore, pequi oil-based
nanoemulsion (PeNE) was designed as a transport and release system for oil alone or in
association with DTX and AA based on combinatorial therapy. In this work, investigations
were conducted in 4 chapters: (I) synthesis and characterization of PeNE and evaluation
of cytotoxicity in 4T1 and NIH3T3 cells; (Il) investigation of the antitumor effects of PeNE
in 4T1 cells, in vitro, on cell proliferation, morphology, organelle functioning (lysosome,
mitochondria, nucleus), cellular mechanisms (production of ROS and release of calcium)
and death profile; (lll) synthesis, characterization and evaluation of the antitumor effect
of the association of PeNE with DTX (PDTX) and AA (PAA) in 4T1 cells in morphology, cell
proliferation, organelles, cellular mechanisms, death profile, in vitro (IV) and evaluation
of efficacy and toxicity by clinical, biochemical, hematological and histopathological
analyzes in a model of female balb / c mice, in vivo. The results demonstrated success in
obtained stable PeNE with characteristics appropriate to the proposal to be used as a
platform for transporting biomolecules. In addition, PeNE shows dose and time
dependent cytotoxic activity in 4T1 cells with decreased of cell proliferation, induction
of plasma membrane damage, cell cycle block, DNA fragmentation, lysosomal
membrane permeability, mitochondrial membrane depolarization and alteration of cells
morphology, intracellular production of ROS and the level of calcium. Additionally, the
association of DTX and AA with PeNE increased the effectiveness of treatments, in vitro.
The PAA + PDTX combination presented an additive effect and this treatment group was
considered the most promising, in vitro. However, in vivo trials suggested that the
combination AA + DTX administered intratumorally is the most effective treatment with
significant reduction in tumor volume, tumor regression in 50% of treated animals and
preventing metastasis in 100% of animals. Despite this difference observed between in
vitro and in vivo models, it can be concluded that the association of AA and DTX, free (in
vivo) or nanoencapsulated (in vitro) showed improvement when compared with the
other treatments. Thus, these combinations are promising and deserve future studies
to better investigate their anticancer potential.

Key words: pequi oil, docetaxel, anacardic acid, nanoemulsion, 4T1
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1- INTRODUCAO

O céancer € a segunda doenca cronica nao transmissivel de maior incidéncia no
Brasil e no mundo com aproximadamente 9,6 milhdes de morte em 2018 (WHO, 2020).
Por definicdo, o cancer representa um conjunto de doencgas caracterizadas pela presenca

de células em crescimento continuo e descontrolado (INCA, 2020).

Depois do cancer de pele ndo-melanoma, o cancer de mama é o mais comum
dentre as mulheres e representa mais de 25% dos casos de cancer no Brasil (INCA, 2020).
Em 2018, 66.280 novos casos de cancer de mama foram diagnosticados no Brasil,
principalmente nas regides Sudeste, Sul, Centro-Oeste e Nordeste. O cancer de mama
pode apresentar uma taxa de desenvolvimento variavel de acordo com o seu grau de
agressividade e aparece, geralmente, depois dos 50 anos de idade (INCA, 2020). Além
disso, o cancer de mama pode manifestar-se como um tumor maligno capaz de
desencadear metastase no figado, pulmdes, cérebro, 0ssos e linfonodos proximos a mama,
se ndo for detectado precocemente. O Instituto Nacional do Cancer (INCA) no Brasil
relata que ainda ndo se conhece a causa principal do surgimento do cancer de mama.
Portanto, varios fatores de risco podem atuar como agentes co-carcinogénicos tais como
fatores ambientais e comportamentais, fatores hormonais e/ou fatores genéticos (INCA,
2020).

Os tratamentos convencionais séo a cirurgia completa ou parcial da mama e a
radioterapia, empregadas quando o tumor ¢ localizado, e a quimioterapia, frequentemente
utilizada para tratar o tumor em fase metastatica (Harbeck et al. 2019). Portanto, a escolha
do tratamento depende do local e do estagio do tumor. Esses tratamentos apresentam
grandes chances de cura quando aplicados em estagios precoces da doenca. Em estagio
avancado, 20 a 35% de pacientes apresentam recorréncia do tumor e metastase apos
cirurgia completa ou parcial (Li et al., 2015). A radioterapia, geralmente associada a
cirurgia, causa danos em células normais e irritacdo no local da aplicagdo. A
quimioterapia representa a administracdo de farmacos por via endovenosa. Os efeitos
colaterais dependem do tipo de farmaco utilizado e consistem em baixa seletividade
levando a morte de células normais, alopecia (perda de cabelo), distdrbios
gastrointestinais, infertilidade entre outros (Sanchez-Barcelo et al., 2012). Além disso,
alguns estudos ressaltaram que as células cancerigenas podem apresentar resisténcia aos
farmacos utilizados. Portanto, a busca para novas estratégias terapéuticas se tornou uma

necessidade.



Nos ultimos anos, tém-se intensificado estudos utilizando compostos obtidos a
partir de fontes naturais que possam contribuir para o tratamento do cancer. Os primeiros
relatos referentes ao uso de planta nos tratamentos de doengas no mundo ocidental datam
do século XVIII (Al-Hazzani et al. 2012). O &cido anacardico (AA) é um composto
natural isolado da espécie de caju Anacardium occidentale. Esta planta possui varias
propriedades bioldgicas tais como fungicida, inseticida e atividades antioxidante e
antitumoral (Al-Hazzani et al. 2012). O AA é considerado o principal principio ativo
natural do liquido da casca da castanha de caju, representando 60-65% da sua
composicgdo, e ja demonstrou o0 seu grande potencial antitumoral contra varios tipos de
canceres como ovario (Xiu et al., 2014), adenocarcinoma de pulmao (Seong et al., 2013),
mama (Schultz et al., 2010), melanoma (Mateus et al., 2014) entre outros (Hemshekhar
etal., 2011). Entretanto, a aplicacdo do AA é limitada devido a sua baixa solubilidade em
solucgdes aquosas.

Em 1971, o Paclitaxel (PTX) foi identificado e isolado da planta Taxus brevifolia
e é utilizado, até hoje, como agente quimioterapico. O Docetaxel (DTX) é um agente
citotoxico semissintético desenvolvido em 1990 a partir do Paclitaxel (Barreiro, 2015) e
ja demonstrou um efeito antitumoral duas vezes maior que o PTX contra varios tipos de
canceres tais como mama, ovario, pulmdo, gastrico e préstata (Kang et al., 2015). Em
2010, a sua comercializacao atingiu 3,1 bilhdes de dolares em venda no mundo (Barreiro,
2015). O DTX comercial & composto pelo surfactante ndo-iénico Tween 80 e por etanol.
Portanto, o seu uso clinico é limitado devido a sua baixa solubilidade em solucGes
aquosas, a sua rapida eliminagdo no organismo e a sua baixa seletividade e distribuicéo
(Tan et al., 2012). Além disso, varios efeitos colaterais das suas formula¢des comerciais
(Taxotere® e Duopafei®) foram relatadas como neutropenia, toxicidade musculo-
esquelético, neuropatia periférica e reacdo de hipersensibilidade (Tan et al., 2012).
Adicionalmente, a resposta do DTX em paciente em estagios avancados de cancer de
mama é de apenas 48% (Li et al., 2015).

Diante deste cenario, 0 uso de terapia combinatdria pode apresentar um grande
potencial para o tratamento de cancer. De fato, a eficiéncia de tais terapias em canceres
ja foi demonstrada em varios estudos com efeitos aditivos ou sinergéticos de compostos
associados (Al Lazikani et al., 2012). Além disso, o National Comprehensive Cancer
Network guideline recomenda a combinacdo do DTX com outras drogas como a
capecitabina em paciente em estagios avancados de cancer de mama (Li et al., 2015).

Adicionalmente, Hejazi e colaboradores (2015) demonstraram o efeito sinérgico do DTX
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junto ao extrato de isoflavona de soja em linhagem de cancer de mama murino 4T1. Até
0 momento, nenhum estudo referente ao efeito da combinacdo do DTX junto com AA em
cancer de mama foi encontrado. Dessa forma, a investigacdo para essa estratégia seria de
grande relevancia dado o potencial terapéutico de ambas moléculas.

Adicionalmente, o emprego da nanotecnologia pode ser uma promissora estratégia
para melhorar os efeitos do DTX e do AA aplicados concomitantemente e minimizar os
possiveis efeitos adversos. A nanotecnologia é uma ciéncia multidisciplinar que estuda a
utilizacdo e o desenvolvimento de sistemas em escala nanométrica (Ferrari, 2005). Na
area da salude humana, um dos seus objetivos € a formulagdo de nanossistemas
biocompativeis capazes de transportar e liberar medicamentos de interesse até o alvo
(Parveen et al., 2012). Varios estudos ja relataram o uso de diversos nanocarreadores para
transportar o DTX como lipossomos, nanoparticulas lipidicas, nanoemuls6es entre outros
(Tan et al., 2012). Até o momento, 0 uso de nanocarreadores para o transporte de AA é
pouco investigado. O AA é principalmente utilizado para funcionalizar e tornar mais
biocompativeis nanoparticulas poliméricas e metalicas (Willi et al., 2013; Milowe et al.,
2014).

Nanoemulsdes sdo emulsdes com particulas dispersas de tamanho nanométrico e
apresentam diversas vantagens como biocompatibilidade, biodegradabilidade,
estabilidade e facilidade de producdo em larga escala. As nanoemulsdes podem ser
aplicadas em vérias areas tecnoldgicas sendo utilizadas, principalmente, como sistema de
liberacdo de farmacos (Anuchapreeda et al., 2012). Ganta e colaboradores (2012)
ressaltaram que o efeito de DTX foi mais eficiente quando associado a nanoemulsdes em
cancer de ovario in vitro. O uso de nanoemuls@es a base de 6leo de soja contendo DTX
também demonstrou maior eficiéncia em linhagem de cancer de mama MCF-7 in vitro e
in vivo ap6s administracdo oral em camundongos fémeas Swiss (Sanchez barcelo et al.,
2012). O uso de AA nanoencapsulado para o tratamento de cancer é ainda pouco
investigado. Contudo, Al-Hazzani e colaboradores (2012) ressaltaram a atividade
citotdxica do extrato de A. occidentale em nanoemulsdes em linhagem de cancer de mama
MCF-7.

A maioria dos estudos referente a sintese de nanoemulsdes utilizam 6leo de soja
devido ao facil acesso e baixo custo. Entretanto, a combinacéo das propriedades de outro
tipo de 6leo pode ser de grande relevancia. O pequi da espécie Caryocar brasiliense Camb
€ uma importante cultura originaria do Brasil e € principalmente encontrado nas regides

do bioma cerrado. O extrato da fruta do pequi é considerado uma fonte natural de
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compostos antioxidantes como vitamina C, carotendides, compostos fendlicos e dleos
essenciais (Colombo et al., 2012). Colombo e colaboradores (2012) demonstraram a
diminuicdo do estresse oxidativo e dos danos no DNA ap0s aplicacédo do 6leo de pequi
em células de cancer de pulméo. Além disso, o grupo de pesquisa liderado pela Profa.
Dra. Graziella Anselmo Joanitti ja desenvolveu com sucesso nanoemulsées a base de 6leo
de pequi (Silva et al., 2015; Rocha et al., 2014). Adicionalmente, essas hanoemulsdes
apresentaram um efeito terapéutico promissor e de maior eficiéncia, em comparacao com
0 6leo de pequi livre, em linhagem de cancer de mama MCF-7 (Rocha et al., 2014). Dessa
forma, o uso do 6leo de pequi na formulacdo de nanoemulsGes pode levar a um efeito

aditivo e/ou sinérgico na atividade antitumoral.

Considerando-se a necessidade do desenvolvimento de estratégias terapéuticas
complementares as convencionais para o cancer de mama, a proposta do presente trabalho
busca investigar os efeitos de um tratamento combinado, associando-se 6leo de pequi,
acido anacérdico e docetaxel com o objetivo de induzir efeito antitumoral promissor, com
a reducdo das doses necessérias para cada composto, e a minimizacao de efeitos adversos
em modelos in vitro e in vivo de cancer de mama triplo negativo. Para isso, o trabalho
utilizara conceitos e contara com ferramentas da nanotecnologia para o desenvolvimento
de nanoemulsdes capazes de carrear 0s compostos antitumorais de interesse, 0s quais
apresentam natureza hidrofdbica, visando otimizar sua administracdo e interagdo com as

células-alvo.

A presente tese esta estruturada da seguinte forma: revisao da literatura; objetivos
geral e especificos; capitulos referentes aos resultados; conclusdo; perspectivas e
anexos. Os trés primeiros capitulos ja se encontram na forma de artigo. Os capitulos | e
Il tratam do desenvolvimento e caracterizacdo de nanoemulsao a base de dleo de pequi
(PeNE) (Capitulo I) e investigacdo dos possiveis mecanismos de agdo em células de
cancer de mama (4T1), in vitro (Capitulo Il1). Os capitulos Il e IV referem-se a
investigacao da associacao do docetaxel e do acido anacardico a nanoemulsdo a base de
6leo de pequi como terapia combinatéria em células de cancer de mama (4T1) in vitro
(capitulo 1) e in vivo (Capitulo IV).



2- REFERENCIAL TEORICO

2.1 Cancer — carcinogénese e hallmarcks

O céncer representa um conjunto de doencas caracterizadas pela presenca de
células em crescimento continuo e descontrolado (INCA, 2020). E a segunda doenca
crébnica ndo transmissivel de maior incidéncia no Brasil e no mundo com

aproximadamente 8,8 milhdes de morte por ano (INCA, 2020).

A formacéo do cancer conhecida como carcinogénese, na maioria das vezes, é de

progressdo lenta e requer multiplas etapas (Figura 1).
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Figura 1. Etapas da carcinogénese. A célula normal se transforma em tumor maligno apos
passar por vérias fases: iniciacdo, promocao, progressao e metastase onde o tumor se espalha no
organismo. Adaptado de:
https://med.libretexts.org/Courses/American_Public_University/APUS%3A_An_Introduction_t
o_Nutrition_(Byerley)/Text/07%3A_Nutrition_and_Cancer/7.02%3A _Carcinogenesis
(acessado em novembro de 2020).

A iniciacao do tumor é o primeiro estagio da carcinogénese. Durante esta fase, as
células sofrem modificacbes genéticas apOs exposicdo aos agentes carcindgenos
quimicos, fisicos e/ou bioldgicos (Weinberg, Douglas 2017). O segundo estagio da
carcinogénese é a promocdo tumoral onde o tecido hiperplasico passa a ser chamado de
tecido displasico (Weinberg, Douglas 2017). A fase é reversivel e estd associada a
exposicao prolongada de agente carcindgeno que resulta em um aumento anormal da
proliferacdo celular e de alteraces na expressédo génica (Oliveira et al. 2007). Dessa
forma, o DNA modificado é transferido para as células filhas e o tumor se expande. As
células alteram sua morfologia e funcdo de origem, mas ainda é considerado como
benigno (Weinberg, Douglas 2017). A Gltima etapa da carcinogénese é a de progressao.
As celulas modificadas se multiplicam de forma descontrolada e adquirem a capacidade
de invadir outros tecidos por vias linfaticas e a partir da angiogénese, o processo de

formacéo de novos vasos sanguineos. Dessa forma, as células tumorais podem entrar em



https://med.libretexts.org/Courses/American_Public_University/APUS%3A_An_Introduction_to_Nutrition_(Byerley)/Text/07%3A_Nutrition_and_Cancer/7.02%3A_Carcinogenesis
https://med.libretexts.org/Courses/American_Public_University/APUS%3A_An_Introduction_to_Nutrition_(Byerley)/Text/07%3A_Nutrition_and_Cancer/7.02%3A_Carcinogenesis

metastase, se espalham nos tecidos proximos ou distantes do sitio inicial e formam o

cancer maligno propriamente dito (Oliveira et al. 2007).
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Figura 2. Caracteristicas adquiridas pelas células ao longo da carcinogénese (Hallmarks of
cancer). Adaptado de Hanahan e Weinberg, 2017.

Ao longo da carcinogénese, o tecido tumoral passa a adquirir Vvarias
caracteristicas, como as ilustradas na figura 2. Uma desregulacdo na resposta dos sinais
supressores a divisdo celular leva as células a adquirir a caracteristica fundamental de
célula tumoral, a proliferacdo descontrolada. Dessa forma, as células se replicam
infinitamente e se tornam resistentes aos sinais de morte celular. Além disso, a
angiogénese possibilita que as células cancerigenas recebam os nutrientes e 0 oxigénio
necessarios para o crescimento, assim como propicia a sua invasdo em outros tecidos e,

consequentemente, o processo de metastase (Weinberg, Douglas 2017).
2.1.1 Cancer de mama

Depois do cancer de pele ndo-melanoma, o cancer de mama é o mais comum

dentre as mulheres e representa mais de 29,5 % dos casos de cancer no Brasil (INCA,



2020). No Brasil, 17.763 mortes devido ao cancer de mama foram registradas em 2018 e

o Instituto Nacional do Cancer (INCA) estima a 66.280 novos casos em 2020.

Diversos fatores de riscos participam ao desenvolvimento do cancer de mama e
podem agir como agentes co-carcinogénicos tais como fatores ambientais (exposicéo a
raios X) e comportamentais (sobrepeso / obesidade, consumo de alcool, tabagismo e
sedentarismo), fatores hormonais (pilula anticoncepcional oral e terapia de reposi¢do
hormonal), historia reprodutiva (menarca, gravidez, amamentagdo e menopausa) e/ou
fatores genéticos e hereditarios (Rudolph et al., 2018; INCA, 2020). Fatores genéticos
estdo associados a mutacfes em alguns genes (BRCA1, BRCA2, TP53, ATM e CHEK2)
que sdo transmitidos aos descendentes e aumentam os riscos de desenvolver o cancer de

mama (Kapoor et al., 2020).

Como todo tipo de cancer, o diagnostico precoce da doenca permite maior chance
de cura e diminuicdo da mortalidade entre os pacientes. As técnicas mais usadas para
diagnosticar o cancer de mama sdo mamografia, ressonancia magnetica, ultrassom,
tomografia computadorizada, tomografia por emissdo de pdsitrons e bidpsia (Wang
2017). Outras técnicas baseadas em biomarcadores também podem ser empregadas como
radioimunoensaio, imuno-histoquimica, ensaio imunoenzimatico (ELISA) e
fluoroimunoensaio (Wang 2017). As proteinas Ki67, PCNA e MCM sdo um dos
biomarcadores de proliferacdo celular mais usados no diagnostico do cancer de mama
(Jurikova et al., 2016). O cancer de mama pode apresentar uma taxa de desenvolvimento
variavel de acordo com o seu grau de agressividade e aparece, geralmente, depois dos 50
anos de idade (INCA, 2020). Aléem disso, o cancer de mama pode manifestar-se como um
tumor maligno capaz de desencadear metastase no figado, pulmdes, cérebro, ossos e

linfonodos proximos a mama, se ndo for detectado precocemente.

A classificacdo do cancer de mama evoluiu ao longo dos anos e se tornou cada
vez mais especifica se baseando em caracteristicas histologicas e moleculares (Harbeck
et al. 2019). De acordo com caracteristicas histologicas, o cancer de mama se divide
principalmente em carcinoma ductal (70-75%) e carcinoma lobular (10-14%) quando as
células sé@o provenientes de células do ducto e do I6bulo mamario, respectivamente.
Outros 17 subtipos (tubular, cribriforme, mucinoso, carcinoma lobular pleiomorfico,
carcinoma metaplasico de alto grau e carcinoma micropapilar entre outros) também sdo
relatados pela Organizacao Mundial da Saude (WHO) (Harbeck et al. 2019). Entretanto,
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a classificacdo mais usada na clinica se baseia nas caracteristicas moleculares e divide o
cancer de mama em cinco grupos principais: luminal tipo A (60-70%), luminal tipo B
com receptor de fator de crescimento epidérmico humano tipo 2 negativo (HER2-) (10-
20%), HER2 positivo do tipo ndo luminal e luminal tipo B HER2+ (13-15%) e triplo
negativo (10-15%). O subtipo triplo negativo se define pela auséncia de expressdo dos
receptores a estrogénio (ER), progesterona (PR) e HER2. Ele representa o tipo mais
agressivo, com grande potencial de desencadear metastase e baixo prognostico (Garrido-
Castro et al., 2019).

A escolha do tratamento depende do subtipo e do estagio do tumor. Os tratamentos
mais convencionais sdo a cirurgia completa ou parcial da mama (mastectomia), a
radioterapia, a quimioterapia, a hormonioterapia (terapia hormonal) e a imunoterapia. A
cirurgia representa o tratamento principal do cancer de mama e € usada na maioria dos
casos em associagcdo com outras terapias para garantir eliminacéo total do tecido tumoral.
Todavia, como toda intervencao cirdrgica, ha riscos para o paciente e impacto emocional
pos-operacdo é elevado. A radioterapia, geralmente associada a cirurgia (antes e,
principalmente depois), consiste em expor o paciente a radiacdo ionizante que causa
danos ao material genético das celulas e morte celular. Entretanto, essa terapia causa
também danos em células normais e irritacdo no local da aplicacdo (Moo et al., 2019). A
quimioterapia consiste na administracdo de farmacos do tipo bloqueadores enddcrinos,
antraciclinas ou quimioterapicos baseados em taxano por via endovenosa. Contudo, a
baixa seletividade com morte de células normais, efeitos adversos e surgimento de
resisténcia aos farmacos podem ser reportados. No caso do cancer de mama com
receptores hormonais positivos (ER + / PR +), a terapia hormonal é usada com
administracdo de tamoxifeno que se liga ao ER e inibe seu efeito no crescimento tumoral.
Quando o tumor esta avancado, o tamoxifeno é administrado em conjunto com horménio
liberador de gonadotrofina (Harbeck et al. 2019). Mais recente, a imunoterapia demonstra
potencial no tratamento do cancer de mama com a aplicagdo de anticorpos monoclonais
como o transtuzumab e 0 bevacizumab para estimular o sistema imunitario do paciente e
levar as proprias células de defesa a combater o tumor (Meulendijks et al. 2016). Esses
tratamentos apresentam grandes chances de cura quando aplicados em estagios precoces
da doenca. Entretanto, suas limitacfes tornam necessario a busca e o desenvolvimento de

novas alternativas terapéuticas. Nos Ultimos anos, tém-se intensificados estudos



utilizando compostos obtidos a partir de fontes naturais que possam contribuir para o

tratamento do cancer.

2.2 Terapia combinatoria

Devido a complexidade e heterogeneidade da massa tumoral a aplicacdo de um dnico
tratamento é cada vez menos usada. De fato, a monoterapia pode nao ser suficiente para
controlar todas as células cancerosas e aumenta a possibilidade de recorréncia do cancer.
A outra desvantagem da terapia Unica é a necessidade de prolongar o tratamento por mais
tempo o que pode levar as células a desenvolverem resisténcia (Bhatia et al., 2020).
Portanto, a associacdo de varias terapias representa estratégia eficaz no combate ao
cancer. A terapia combinatoria pode ser a combinacdo de duas terapias tais como
radioterapia e cirurgia, radioterapia e imunoterapia, quimioterapia e imunoterapia entre
outras. Adicionalmente, a combinacdo de varias drogas em quimioterapia também

consiste em terapia combinatdria (Bhatia et al., 2020).

O uso de varios farmacos permite focar o tratamento em diversos alvos celulares,
aumentar sua eficdcia por efeito de sinergismo ou aditivo, diminuir doses e,
consequentemente, minimizar efeitos adversos e resisténcia (Mokhtari et al., 2017; Bhatia
et al., 2020). A conceptualizagdo da terapia combinatéria surgiu em 1965 com a
associacdo de metotrexato, 6-mercaptopurina, vincristina e prednisona no tratamento
sucedido de leucemia aguda pediatrica (Al-Lazikani et al., 2012; Bayat et al.,
2017). Entretanto, é importante levar em consideracao o desenho experimental da terapia
combinatoria para determinar o tipo de farmaco e seu alvo celular, a dose de cada

farmaco, a ordem de aplicacdo no paciente e o tempo de tratamento (Chen et al., 2016).

O interesse para uso de produtos naturais de origem vegetal como agente anticancer
cresce cada vez mais ao longo dos anos. Principalmente utilizados em medicina
tradicional, extratos de plantas sdo compostos por diversas classes de moléculas tais como
flavondides, alcaldides, polissacarideos, 6leos essenciais, quinonodides, terpendides,
cumarinas e saponinas (Zhang et al., 2020). A associacdo dessas moléculas com

quimioterapicos representa nova op¢ado para o tratamento do cancer de mama.



2.2.1 Oleo de pequi

A biodiversidade brasileira representa uma fonte rica de produtos naturais. A
familia Caryocaraceae esta dividida em 26 espécies diferentes distribuidas em 2 géneros:
Caryocar e Anthodiscus. A espécie mais estudada é Caryocar brasiliense Camb.,
popularmente conhecida como pequizeiro, piqui, pequi, pequia, améndoa do espinho,
grdo de cavalo ou améndoa do Brasil, e é originaria do bioma Cerrado (Nacimento-Silva
e Naves, 2019). O termo “pequi” possui como origem o tupi-guarani, idioma indigena, e

significa “pele de espinho” (py (pele) e qui (espinho)) (Amaral et al., 2014).

O pequi representa grande valor econbémico para o pais com uma producao
nacional de 27.183 toneladas em 2019 e receita de mais de 3 milhdes de reais para 0s
diferentes  extrativistas  (http://sidra.ibge.gov.br/pesquisa/pevs/quadros/brasil/2019;
Conab B, 2019).

O pequi é dividido em epicarpo, mesocarpo externo, mesocarpo interno e
endocarpo espinhoso (Figura 3A). A polpa do pequi corresponde ao mesocarpo externo
e interno e é rica em carotenoides, vitaminas, polifendis, zinco, magnésio, fibras, calcio
e lipideos. A quantidade de carotenoides varia de acordo com a regido de plantacdo do
pequi e Ihe confere sua coloracdo amarela. O endocarpo espinhoso possui 0 papel
protetivo da semente ou améndoa que €é rica em proteinas, lipideos e fibras (Nacimento-
Silva e Naves, 2019).
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Figura 3. (A) Aspecto da fruta do pequi. (B) Estrutura quimica do &cido oleico e do acido
palmitico, principais acidos graxos do pequi.

Fonte: https://paladar.estadao.com.br/noticias/comida,pequi-o-rei-do-cerrado-da-polpa-
a-castanha, 70001648354 com adaptagéo.

O oleo do pequi, originario da polpa e da semente, possui grande quantidade de
acidos graxos insaturados e saturados como &cido oleico (~50%) e acido palmitico
(~40%), respectivamente (Figura 3B). Principalmente usado na culinaria nacional, varias
comunidades indigenas usam o pequi e seu 6leo para fins medicinais para tratar diversas
enfermidades como doengas respiratorias, edema, problemas oftalmicos relacionados a
baixa ingestdo de vitamina A, queimaduras, cicatrizacao de feridas, hematomas, inchaco
e distUrbios menstruais (Miranda-Vilela et al., 2009; Torres et al., 2018; Roll et al., 2018).
Ao longo dos anos, o 6leo de pequi e suas atividades bioldgicas chamou a atencdo para

0s setores farmacéutico e cosmeético.
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A administragdo oral do 6leo de pequi apresentou efeito antioxidante com a
diminuicdo de lesdes hepaticas causadas por estresse oxidativo em ratos submetidos a
exercicio fisico intenso (400 mg/kg) (Vale et al., 2019), efeitos anti-inflamatdrio e
analgésico em camundongos submetidos a processos de inflamagéo (1000 mg/kg) (Jorge
et al., 2020), efeito protetor contra anemia, inflamagéo e estresse oxidativo (Roll et al.,
2018) e reducdo da taxa de colesterol total em camundongos (Silva et al., 2020).
Adicionalmente, o seu uso em modelo animal apresentou seguranca na concentracao de

1000 mg/kg sem efeitos genotdxico e clastogénico significantes (Traesel et al. 2017).

O efeito do 6leo de pequi na prevencdo e no tratamento do cancer, também €
reportado. Colombo e colaboradores (2015) mostraram que a suplementagédo oral com
6leo de pequi diminuiu os danos ao DNA e a peroxidagdo lipidica em um modelo de
carcinogénese pulmonar induzida quimicamente, in vivo (Colombo et al. 2015). Em
modelos animais de cancer de mama, a suplementacdo oral de 6leo de pequi inibiu o
crescimento do tumor (Miranda-Vilela et al. 2011), reduziu os efeitos colaterais induzidos
pela quimioterapia (Miranda-Vilela et al. 2014) e potencializou os efeitos anticancer da
terapia de hipertermia magnética (Miranda-Vilela et al., 2013). O o6leo de pequi
demonstrou efeito de quimioprevencao reduzindo lesdes hepaticas em modelo de cancer
de figado in vivo, ap6s administracdo oral diria por 25 semanas na dose de 400 mg/kg
(Palmeira et al. 2016).

2.2.2 Acido anacardico

O cajueiro da espécie Anacardium occidentale L. é originaria do Brasil, e foi
introduzido em outras partes do mundo como Asia e Africa. Conhecido pelo seu fruto
(castanha) e seu pseudofruto, ou pedunculo (caju) consumido na forma de suco ou doces,
0 cajueiro representa importancia econémica para o Brasil. De acordo com dados do
IBGE (Instituto Brasileiro de Geografia e Estatistica) a safra de 2020 levou a producéo
de 149,1 mil toneladas de castanhas de caju e coloca o Brasil como um dos paises de

maior producdo no mundo apds a india e o Vietnam (IBGE, 2020).

O fruto propriamente dito, a castanha do caju, € protegido por uma casca que foi
considerada por muito tempo como desperdicio no agronegdcio. Entretanto, a casca €
composta por um liquido viscoso denominado liquido da casca da castanha de caju
(LCCC) e representa subproduto de grande importancia bioldgica. De fato, o LCCC
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representa 25% do peso da castanha e possui naturalmente diversas biomoléculas como
acido anacardico (AA) (60-65%), cardol (15-20%) e cardanol (10%) (Figura 4). A
proporcao dessas moléculas pode variar de acordo com o método de extragcdo. Com uso
de elevada temperatura ou uso de solvente, o acido anacardico tende a formar cardanol

por descarboxilagéo (Morais et al. 2017).

‘.-\ ;astanha

Pedlnculo

A

Figura 4. Produtos do cajueiro: castanha e pedinculo (A). Partes da castanha: epicarpo,
mesocarpo (onde se encontra o liquido da casca da castanha de caju), améndoa e pelicula

(B).

Os AAs, também citados na literatura como acido 6-pentadecilsalicilico ou acido 2-
hidroxi-6-pentadecilbenzoico, sdo compostos fendlicos apolares derivados do acido
salicilico. Eles apresentam um anel fendlico com grupo metila e longa cadeia lateral
constituida por 2 a 17 carbonos. Os AAs contendo 15 carbonos na cadeia lateral sdo os
principais encontrados no LCCC e podem ser saturados ou insaturados com até 3
insaturacdes (Figura 5). Essas variacBes na estrutura quimica do AA influenciam

diretamente na atividade biologica (Morais et al. 2017).

a) Acido anacardico b) Cardol ¢) Cardanol

Figura 5. Principais componentes do liquido da casca da castanha de caju. (Fonte:
Adaptado de Oliveira et al., 2011).

13



O AA apresenta varias atividades bioldgicas tais como fungicida, inseticida,
antibacteriano, antioxidante (Hamad&Mubofu, 2015) e ansiolitico (Gomes Junior et Al.,
2020). Além disso, o0 AA também apresenta potencial efeito antitumoral em varios tipos
de cancer como de pancreas (Park, et al., 2018), préstata (Tan et al. 2017), pulméo (Seong
etal., 2014) e mama (Zhao et al. 2018). O mecanismo de acdo do AA em células tumorais
ainda esta sob investigacdo. Porém, o AA ja demonstrou induzir apoptose em células de
cancer de prostata através estresse do reticulo endoplasmatico e via de sinalizacdo
DAPKS3/AKkt (Tan et al. 2017). Em células de cancer de pancreas, o AA levou a morte
celular via ativagdo de ChmplA, ATM e p53. Adicionalmente, a acdo citotoxica dos
agentes 5-fluorouracil e gemcitabina foi melhorada com a associa¢do do AA, in vitro
(Park, etal., 2018). Zhao e colaboradores (2018) reportaram que 0 AA inibiu proliferacédo
celular, induziu bloqueio do ciclo celular na fase GO/G1, impediu migracdo e invasédo
celular e levou a morte celular por apoptose em células de cancer de mama MDA-MB-
231, invitro (Zhao et al. 2018).

2.2.3 Docetaxel

O quimioterapico docetaxel (DTX) é um agente citotoxico semissintético
desenvolvido em 1990 a partir do Paclitaxel (PTX), outro quimioterapico identificado e
isolado da planta Taxus brevifolia em 1971 (Barreira&Fraga, 2015) (Figura 6). Mais
recente, foi descoberto que outra espécie da familia Taxaceae, Taxus baccata, contém em
grande quantidade a molécula 10-desacetilbaccatina Il que pode ser convertida em PTX
e DTX (Brand&o et al., 2010). O DTX faz parte dos taxanos de segunda geracgdo e ja
demonstrou efeito antitumoral duas vezes maior que o PTX contra varios tipos de
canceres tais como mama, ovario, pulmédo, gastrico e prostata (Kang et al., 2015). Além
disso, 0 DTX apresenta farmacocinética linear e é retido no organismo por mais tempo
(Herbst and Khuri 2003). Em 2010, a sua comercializacdo atingiu 3,1 bilhdes de dolares

em venda no mundo (Barreiro & Fraga, 2015).
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Figura 6. Estrutura quimica do paclitaxel e do docetaxel.

O DTX possui diversos alvos. Ele € principalmente considerado como agente
antimicrotubulo. Ele promove a montagem da microtubilina e associa-se a tubulina
impedindo a despolarizacdo e inibindo a dindmica dos microtubulos. Assim, ocorre
bloqueio do ciclo celular na fase G2/M e, consequentemente, diminui¢do da proliferacao
celular (Herbst and Khuri 2003). O DTX interfere também no efeito da proteina BLC-2
que pertence a familia dos oncogenes Blc-2, pro- e anti-apoptdticos. Reducdo da
expressdo da BCL-2 induz apoptose, enquanto aumento da sua expressao previne ou
atrasa o processo de morte celular. O DTX age na fosforilagdo da BCL-2, inibindo seu
efeito anti-apoptotico (Herbst and Khuri 2003).

O DTX comercial é composto pelo surfactante ndo-idnico Tween 80 e por etanol.
Portanto, o seu uso clinico € limitado devido a sua baixa solubilidade em solucGes
aquosas, a sua rapida eliminacdo no organismo e a sua baixa seletividade e distribuicao
[15]. Aléem disso, varios efeitos adversos das suas formula¢es comerciais (Taxotere® e
Duopafei®) foram relatados como neutropenia, toxicidade musculo esquelético,
neuropatia periférica e reacao de hipersensibilidade. Adicionalmente, a resposta do DTX
em paciente em estagios avancados de cancer de mama é de apenas 48% (Li et al.,
2015).

Portanto, apesar de apresentar efeito antitumoral como monoterapia, a associacdo do
DTX com outras moléculas pode permitir maior eficacia e diminuir efeitos adversos. O
National Comprehensive Cancer Network guideline (Diretriz da rede nacional abrangente

do cancer) recomenda a combinacdo do DTX com outros farmacos como a capecitabina
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em paciente em estagios avangados de cancer de mama (Li et al., 2015). Tratamentos
baseados na associacdo do DTX com cisplatina também demonstraram resultados
promissores em paciente com cancer de mama triplo negativo (Fan et al., 2013).
Adicionalmente, Hejazi e colaboradores (2015) reportaram o efeito sinergético do DTX
junto ao extrato de isoflavona de soja em linhagem de cancer de mama murino 4T1
(Hejazi et al., 2015).

Entretanto, devido ao carater hidrofébico do 6leo de pequi, AA e DTX, a
administracdo dessas moléculas no organismo é limitada. Assim, 0 uso da nanotecnologia
apresenta-se como boa opgdo para a aplicacdo por diferentes vias de administracdo

(intravenosa, intratumoral, intraperitoneal, oral entre outros).
2.3 Nanociéncia, Nanotecnologia e Nanomedicina

A nanociéncia surgiu na metade do século XX e se torna cada vez mais uma area
importante para a progressdo da ciéncia no mundo. Nos Estados Unidos, a Iniciativa
Nacional de Nanotecnologia (Nacional Nanotechnology Iniciative -NNI) recebeu
investimento de US$ 1,86 bilhGes em 2019. A estimativa para 2021 é financiamento de
mais de US$ 1,7 bilhdes (National nanotechnology initiative 2021 budget, 2020). No
Brasil, o Ministério da Ciéncia, Tecnologia, Inovagdes e Comunica¢Bes (MCTIC)
implementa oficialmente a Iniciativa Brasileira de Nanotecnologia (IBN) através da
portaria n° 3.549 publicada em julho de 2019 como principal programa estratégico para
incentivo da nanotecnologia no pais. O Sistema Nacional de Laboratérios em
Nanotecnologias (SisSNANO), parte integrante do IBN como acao estratégica, recebeu R$
88 milhdes entre 2013 e 2018. Em 2019, a chamada CNPg/MCTIC n°18/2019 oferece R$
6 milhdes para cada proposta selecionada (CNPq, 2019).

O prefixo “nano” vem do grego “nanos” e significa “ando”. A nanociéncia se
define como ciéncia multidisciplinar que estuda estrutura e matéria em escala
nanomeétrica (10° metros). Ainda ndo ha consenso sobre os limites da escala nanométrica.
De fato, algumas definigdes incluem estruturas de 1 a 100 nm, enquanto outras ampliam
para 1000 nm. O termo nanotecnologia representa a aplicacdo da nanociéncia com o
desenvolvimento de sistemas nanométricos em diversas areas como engenharia,

informatica, farmacéutica, cosmética entre outras (Bayda et al. 2020).
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Alguns relatos antigos reportam a aplicacdo da nanotecnologia. Pode-se citar a
taca de Lycurgus do século IV do império romano e o0s vitrais de igrejas. Ambos materiais
possuem a capacidade de mudar de coloragdo de acordo com exposicdo da luz. Essa
caracteristica esta associada a composi¢do da taca e dos vitrais por nanoparticulas
metélicas (ouro, prata, cobre). Adicionalmente, em 1857, o fisico e quimico Michael
Faraday observou a mudanca de coloracdo em solucdo de ouro que foi associada a

variacdo de tamanho de nanoparticulas (Faraday, 1857; Bayda et al., 2020).

A histdria contemporanea da nanotecnologia inicia na metade do século XX. Em
1959, o fisico americano Richard Feynman apresentou uma palestra intitulada “There’s
Plenty of Room at the Bottom” (“Ha muito espaco em baixo”) e enfatizou a ideia da
possibilidade de manusear matéria a nivel molecular. Em 1974, o japonés Niro Taniguchi
foi o primeiro a definir o termo de nanotecnologia. Em paralelo, o surgimento e a
aperfeicoamento de novas ferramentas de estudo permitiu investigar e entender cada vez
melhor os nanomateriais tais como microscopias eletrénicas, microscopia de forca
atdbmica ou de tunelamento. Alguns anos depois, 0 engenheiro e nanotecndlogo Eric
Drexler popularizou o termo e o conceito de nanotecnologia com a sua ideia visionaria e
ficcional de reproduzir mecanicamente a biologia celular (Drexler 1981). Ele também
participou da publicagdo de um livro em 1991 intitulado “Unbounding the future: the
Nanotechnology Revolution” (Desimpedindo o futuro: a revolugdo da nanotechnologia)

que popularizou o termo “nanomedicina” (Bayda et al. 2020).

A nanomedicina é a aplicagdo da nanotecnologia na area da medicina para
melhorar diagnostico e tratamento de diversas doencas. As prioridades da nanomedicina
no caso de cancer sdo de aumentar a eficicia dos tratamentos minimizando os efeitos
adversos toxicos (Ullah et al. 2020). Assim, o desenvolvimento de sistema de liberacéo
de farmaco com alta estabilidade, poder protetor para o farmaco e aumento da
especificidade do tratamento cresce cada vez mais. Em 1995, o primeiro medicamento
baseado em nanomedicine, o Doxil® (doxorrubicina lipossomal), foi aprovado para uso
clinico. Alguns anos depois, em 2005, o Abraxane® (nanoparticulas com paclitaxel
ligadas a albumina) também foi liberado pela FDA para o tratamento de cancer de mama
e pancreas (Ullah et al. 2020).

A acumulacéo e retengdo de NPs na regido tumoral foi por muito tempo atribuido

ao efeito EPR e difusdo passiva pelas fenestras dos vasos sanguineos (Wilhelm et al.,
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2016). Contudo, esse conceito se tornou cada vez mais controverso e estudos explorados
em meta-analise demonstraram que a entrada passiva de NPs no microambiente tumoral
representa menos de 1% (Wilhelm et al., 2016). Portanto, a via de entrada mais aceita
atualmente é a via trans-endotelial baseada na entrega ativa e com 97% de NPs
acumuladas no tecido neoplasico (Sindhwani et al. 2020; Moghimi & Simberg, 2018).
Contudo, os mecanismos de acdo para entrada de NPs ainda estdo sendo investigados.
Sabe-se que células endoteliais apresentam mecanismo de transporte de pequenas
moléculas por transcitose (combinacdo de endocitose e exocitose) via formacdo de
vesiculas intracelulares. Foi observado que a producdo de vesiculas ocorre com maior
frequéncia nas células endoteliais quando comparado com a frequéncias de fenestras
inter-endoteliais. Sindwani e colaboradores (2020) demonstraram que essas vesiculas sao
usadas para entrada de NPs na regido tumoral, incluindo em modelo in vivo de cancer de
mama 4T1 (Sindhwani et al. 2020).

Assim, as NPs podem liberar seu contetido no microambiente tumoral ou agir por
dentro das células neoplasicas ao serem internalizadas por meio da endocitose (fagocitose
e pinocitose). Basicamente, a fagocitose consiste na internalizacdo de particulas por
fagossoma, compartimento intracelular formado a partir da membrana plasmatica. NPs
podem também ser internalizadas a partir da opsonizacao, caracterizada pela associa¢cdo
de proteinas na superficie dos nanomateriais. Essas proteinas podem interagir com 0s
receptores das células neoplasicas e induzir fagocitose. Outro mecanismo envolvido na
internalizacdo de NPs € denominada pinocitose e se divide em 4 categorias de acordo com
complexo molecular envolvido: endocitose mediada por receptores de clatrina ou
caveolina, endocitose independente de clatrina e caveolina, e macropinocitose (Kou et
al., 2013).

Vale ressaltar que as propriedades e caracteristicas das NPs tais como tamanho,
formato, composicdo da superficie podem interferir nos mecanismos de entrega e
internalizacdo. Existem varios tipos de nanoparticulas (NPs) que podem ser utilizadas no
diagnédstico e no tratamento do cancer de mama (Figura 7). Cada tipo apresenta
propriedades diferenciadas e as NPs podem ser classificadas como organicas, baseadas
em lipideos ou polimeros, e inorganicas, baseadas em metal ou carbono. A
biocompatibilidade das NPs organicas representa vantagem para serem empregadas no

tratamento do cancer de mama como plataforma para transporte e liberagdo de farmaco.
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Além disso, novas classes de NPs foram desenvolvidas ao longo dos anos e consistem
funcionalizar a superficies das particulas com moléculas tais como aptamero, anticorpo,
polimero, proteina/peptideo entre outro com objetivo de melhorar especificidade,
internalizacdo, biocompatibilidade, protecdo contra degradacgao precoce no organismo e,

assim melhorar eficacia no tratamento (Jain et al. 2020).
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Figura 7. Tipos de nanoparticulas utilizadas no diagnostico e tratamento do cancer de
mama. Adaptado de Jain et al., 2020.

Neste estudo, nanoemulséo foi o0 nanocarreador escolhido como sistema
de liberacdo de farmaco por apresentar diversas vantagens tais como biocompatibilidade
e facilidade de producéo em larga escala para aplicacdes oncoldgicas (Kumar et al. 2019)
(Kumar & Divya, 2015; Harwansh et al., 2019; Tared & Sainsbury, 2018).

2.3.1 Nanoemulsdo

Nanoemulsdo refere-se a um sistema coloidal constituido por uma fase oleosa e
uma fase aquosa estabilizadas por um emulsificante. A nanoemulséo pode ser do tipo 6leo
em agua (O/A) ou dgua em 0leo (A/O) nas quais a fase dispersa forma goticulas na escala
nanomeétrica dentro da fase dispersante (Figura 8). Outros tipos menos comuns de

nanoemulsdo tambem podem ser encontrados. Sdo as nanoemulsfes multiplas como 6leo
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em agua em 6leo (O/A/O) ou agua em 0leo em agua (A/O/A) (McClements and Jafari
2018).
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Figura 8. Tipos de nanoemulsdes. Fonte: Adaptado de McClement&Jafari, 2018,
(doi.org/10.1016/B978-0-12-811838-2.00001-1)

Uma nanoemulsdo pode ser obtida a partir de varias técnicas de alta ou baixa
energia. Os métodos de alta energia englobam ultrasonica¢do, homogeneizacdo de alta
pressdo e microfluidizacdo. Umas das vantagens de usar essas metodologias sdo o melhor
controle do tamanho das goticulas e a diminuigédo da quantidade de emulsificante (Kumar
et al. 2019). Dentre as técnicas de baixa energia, podem ser citadas a emulsificacdo por
transicdo de fase (por temperatura, composicdo ou ponto de inversdo) e auto-

nanoemulsificacdo (Kumar et al. 2019).

A ultrasonicacdo é considerada como técnica de alta energia mais simples em
termo operatério. O método consiste em aplicar ondas ultrassénicas na solucdo para
formar nanogoticulas. Tempo de aplicacdo, intensidade de ultrassom e natureza dos
componentes da nanoemulsdo influenciam nas caracteristicas fisico-quimicas das
nanogoticulas (Kumar et al. 2019). Geralmente, o tamanho da nanoemulsdo se mantém
inferior a 500 nm. Porém, alguns estudos restringem mais ainda o didmetro da

nanoemulsdo entre 20 e 200 nm.

A nanoemulsdo apresenta-se instavel termodinamicamente, mas estavel
cineticamente (Gupta et al., 2016). Essa estabilidade ao longo do tempo, em condi¢Ges de

armazenamento adequadas, torna a nanoemulsdo boa candidata para o tratamento do
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cancer de mama como sistema de liberagdo de farmaco (Kumar et al. 2019; Sanchez-
Léopez et al. 2019). Entretanto, instabilidade pode acontecer com fenémenos do tipo
floculagéo, sedimentacdo, cremagem, coalescéncia e efeito Ostwald ripening (Kumar et
al. 2019; McClements and Jafari 2018). A adicdo de ligantes na superficie das
nanogoticulas pode contribuir com maior estabilidade. Além disso, a associa¢do de
moléculas nas particulas da nanoemulsdo pode aprimorar as interagdes com células
neoplésicas e assim, melhor a eficacia do tratamento. Faria (2020) reportou a sucedida
associacao de acido folico com nanoemulsdo a base de éleo de pequi. A ligacdo do
polimero PEG e da vitamina folato em nanoemulsdo demonstrou maior eficacia na
reducdo tumoral em modelo de céncer de mama, in vivo, devido ao melhor
direcionamento das particulas para a regido tumoral (2 a 5 vezes maior) quando

comparado com controles (Afzal, Shareef, and Kishan 2016).

O emulsificante (surfactante ou tensioativo) € uma molécula anfifilica que
apresenta parte hidrofilica e parte hidrofobica. Essa caracteristica permite a associa¢do
com fase oleosa e fase aquosa para estabilizar a nanoemulsdo. Diversos tipos de
emulsificante podem ser utilizados como o0s ndo ionicos, catiénicos, aniénicos e anfétero
(também conhecido como zwitterion) (Gurpreet & Singh, 2018). A natureza do
emulsificante influencia as propriedades da nanoemulsao tais como carga de superficie,
didmetro, espessura entre outras. Além disso, o equilibrio hidrofilico-lipofilico (EHL) do
emulsificante deve ser considerado para a escolha adequada de acordo com o tipo de
nanoemulsdo desejado, sua aplicacdo e o tipo de 6leo usado na formulacdo. O EHL
consiste na razdo entre peso percentual dos grupos hidrofilicos sobre o peso percentual
dos grupos lipofilicos do emulsificante e o valor varia geralmente entre 1 e 20. Valor
baixo de EHL promove formacdo de nanoemulsdo do tipo A/O, enquanto valor maior

permite a obtencéo de nanoemulsao do tipo O/A (Gurpreet & Singh, 2018).

A lecitina é um surfactante frequentemente utilizado na formacao de nanoemulséo
(Klang & Valenta, 2011). A sua composicdo em fosfolipidios, principalmente
fosfatidilcolina, confere a lecitina sua biocompatibilidade permitindo ampla aplicacéo
como constituinte de sistema de liberacdo de farmaco.

A fase oleosa é frequentemente utilizada como simples componente estrutural do
nanocarreador. Contudo, diversos 6leos da biodiversidade brasileira, tais como pequi,

acai, buriti e copaiba, podem assumir o papel terapéutico além do papel estrutural por
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serem fontes ricas em compostos bioativos (Mello et al., 2018; Monge-Fuentes et al.,
2017; Pires et al., 2020; Zanatta et al., 2010).

2.3.2 Aplicacdo de nanoemulsdo no tratamento do cancer

Poucos estudos reportam o uso da nanoparticulas como carreador do 6leo de pequi
para tratamento do cancer. Ombredane&Araujo e colaboradores (2020) demonstraram o
desenvolvimento sucedido de nanoemulsdo a base de 6leo de pequi com efeito
antitumoral em células de cancer de mama 4T1, in vitro. Nanoemulséo a base de 6leo de
acai (Euterpe oleracea Martius) apresentou potencial anticancer em terapia fotodinamica
em modelo de cancer de pele melanoma, in vivo, com reducdo significativa (82%) do
volume tumoral comparado com grupo controle (Monge-Fuentes et al. 2017). O uso de
nanoemulsdo como sistema de liberacdo do DTX é mais investigado. Verma e
colaboradores (2014) reportam o uso de nanoemulsdo para administracdo oral de DTX.
Os autores demonstraram potencial anticancer dessa formulacdo em celulas de cancer de
mama MCF-7, in vitro, e sem sinais de toxicidade in vivo (Verma et al. 2016). Patel e
colaboradores (2018) relatam que o uso de nanoemulsdo associada com folato para
transporte do DTX apresentou reducdo tumoral em céncer de ovario, in vivo.
Adicionalmente, a combinacdo do DTX com timoquinona em nanoemulséao a base de 6leo
de borragem demonstrou sinergismo e induziu morte celular por apoptose em células
MCF-7 e MDA-MB-231 (Alkhatig et al., 2020). A utilizagdo de nanoemulsdo como
sistema de liberagdo do AA para o tratamento do cancer ainda é pouco investigado.
Contudo, nanoemulsdo contendo liquido da casca da castanha de caju (constituido a 65%
por AA) foi reportado como potente inibidor da proliferacdo de células de cancer de
mama MCF-7, in vitro (Al-Hazzani et al. 2012). Nao foi encontrado até o presente
momento, estudo sobre associacdo do DTX e AA em nanoemulsdo. No entanto, o
encapsulamento do DTX em lipossomo e nanoparticula de albumina funcionalizadas por
AA foram avaliadas em células de cancer de mama, in vitro (Kushwah, Jain, et al. 2018;
Kushwah, Katiyar, et al. 2018).

A associacdo do DTX e AA em nanoemulsdo a base de 6leo de pequi representa
inovagdo para o campo da oncologia e, mais especificamente, para o tratamento do cancer

de mama.
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3- OBJETIVOS
3.1 Objetivo geral

Formular e caracterizar nanoemulsdes a base de 6leo de pequi, contendo ou nao
acido anacérdico e docetaxel, e investigar seus efeitos antitumorais em modelos de cancer

de mama triplo negativo, in vitro e in vivo.

3.2 Objetivos especificos

Capitulo |
- Formular nanoemulséo a base de 6leo de pequi;

- Caracterizar a formulacdo por DLS (Espalhamento de Luz Dinamico) e FTIR
(Infravermelho com Transformada de Fourier);

- Avaliar a estabilidade da formulacdo ao longo do tempo e sob véarias condigcdes de
diluicdo seriada e pH;

- Investigar atividade anticancer, in vitro, em células de cancer de mama metastatico 4T1
e em fibroblastos saudaveis NIH-3T3.

Capitulo 11

- Avaliar os efeitos das nanoestruturas na morfologia celular por microscopia oOptica e
citometria de fluxo em células de carcinoma mamario 4T1, in vitro;

- Analisar os efeitos das nanoestruturas na proliferacdo celular através numero total de
células por azul de tripan, ciclo celular por citometria de fluxo e crescimento celular por
RTCA em células de carcinoma mamario 4T1, in vitro;

- Investigar os efeitos das nanoestruturas em diferentes organelas celulares como
lisossomo, mitocondria, nucleo (fragmentacdo de DNA) por citometria de fluxo e os
efeitos na membrana plasmatica por azul de tripan em células de carcinoma mamario 4T1,
in vitro;

- Determinar os efeitos das nanoestruturas na producéo de espécie reativas de oxigénios
(ERO) e no nivel intracelular de célcio por citometria de fluxo em células de carcinoma
mamario 4T1, in vitro;

- Investigar o efeito das nanoestruturas no processo de morte celular (apoptose vs necrose)
por citometria de fluxo em células de carcinoma mamario 4T1, in vitro.

Capitulo 111

- Associar a nanoemulsdo a base de oleo de pequi o0 quimioterapico docetaxel e a
biomolécula &cido anacardico
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- Caracterizar as formulagdes por DLS, FTIR e MET (Microscopia Eletronica de
Transmissdo)

- Investigar atividade anticancer, in vitro, em células de cancer de mama metastatico 4T1

- Investigar os efeitos das formulacdes em diferentes organelas celulares como lisossomo,
mitocdndria, ndcleo (fragmentacdo de DNA e ciclo celular) por citometria de fluxo e os
efeitos na membrana plasmatica por azul de tripan em células de carcinoma mamario 4T1,
in vitro;

- Determinar os efeitos das formulac¢Ges na produgdo de ERO por citometria de fluxo em
células de carcinoma mamario 4T1, in vitro;

- Investigar o efeito das formulacgdes no processo de morte celular (apoptose vs necrose)
e ativacdo de caspase por citometria de fluxo em células de carcinoma mamario 4T1, in
vitro.

Capitulo IV
- Sintese de nanoemulsdo a base de 6leo de pequi com e sem docetaxel e acido anacardico

- Avaliar a eficacia das nanoemulsdes e seus componentes livres na reducdo do volume
tumoral e controle de metastase

- Investigar efeito toxico com avaliacéo clinica dos animais (peso dos animais e consumo
de racdo), andlise hematoldgica (leucograma e hemograma), analise bioquimica (AST,
ALT, creatinina K e ureia) e analises histopatoldgicas
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CAPITULO |

NANOEMULSION-BASED SYSTEMS AS A PROMISING APPROACH
FOR ENHANCING THE ANTITUMORAL ACTIVITY OF PEQUI OIL
(Caryocar brasilense CAMBESS.) IN BREAST CANCER CELLS.

Este capitulo foi integralmente publicado na revista Journal of Drug Delivery
Science and Technology. Alicia S. Ombredane, Victor H.S. Araujob, Clarissa O.
Borgesa, Patricia L. Costa, Marcela G. Landim, Andréia C. Pinheiro, isis O.
Szlachetka, Luiz E.C. Benedito, Laila S. Espindola, Diego J.S. Dias, Daniela M.
Oliveira, Juliano A. Chaker, Sebastido W. da Silva, Ricardo B. de Azevedo,
Graziella A. Joanitti. Nanoemulsion-based systems as a promising approach for
enhancing the antitumoral activity of pequi oil (Caryocar brasilense Cambess.)
in breast cancer cells. Journal of Drug Delivery Science and Technology 58
(2020) 101819.

Abstract

Previous studies have reported the effects of pequi oil (Caryocar brasiliense Cambess.)
in cancer prevention and treatment. However, its biomedical applications are limited
due to the hydrophobic nature of the oil. In this study, we used nanotechnology
strategies to design and characterize a pequi oil-based nanoemulsion and evaluate its
anticancer effects. Our data show that monodisperse (Pdl 0.23) pequi oil nanoemulsion
(123 nm —hydrodynamic diameter; —-15 mV — zeta potential) were prepared successfully
using lecithin as surfactant and had physicochemical stability when exposed to stress
conditions (pH and serial dilution) or long-term (200 days) storage at different
temperatures. Significant dose- and time-dependent antitumoral effects against breast
cancer cells (4T1) were also observed (IC50 of 299.8 and 173.7 pug/mL after 24 and 48 h
respectively, p <.001), along with lower cytotoxicity against non-tumoral cells (NIH/3T3)
(IC50 of 442.7 and 380.3 pg/mL after 24 and 48 h respectively). In addition, we show
that in our formulation, pequi oil has a dual role, behaving both as a structural
component of the nanoemulsion and as a cytotoxic agent against breast cancer cells.
Taken together, our results reveal pequi oil-based nanoemulsion as a promising
nanosized platform to be used as an adjuvant tool for breast cancer treatments.

Key words: Nanoemulsion, Pequi oil, Breast cancer, Stability, Cytotoxicity
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1- Introduction

Breast cancer is by far the most common and frequent type of cancer among women
worldwide. In 2018, the World Health Organization (WHO) reported that breast cancer
was the fifth cause of death by cancer, with a 15% mortality rate [1,2]. Due to the
heterogeneity and high incidence of breast cancer, the investigation of novel therapeutic
approaches is fundamental to complement conventional clinical procedures (surgery,
chemotherapy, radiotherapy, and hormone therapy) and to improve therapeutic treatment
[3-5]. Several studies have explored different natural sources of new molecules with
potential effects against this type of cancer, in which plant-derived bioactive compounds
and their derivatives have emerged among the main candidates for new anticancer agents
[6-9].

Pequi (Caryocar brasiliense Cambess.) is a native tree found in the Brazilian Cerrado
whose fruit-extracted oil is mostly composed by fatty acids (e.g. oleic acid) with the
presence of other antioxidant molecules (approximately 0.5-1% w/w) such as
carotenoids, vitamin C, and phenolic compounds [10-17]. Despite its use in food
preparations, pequi oil is also largely employed in folk medicine to treat various health
disorders such as respiratory diseases, edema, ophthalmic problems related to low vitamin
A intake, burns, wound healing, bruises, swelling, and menstrual disorders [10,14,18—
20].

Previous studies have reported the effects of pequi oil on cancer prevention and
treatment. Colombo and collaborators (2015) showed that oral supplementation with
pequi oil decreased DNA damage and lipid peroxidation in a chemically induced lung
carcinogenesis model in vivo [12]. In breast cancer animal models, oral supplementation
of pequi oil inhibited tumor growth [21], reduced the side effects induced by
chemotherapy [22], and potentiated anticancer effects of magnetic hyperthermia therapy
[23].

Nanoemulsions are usually used as drug delivery systems to carry mainly
hydrophobic compounds in pharmaceutical, food, and cosmetic industries [24—29]. They
are nanosystems (< 500 nm) composed of an oil phase and an aqueous phase stabilized
by surfactants. Interestingly, the hydrophobic compound can be protected from

degradation while encapsulated in this nanosized platform [24,25,28]. It is also possible
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to tailor the surface of this nanosystem with specific cancer-targeted molecules able to
direct the nanoparticles to the desired tissue [28,29].

In cancer therapy, parenteral administration of nanoemulsions is mainly used to
deliver chemotherapy to the tumor microenvironment. The enhanced permeability and
retention effect along with tumor defective vascularization and low lymphatic drainage
improves the accumulation of nanoemulsions into targeted tumors and reduces side
effects [25,27]. However, the use of administration routes that allow improved absorption
and biodistribution of the pequi oil, such as parenteral routes (e.g. intravascular,
intramuscular, subcutaneous), is not suitable due to the hydrophobic nature of the oil;
therefore, restricting the options for delivery. In this context, nanotechnology has
emerged as a promising approach for circumventing the challenge of delivering poorly
soluble compounds [24-26,28].

In this study, we used nanotechnology strategies to design and characterize a pequi
oil-based nanoemulsion (PeNE) and evaluate its anticancer effects. Our data reveal that
pequi oil has a dual role in this formulation, behaving both as a structural component of

the nanoemulsion and as a cytotoxic agent against breast cancer cells.

2. Materials and methods
2.1. Materials

Pequi oil was donated by Farmacotécnica (a pharmacotechnical development
company, Brasilia, Brazil). Egg lecithin was purchased from Lipoid (Ludwigshafen,
Germany). Hexane (P.A.) was purchased from Dinamica Quimica Contemporanea LTDA
(SP, Brazil). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide),
boron trifluoride (BF3), methanol, fatty acid reference material (F.A.M.E Mix C8-C24),
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA). Murine fibroblast (NIH-3T3) cells were acquired from Cell Bank of
Rio de Janeiro (Brazil) and murine breast adenocarcinoma cells (4T1) were donated by
Dr Suzanne Ostrand-Rosenberg (University of Maryland, Baltimore County, USA) and
modified to express Firefly Luciferase (4T1-luciferase) as previously described [30].
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin,

streptomycin, and trypsin were all purchased from Thermo (Gibco, USA).

28



2.2. Fatty acid profile of pequi oil

Lipidic profile determination was done in triplicate for pequi oil, based on the
protocol described [31]. Approximately 15 mg (0.1 mg) of oil was weighed in glass
tubes with caps and 1.5 mL of a 0.5 M KOH solution in methanol was added. Samples
were submitted to vortex agitation (~1 min) and a 70 °C water bath for 5 min. After
cooling, 2 mL of 14% BF3 in methanol was added and samples were submitted again to
vortex agitation and 70 °C water bath to promote full esterification of fatty acids in
samples. Extraction of fatty acid methyl esters was performed by adding a 2.5 mL of
saturated NaCl solution and 1 mL of hexane, followed by vortex agitation for 1 min and
centrifugation at 241g for 5 min 100 pL of hexanic phase was transferred to 1.5 mL vials
and 900 pL of hexane was added. Samples were then analyzed by gas chromatography
(Shimadzu GCMS-QP2010 Plus with an AOC-5000 injection system and a J&W
Scientific DB-23 column (60 m x 0.25 mm ID x 0.25 um). Injector and detector
temperatures were 250 °C and the volume of injection was 1 puL with a split ratio of 60.
Helium was used as carrier gas for all samples and method consisted of a starting
temperature of 140 °C for 5 min followed by a 2 °C/min ramp to 235 °C, providing a total
run time of approximately 53 min. Quantification was achieved with a calibration curve
of certified reference material (F.A.M.E Mix C8-C24).

2.3. Development of pequi oil-based nanoemulsion (PeNE)

The development of the nanoemulsions was an adaptation of a method previously
described [32]. The method consisted of two steps: first, a concentrated solution was
prepared by adding egg lecithin and pequi oil in PBS. Different proportions of egg lecithin
and pequi oil were evaluated to determine the best proportion for nanodroplets formation:
1:2 wiw, 1:1 wiw, and 2:1 w/w. Then, the concentrated solution was diluted in a larger
volume of PBS (1:7.5 (v/v)). Sonication at 20 kHz under an ice bath for 6 min was used
in both steps. The developed formulations were stored at 4 °C and under dark conditions
until further analysis. A blank formulation (without the oil) was prepared similarly as

described above.

2.4. Physicochemical parameters of PeNE
2.4.1. Dynamic light scattering (DLYS)
The nanodroplet size, polydispersity index (Pdl), and zeta potential were

measured using ZetaSizer® Nano ZS90 (Malvern, UK) at room temperature and with
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detection of light scattering in an angle of 90°. Three readings of each sample were
obtained to calculate the Zaverage. The pH of the samples was measured with a pH

indicator stripe previous to each zeta potential analysis.

2.4.2. Stability of nanoemulsions under stress conditions

Exposure of nanoemulsions to stress conditions (serial dilution and pH variation)
was performed in order to determine their stability. The samples were diluted in PBS 2-,
4-, 8-, 16-, 32-, 64-, and 128- fold. In parallel, the pH change was performed with the
addition of 2 M NaOH and 2.5 M HCI to achieve pH 3, 5, 7, 9, and 11. The

physicochemical parameters of each sample were analyzed as described in section 2.4.1.

2.4.3. Stability of nanoemulsions under different storage conditions

Nanoemulsion formulations were stored at 4°C, 37°C, and room temperature (RT)
protected from light. Their physicochemical parameters were analyzed after 1, 7, 15, and
200 days as described in section 2.4.1. This approach is in accordance with Singh and
collaborators (2017) and Sanchez-L6pez and collaborators (2019) [25,33].

2.4.4. Analysis of infrared spectrophotometry — FTIR

For the FTIR measurements, the nanoemulsions were previously lyophilized
(Thermo Savant SPD121P — Thermo Scientific) and stored under nitrogen atmosphere
until analysis. The FTIR experiments were performed using a Bruker spectrometer
(model Vertex 70). The analysis was performed using the module attenuated total
reflectance (ATR). The measurements were averaged over 96 scans, which were taken at
a resolution of 4 cm—1 from 400 to 4000 cm—1. The background signal was averaged
over 96 scans before each measurement. Finally, the spectra were fitted using Gaussian
functions. Data were treated with IR Solution software 1.50® and transferred to the

graphics program GraphPad Prism 5.0® construction.

2.5. Cell culture

The cell lines murine breast carcinoma 4T1-luciferase and murine fibroblast
(NIH-3T3) were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented
with 10% of fetal bovine serum (v/v) and 1% of antibiotic solution (100 IU/mL Penicillin

— 100 pg/mL Streptomycin — v/v) at 37 °C and 5% CO2.
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2.6. Cell treatment

For viability assay, cells were seeded into 96-well culture plate at a density of
2.10% cells per well (4T1-luciferase) and 3.10° cells per well (NIH-3T3) in DMEM culture
medium overnight at 37 °C, 5% CO2 in a humid atmosphere. Then, the medium was
changed and various concentrations of PeNE and blank formulations, and free pequi oil
were added (90, 180, 360, and 540 pg/mL, considering pequi oil concentration). The free
pequi oil was diluted in ethanol previous to the treatment. The final ethanol concentration
was lower than 1% per well. The plates were incubated for 24 and 48 h at 37 °C, 5% CO

in a humid atmosphere.

2.7. Cell viability assay

Cell viability assay was performed using MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. The MTT assay is based on the reduction of
tetrazolium derivatives in living cells by mitochondrial dehydrogenases, allowing the
estimation of the metabolic activity of cells. This assay enables the assessment of cell
viability and proliferation as parameters of cell survival and growth [34]. After 24 and 48
h of incubation, the treatments were removed and 150 pL of the MTT solution (0.5
mg/mL in DMEM) was added in each well. The plates were incubated for 2 h at 37 °C
and 5% COz in humid atmosphere. The culture medium was discarded and 150 pL of
dimethyl sulfoxide (DMSO) was added in each well. The absorbance was monitored
using a spectrophotometer with a microplate reader at 595 nm (Molecular Devices, USA).

The control group was considered as 100% cell viability.

2.8. Statistical analysis

Statistical differences between experimental groups were evaluated by the
analysis of variance (ANOVA) and Tukey post-hoc test at a significance level of 0.05
using Graph Pad Prism 5.03 (GraphPad Software, La Jolla, CA, USA). The half maximal
inhibitory concentration (IC50) values were determined by linear regression (probit
analysis) using the software Graph Pad Prism with confidence limits of 95%. All values
were expressed as means + standard error of the mean (SEM) and a value of p < 0.05 was
considered statistically significant. All assays were performed in triplicates in three

independent experiments.
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3. Results and discussion

The present study shows that pequi oil nanoemulsions were prepared successfully
and had physicochemical stability when exposed to stress conditions (pH and serial
dilution) or long-term storage at different temperatures. Significant antitumoral effects
against breast cancer cells were also observed, along with lower cytotoxicity against non-

tumoral cells. Detailed data and discussion can be found in the next sections.

3.1. Preparation and optimization of pequi oil-based nanoemulsions (PeNE)

First, to confirm the composition of the pequi oil used in the present study, its fatty
acid profile was analyzed and the obtained data were compared with previous descriptions
[13,14,35]. We observed the presence of saturated and unsaturated fatty acids, mainly
oleic acid (50.75% = 0.38) and palmitic acid (40.65% = 0.05). Lower contents of steric
acid (4.57% = 0.60), linoleic (3.22% =+ 0.40), and palmitoleic (2.80% = 0.40) were also
found. Although the lipid profile of pequi oil can vary according to environmental factors
(e.g. region, climate, soil, temperature) [13,14,35], the fatty acid profile found in the
present study was similar to the profiles reported in the literature [13,14,35]. Then, we
next established the parameters used to prepare different formulations of PeNE (Table
1).

Surfactants play a key role in nanoemulsion systems by enabling the dispersion of
immiscible liquids, such as oil in aqueous buffer, due to their amphiphilic structure [24].
Egg lecithin has been currently used in pharmaceutical, cosmetic, and dietetic
formulations as an emulsifier. It is a mixture of phospholipids found in all living cells,
and is mainly constituted of phosphatidylcholine (~80%) [36]. Moreover, it can be fully
metabolized and has been considered as Generally Recognized as Safe (GRAS)
excipients approved by the United States Food and Drug Administration (FDA) [37,38].

Due to its emulsifier properties and biocompatibility, egg lecithin was the
surfactant selected for the preparation of PeNE. Since surfactant concentration
significantly affects nanoemulsion colloidal parameters [39], the influence of three oil-
to-surfactant ratios (OSR) on the physicochemical characteristics of PeNE was evaluated
(Table 1).

All PeNE formulations (Table 1) showed hydrodynamic diameters (HD) in the
range expected for nanoemulsions produced with phosphatidylcholines — described to be
approximately 150-300 nm [40]. Increasing amounts of lecithin resulted in nanodroplets

with smaller hydrodynamic diameter and Pdl, indicating that oil-to-surfactant ratios have
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a significant impact on the colloidal properties of PeNE (Table 1). Such behavior has
been widely reported in the literature and can be explained by different factors: if the
interfacial region created is much larger than the amount of surfactants, this region will
not be properly covered, which can trigger a coalescing process and consequently increase
HD during the nanoemulsification process. On the other hand, having adequate amounts
of surfactant leads to lower interfacial tensions during the homogenization process,

facilitating the formation of smaller and more homogeneous nanodroplets [24,25,40,41].

Table 1. Physicochemical characteristics of the PeNE formulations.

Oil : Lecithin Hydrodynamic Pdl® Zeta potential (mV)
(wWiw) diameter: (nm)
2:1 306.56 + 12.12 0.478 £ 0.06 -68.3 £ 7.09
1:1 291.10 £ 03.57 0.262 +0.07 -26.3+1.32
1:2 120.36 + 02.05 0.238 £ 0.01 -15.03 + 1.62

The results are reported as the average of three independent measurements (n = 3
+ SD). » Z-average. ® Polydispersity index. ¢ pH = 7.
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Fig. 1. Evaluation of stability of pequi oil based nanoemulsion at different pH values.
Hydrodynamic diameter (A), polydispersity index (B), and zeta potential (C). The values are
expressed as mean  SD. One-way ANOVA: significant difference pH 7 versus other groups p <
0.05 (Tukey post hoc test). Different letters indicate statistically significant differences between
groups.
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Among the formulations here evaluated (Table 1), we decided to work with OSR

1:2 formulation due to its reduced HD and PdlI.

3.2. Stability evaluation of PeNE under pH and dilution stresses

Nanoemulsions designed for biomedical applications are subjected to stress
conditions that may impact their structural integrity after administration [24-26].
Therefore, the colloidal parameters of PeNE exposed to stress conditions related to pH
and dilution factors were monitored in order to investigate alterations in their

physicochemical characteristics (Figs. 1 and 2).

Variations in pH values lead to changes in PeNE physicochemical characteristics
related to HD and zeta potential parameters (Fig. 1). When compared to original
nanoemulsion obtained at pH 7 (120 nm HD), we observed slight variations of
approximately 40 nm in the HD (p < 0.0001) at acidic pH and of 14 nm (p < 0.01) at basic
pH (Fig. 1A). Pdl values remained stable in almost all pH ranges here evaluated, showing
a drop from 0.238 to 0.150 at pH 5 (Fig. 1B). As for zeta potential, values increased 15
mV at acidic pH and decreased approximately 15 mV at basic pH (p < 0.0001) (Fig. 1C).
According to Bhattacharjee (2016), zeta potential values become more positive and more
negative at acidic and basic pH, respectively. This observation agrees with the results of
the present study and can be explained by the cationic or anionic charge adsorption from
the acid or basis, present in the medium, on the interface between the nanodroplets and
the aqueous medium [42]. One of the main characteristics of nanoemulsions is their
Kinetic stability, which confers resistance for nanodroplets submitted to stress conditions
such as dilution [24,27]. Therefore, nanoemulsions are good candidates to be
administered in parenteral routes [26,27,43]. Under dilution stress, PeNE nanodroplets
did not suffer significant variations in their size and polydispersity index (Fig. 2A and B),
supporting the idea that PeNE behaves like nanoemulsions and can be classified as such.
In addition, higher dilution rates (4- to 64-fold) lead to a significant decrease of zeta
potential values (Fig. 2C). This result corroborates with the knowledge that particle
concentration influences ZP. Although a general guideline correlating particle
concentration and ZP has not been established, it has been stated that overall in diluted

samples the zeta potential tends to decrease [42].
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Fig. 2. Evaluation of stability of pequi oil based nanoemulsion at different dilution rates.
Hydrodynamic diameter (A), polydispersity index (B), and zeta potential (C). The values are
expressed as mean £ SD. One-way ANOVA: significant difference between “0 dilution rate”
versus other groups p < 0.05 (Tukey post hoc test). Different letters indicate statistically
significant differences between groups.

3.3. Stability evaluation of PeNE over time

To investigate the storage conditions of PeNE, its stability was evaluated by
measuring its physicochemical parameters and evaluating its macroscopic aspects after
short-term (1-15 days) and long-term (200 days) storage times at 4 °C, 37 °C, and room
temperature (RT) (Fig. 3). For this evaluation, all samples were protected from light
exposure. The macroscopic aspect of a nanoemulsion is an important parameter to be
analyzed since it indicates the occurrence of instability mechanisms [24,25,28,43,44]. In
the present study, PeNE presented a homogeneous dispersion with no signs of
flocculation, creaming, sedimentation, or phase separation during all temperatures and
storage periods evaluated (data not shown). Considering that oils are not miscible to

aqueous buffers, the observation of homogeneous dispersion indicates the entrapment of
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the pequi oil in the nanodroplets. In addition, size measurements of PeNE indicated no
remarkable changes in hydrodynamic diameter, Pdl, and zeta potential of PeNE in all
temperatures and times analyzed (Fig. 3). Similarly, the pH of PeNE remained stable at 7
in all temperatures and times analyzed (data not shown).

Stability evaluation is of prime importance for nanoparticulate systems intended
for biomedical applications since it affects storage, transport, and usage conditions. The
present data emphasize the longterm size stability profile of PeNE, suggesting that its

transportation and storage may be done under a variety of temperatures.
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Fig. 3. Evaluation of stability of pequi oil based nanoemulsion over time storage at 4 °C, room
temperature (RT), and 37 °C according to hydrodynamic diameter (A), polydispersity index (B),
and zeta potential (C). One-way ANOVA: significant difference between groups p < 0.05 (Tukey
post hoc test). Different letters indicate statistically significant differences between groups.

3.4. Infrared spectra of PeNE

The FTIR technique is particularly sensitive to changes in the vibrational
properties of interacting molecules. The molecular information acquired from FTIR
spectroscopy allows correlating the conformational and structural changes undergone by
the molecule as a function of its interaction process. Therefore, to investigate the

interactions between pequi oil and the surfactant egg lecithin, measurements of FTIR
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were carried out in PeNE. For comparison, the blank formulation (only egg lecithin) and
free pequi oil were also measured (Fig. 4). As stated previously, pequi oil used in the
formulation of nanoemulsions contains mainly oleic (~51%) and palmitic (~40%) acids,
among other fatty acids (< 9%). The other constituents of pequi oil make up less than
0.5% of the total volume. As a result, the FTIR spectrum of pequi oil is dominated by the
fatty acid absorption signals [45,46] (Fig. 4 (iii)). However, in natural fats, these
components are mostly in the form of triacylglycerols (TAGs), whose basic structure is a
glycerol backbone with three acyl chains attached to it [47], whereas phosphatidylcholine
(a major component of egg lecithin) has the oleic acid and palmitic acid chains pointed
in the same direction and the polar head group pointed in the opposite direction [47] (Fig.
4).

Note from Fig. 4 that the FTIR spectrum of PeNE is dominated by the spectral
features of the blank formulation. The most prominent features in common in all spectra
are bands corresponding to CH2, CH3, C = C,and C = O groups, due to the hydrophobic
chain region, and the — PO2 and N+(CH)3 moieties from the polar head group [48,49].
Small spectral changes due to the pequi oil presence in PeNE can be observed in the
spectral region corresponding to the vas (C—O-P—O-C) (~1170 cm—1) and mainly at the
stretching vibrations of the ester carbonyl (v (C = O)) and methylene groups (Fig. 4b).
The v (C = O) band, in all FTIR spectra, can be deconvoluted in two components using
Gaussian functions. These bands are usually assigned to populations of ‘free’ (~1743
cm—1) and H-bonded (~1726 cm—1) ester carbonyl groups, whose relative integrated
intensities and vibrational energies usually change from gel (L) to liquid crystalline (La)
phase transition temperature-induced [50]. At room temperature, a fully hydrated lecithin
membrane is known to have liquid disordered (Ld) and ordered (Lo) phases coexisting,
in the range of 15-40 mol% cholesterol [51,52]. Thus, based on the results shown in Fig.
4 (b) and the discussion above, it is reasonable to assume that, just like cholesterol,
incorporation of pequi oil promotes an ordering of the Ld phase, causing Ld and Lo
phases to coexist in PeNE. This hypothesis is reinforced by the behavior of the stretching
modes of methylene. It was found that the wavenumber of the vs (CH2) and vas (CH2)
bands of the PeNE sample are both downward shift by 1 cm—1, when compared to the

blank formulation.
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3.5. Antitumoral activity of PeNE

Murine breast carcinoma (4T1) cell line was used to perform cytotoxic assay, in
vitro (Fig. 5). This is a triple-negative breast cancer cell line whose proliferation pattern
and metastasis closely resemble that of advanced human breast cancer [53]. Both free and
nanostructured pequi oil induced similar dose-dependent effects on 4T1 cell viability after
24h (p < 0.001) (Fig. 5A). Nevertheless, after 48h, PeNE treatment showed a higher
cytotoxic effect and a significant dose-dependent cell viability reduction, while free oil
treatment showed a cytotoxic pattern similar to that observed at 24h. Particularly, at 180
and 360 pg/mL, PeNE reduced cell viability by 55% and 90%, respectively (p < 0.001).
In comparison, free pequi oil did not induce toxicity at 180 ug/mL and reduced only 30%
of cell viability at 360 pg/mL after 48h (Fig. 5B). According to IC50 values, PeNE was
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1.4- and 2.5-fold more cytotoxic than free pequi oil after 24 and 48h, respectively. This
data shows that the encapsulation of pequi oil improved its bioavailability and its
cytotoxicity. In addition, PeNE and free pequi oil showed to be more cytotoxic against
cancer cells. Indeed, both samples were 20% less cytotoxic against non-tumoral
fibroblasts (NIH/3T3) at the same conditions tested in 4T1 after 24h (Fig. 5C). After 48h,
either sample resulted in 40% less cytotoxicity at 180, 360, or 540 pg/mL than what we
observed in 4T1 cells (Fig. 5D). Moreover, no time-dependent activity was noted in
fibroblasts. IC50 values showed that PeNE was 1.5- and 2.2-fold more aggressive against
breast cancer cells (4T1) than fibroblasts (NIH/3T3) after 24 and 48h exposure,
respectively (Fig. 5).

In this study, the blank formulation (egg lecithin without oil) did not show
cytotoxic activity in the tested conditions (Fig. 5), indicating that the cytotoxicity of PeNE
is due to the presence of the encapsulated pequi oil. In addition, our data show that egg
lecithin is a biocompatible surfactant for nanoemulsions. This data is supported by other
studies showing that lecithin-based nanoemulsions are suitable nanocarriers frequently
used in delivery systems that can be applied in parenteral administration for cancer
treatments [26,27,40,43]. Previous studies have reported the development of pequi oil (C.
brasiliense Cambess.) microemulsions showing stability aspects and an antioxidant
profile [54]. Nevertheless, microemulsions and nanoemulsions are different nanometric
platforms. Despite having similar nanodroplet size range, both systems show remarkable
differences regarding their stability. While microemulsions have thermodynamic
stability, which makes them sensitive to changes in composition and temperature,
nanoemulsions are kinetically stable. In other words, nanoemulsions are more resistant to
stress conditions (e.g. dilution factors, pH), resulting in better stability over long time

periods, if compared to microemulsions [24,55].
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Fig. 5. Cytotoxicity of pequi oil-based nanoemulsion (PeNE), free pequi oil, and blank
formulation (egg lecithin without oil) on the viability of breast cancer cells (4T1) (A-B) and
fibroblast (NIH/3T3) (C-D) after exposure for 24 and 48 h. The assay was carried out using the
MTT method. The values are expressed as mean + SEM. Significant difference p < 0.05 versus
control group (Tukey post hoc test). Different letters indicate statistically significant differences
between groups. IC50 values are represented below each treatment.

To the best of our knowledge, this is the first study to report the physicochemical
stability and the anticancer activity of pequi oil-based nanoemulsion in breast cancer cells.
Although nanoemulsions have been employed in cancer treatments, their oil phase is
usually used only as a platform for carrying hydrophobic drugs but not as the bioactive
compound itself. In our study, we show that pequi oil has a dual role in this formulation,
behaving both as a structural component of the nanoemulsion and as a cytotoxic agent
against breast cancer cells.

Taken together, the present study reveals PeNE as a promising nanosized platform
to be used as an adjuvant tool for breast cancer treatments. Oleic acid, one of the most
abundant bioactive compounds in pequi oil (~51%), has been described to act as an
anticancer agent against several types of cancer [56-59]. Associations of synergism
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between this fatty acid and other pequi oil bioactive compounds may favor combined
effects [60,61] resulting in the cytotoxicity against breast cancer cells observed herein.
Moreover, the PeNE developed represents a versatile nanometric platform suitable to
have its surface further tailored with different moieties involved with improved cell
internalization and active targeting delivery of conventional chemotherapeutic agents,
enabling potential synergistic interactions between drug and plant derivatives [62] to
achieve favorable outcomes in therapeutic procedures for cancer. Such PeNE
modifications along with detailed investigations aiming to unravel its mechanism of
action against breast cancer cells are underway.

The present study is one more evidence of the power of nanotechnology as a tool
to potentiate the effects of promising bioactive compounds found in natural resources.
This modern approach aggregates value of biological resources, expands their market
utility, and reinforces the need for a sustainable economy to protect biodiversity.

4. Conclusion

Several studies have explored different natural sources of new molecules with
potential effects against breast cancer, in which plant-derived bioactive compounds and
their derivatives have emerged among the main candidates for new anticancer agents.
Herein, we employed nanotechnology strategies to design and characterize a pequi oil-
based nanoemulsion (PeNE) and evaluate its anticancer effects. Taken together, the
results of the present study reveal the use of PeNE as a promising nanosized platform to
be used as an adjuvant tool for breast cancer treatments. To the best of our knowledge,
this is the first study to report the physicochemical stability and the anticancer activity of

pequi oil nanoemulsion in breast cancer cells.
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CAPITULO Il

PEQUI OIL BASED-NANOEMULSION ALTER CELL
PROLIFERATION AND DAMAGE KEY ORGANELLES ON
ADENOCARCINOMA MAMMARY CELLS, in vitro.

Este capitulo ainda ndo foi publicado. Alicia Simalie Ombredane, Lidia Rosa, Victor Hugo Sousa
Araujo, Patricia Leite Costa, Marina Sampaio, Ricardo Bentes Azevedo, Graziella Anselmo Joanitti.

Abstract

Pequi oil is extracted from a Brazilian native plant (Caryocar brasiliense Camb) and
present some molecules like vitamins, carotenoids and fat acids, among others, which
present anticancer potential. Due to its hydrophobic property, the administration of pequi
oil associated to nanoemulsion represents great alternative for cancer treatment. Breast
cancer is the most frequent type of cancer between women with 8.8 million of deaths per
year and conventional therapies used are frequently associated with several side effects.
Thus, the aim of this study was to investigate effect of pequi oil based-nanoemulsion
(PeNE) on carcinoma mammary cells, in vitro. PeNE presented dose and time dependent
cytotoxic effect with lower 1Cso than free pequi oil after 48 hours of exposure (229.9
ng/mL against 295.2 pg/mL, respectively, (p<0.001)). At 180 ng/mL, PeNE
demonstrated higher cellular alteration, when compare to free pequi oil, such as
morphological alteration on 4T1 cells, reduction of cell proliferation and number total of
cell, altered cell cycle, damage of plasmatic membrane, induction of lysosomal membrane
permeability and depolarization of mitochondrial membrane, alteration of intracellular
ROS production and calcium level, and increase of phosphatidylserine exposition. Taken
together, these results suggest that PeNE led to cell death by apoptosis. Our study showed
that PeNE had higher anticancer activity than free pequi oil against carcinoma mammary
cells, in vitro, demonstrating advantage of nanotechnology. Thus, PeNE represent great
alternative for breast cancer treatment. Further experiment should be performed in vivo
to demonstrated its anticancer potential.

Key words

Nanoemulsion, Pequi Oil, Breast cancer, Apoptosis
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1. Introduction

Breast cancer is the most common type of cancer among women worldwide with 2.1
million cases per year. It represents 15 % of cancer deaths s in the world (WHO, 2019).
According to its clinical and molecular characteristics, breast cancer can be classified in
several subtypes. Triple-negative breast cancer (TNBC) represents 15 % of breast cancer
subtype characterized by no expression of estrogen and progesterone receptors and by
absence of human epidermal growth factor receptor 2 (HER2) amplification (Denkert et
al., 2017). TNBC presents an aggressive profile inducing high rates of metastasis. The
lack of known molecular targets turns chemotherapy, a conventional treatment approach
often used in several cancer types, poorly efficient (Garrido-Castro et al., 2019).

Studies focusing in the use of natural products as sources of therapeutic compounds
have been extensively explored due to the presence of potential antitumor bioactive
molecules in their composition. Caryocar brasiliense Camb. is a Brazilian native plant
whose fruit-extracted oil is composed by antioxidant molecules (e.g. carotenoids, vitamin
C, and phenolic compounds) and mostly by fatty acids (Ana Luisa Miranda-Vilela et al.
2014). Biomedical applications of pequi oil after oral supplementation have been
investigated both on cancer prevention and treatment. Reduction on DNA damage and
lipid peroxidation was observed in a chemically induced lung carcinogenesis in vivo
model (Colombo et al. 2015). Effects on breast cancer animal models, including
inhibition on tumor growth, potentiated anticancer effects of magnetic hyperthermia
therapy, and reduction of doxorubicin side effects have been also reported (Ana Luisa
Miranda-Vilela et al. 2011; 2014). The hydrophobic nature of pequi oil precludes its
administration by other administration routes that allow improved absorption and
biodistribution, such as parenteral routes (e.g. intravascular, intramuscular,
subcutaneous).

Recently, our group employed nanotechnology strategies to circumvent this
challenge, by developing stable pequi oil based nanoemulsions (PeNE) able to allow the
dispersion of this oil in aqueous solutions (Ombredane et al. 2020). PeNE contains
monodisperse and nanometric droplets (123 nm in diameter) with physicochemical
stability when exposed to long-term (200 days) storage at different temperatures and
stress conditions such as pH and serial dilution (Ombredane et al. 2020). In addition, it

was shown that PeNE induced significant dose- and time-dependent cytotoxicity against
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triple negative breast cancer cells (4T1) along with lower cytotoxicity against non-
tumoral cells (NIH/3T3) (Ombredane et al. 2020).

In the present work, we aimed to deepen the investigation on the effects induced by
PeNE on cell proliferation and key organelles of triple negative mammary carcinoma
cells (4T1), in vitro. Our results revealed that PeNE altered cells morphology, reduced
cell proliferation and altered several organelles (lysosome, mitochondria and nucleus)
behavior more than free pequi oil at low concentration, suggesting that nanotechnology

strategy is an efficient alternative for anticancer therapy.

2. Materials and Methods

2.1.Materials

The oil used in this study was extracted from the fruit by cold pressing and filtration
and was purchased from pharmacopoeia of University of Brasilia. The materials used for
cell culture were purchased from the following companies: Ethanol, Penicillin,
Streptomycin, Trypan Blue, Sodium Bicarbonate, Bovine Insulin, and Dimethyl sulfoxide
were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA); Dulbecco's
Modified Eagle Medium (DMEM) and Trypsin were purchased from
Life Technologies Corporation (Carlsbad, CA, USA). The materials used for flow
cytometry were purchased from the following companies: Rhodamine 123 and Propidium
iodide were purchased from Thermo Fisher (EUA); Binding buffer and Annexin-V FITC
were purchased from Biosciences (BD, EUA). Murine breast adenocarcinoma cells (4T1)
were donated by Professor Dra Suzanne Ostrand-Rosenberg (University of Maryland,
Baltimore County, EUA) and modified to express luciferase in our facility as previously
described (Dos Santos Camara et al. 2017).

2.2.Development of PeNEs

The development of the nanoemulsions was an adaptation of a method previously
described (Wang et al. 2007) and used in our previously study (Ombredane et al. 2020).
The method consisted in two steps: first, a concentrated solution was prepared by adding
egg lecithin and pequi oil (2:1 w/w) in PBS. Then, the concentrated solution was diluted
in a larger volume of PBS (1:7.5 (v/v)). Sonication at 20 kHz under an ice bath for 3
minutes was used in both steps. A blank formulation (without the oil) was prepared

similarly as described above. The developed formulations were stored at 4 °C and under
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dark conditions until further analysis, in view of their better stability in this condition as

evidenced by previous studies (Ombredane et al. 2020).

2.3.Hydrodynamic Diameter, Polydispersity Index and Surface Charge

The droplet hydrodynamic diameter as well as the Polydispersion Index (Pdl) were
determined by the dynamic light scattering method. The surface charge was determined
by the electrophoretic mobility method. All analyzes were performed with the Zetasizer

equipment (DLS, Malvern, USA). Samples were analyzed without dilution.

2.4.Cell Culture

The 4T1 mammary adenocarcinoma cell line was cultured in Dulbecco's Modified
Eagle's Medium (DMEM), supplemented with 10 % (v / v) fetal bovine serum (v/v) and
1 % of antibiotic solution (100 1U/mL Penicillin — 100 pg/mL Streptomycin — v/v) at 37
°C and 5 % CO:..

2.5.Cytotoxicity assay

Cells were seeded into 96-well culture plate at a density of 2.10° cells per well in
DMEM culture medium overnight at 37 °C, 5% CO? in a humid atmosphere. Then, the
medium was changed and various concentrations of PeNE, blank and free pequi oil were
added (90, 180, 360, and 540 pg/mL, considering pequi concentration). The free pequi
oil was previously diluted in ethanol with final concentration of ethanol lower than 1%
per well which is nontoxic for cells. The plates were incubated for 24 and 48 h at 37°C,
5% CO? in a humid atmosphere.

Cell viability assay was performed using MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. The MTT assay is based on the reduction of
tetrazolium derivatives in living cells by mitochondrial dehydrogenases, allowing the
estimation of the metabolic activity of cells. This assay enables the assessment of cell
viability and proliferation as parameters of cell survival and growth [34]. After 24 and 48
h of incubation, the treatments were removed and 150 uL of the MTT solution (0.5
mg/mL in DMEM) was added in each well. The plates were incubated for 2 h at 37 °C
and 5% CO? in humid atmosphere. The culture medium was discarded and 150 pL of
dimethyl sulfoxide (DMSO) was added in each well. The absorbance was monitored
using a spectrophotometer with a microplate reader at 595 nm (Molecular Devices, USA).

The control group was considered as 100% cell viability.
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2.6.Real-time cell analysis (RTCA)

The real-time cell analyzer - RTCA assay was performed to evaluated the
proliferation rate of the cells. The cell line was seeded in the plates at density of 1 x 103
cells/well. After 24 hours, cells were exposed to PeNE, free pequi oil and blank at 180
and 360 pg/mL. Phosphate buffer was used as group control. Impedance of each well was
measured at each 30 minutes throughout the experiment for 52 hours, as a parameter of

cell growth in a RTCA instrument (xCelligence, Roche, Switzerland).

2.7.Plasma membrane integrity and cell count

Membrane integrity and cell proliferation evaluation by trypan blue assay was
performed in a 12-well plate containing 3 x 10*cells / well. After 24 hours of exposure to
pequi oil based-nanoemulsion (PeNE) and free pequi oil at 180 and 360 pg/mL, cells
were trypsinised, centrifuged and the pellet obtained was resuspended in 100 pl of culture
medium. The cells were stained with a tripan blue solution (0.4% in PBS - Sigma, USA).
The number of total cells was determined in Neubauer's chamber, counting stained or
non-stained cells. Cells with intact membrane were considered as non-stained cells; and
stained blue as cells with damaged plasma membrane. Phosphate buffer (PBS) was used

as a negative control.

2.8.Flow cytometry
2.8.1. Cells Treatment

For flow cytometry experiments, 4T1 cells were plated into 12-well culture plate at a
density of 3 x 10* cells. After incubation for 24 hours at 37 °C, 5 % CO; in humid
atmosphere, the cells were incubated with 1 mL of PeNE and free oil at 180 and 360
pug/mL. Cells incubated with phosphate buffer (PBS 1x) and hydrogen peroxide (H20-, 1
mM) were used as controls. After 24 and 48 hours of treatment, the cells were harvested
by trypsinization with 5 minutes of exposure to trypsin (Life, USA) at 37 °C, 5% CO in
humid atmosphere. Then, the trypsin was neutralized with complete culture media, and
the cells were centrifuged at 3,083 g for 5 minutes at 4 °C in order to be further prepared

for the assays described below.
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2.8.2. Annexin-V FITC/propidium iodide (PI) staining

The annexin-V FITC/PI staining was applied to distinguish apoptotic cells and
necrotic cells. After 24 and 48 hours of incubation with samples, the cells were washed
in PBS 1x and resuspended in 100 pL of binding buffer [L0 mM HEPES/NaOH (pH 7.4),
140 mM NacCl, 2.5 mM CaCl;]. Then, 5 pL of annexin-V FITC (BD, EUA) were added
and incubated for 15 minutes in the dark at room temperature. Next, 10 pL of PI (50
pg/mL) and 200 pL of binding buffer were added and the sample was analyzed by flow
cytometer (BD FACSVerse ™, EUA) using FITC and PerCP channels. A total of 10,000

events were collected per sample.

2.8.3. Mitochondrial membrane potential and cells morphologic aspects

The mitochondrial membrane potential analysis was performed to evaluate
mechanism associated with apoptosis, using Rhodamine 123, a cationic fluorescent probe
able to accumulate specifically in the mitochondria due to the negative transmembrane
potential in this organelle in living cells (Ronot, Benel, Adolphe & Mounolou, 1986).
Cells were washed twice in PBS 1x, and then 300 pL of Rhodamine 123 (5 pg/mL in
PBS 1x, Thermo Fisher, USA) were added to each sample and incubated for 15 minutes
at room temperature, protected from light. Then, the cells were washed twice with PBS
1x and were analyzed using a flow cytometer (BD FACSVerse ™, USA) using FITC
channel. A total of 10,000 events were collected per sample. Parameters related to the
size and granularity of treated cells were obtained by flow cytometry (BD FACSVerse
™ USA) using FSC and SSC channels, respectively. A total of 10,000 events were

collected per sample.

2.8.4. DNA fragmentation assay and cell-cycle
The 4T1 cells were resuspended into 1 mL of cold ethanol (70%) and stored at -20 °C
for 24 hours. After the incubation time, the cells were washed twice by PBS 1x and 100
pL of RNAse (50 pg/mL) were added for 30 minutes at 37 °C, protected from light. Then,
100 pL of propidium iodide (Pl — 20 pg/mL, Probes, Thermo Fisher, EUA) in PBS 1x
were incubated for 30 minutes at room temperature, protected from light. The DNA
fragmentation and cell cycle were analyzed using a flow cytometer (BD FACSVerse ™,

USA) using PI channel. A total of 10,000 events were collected per sample.
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2.8.5. Lysosomal membrane permeabilization / Detection of acidic vesicular

organelles (AVOs)

Acridine orange (AO) is a lysosome-tropic metachromatic fluorochrome. When excited
with blue light, AO emits red fluorescence at high concentrations when it is present in
lysosomes (Boya and Kroemer, 2008). Cells were exposed to 50 uM of AO for 30 minutes
protected from light at room temperature. After time incubation, the lysosomal membrane
permeabilization was analyzed by flow cytometer (BD FACSVerse ™, USA) using PI
channel. A total of 10,000 events were collected per sample.

2.8.6. ROS level

Reactive Oxygen Species (ROS) level was analyzed using H.DCFDA (5-(and-6)-
chloromethyl-29, 79-dichlorodihydrofluoresceindiacetate, acethyl ester). Unspecific
esterase cleaved H.DCFDA in DCFDA that turns into fluorescent molecule of DCF with
the presence of intracellular ROS. The cells were exposed to 100 pL of H.DCFDA at 10
1M final concentration for 40-60 minutes, protected from light at room temperature. ROS
level was then analyzed by flow cytometer (BD FACSVerse ™, USA) using FITC
channel. A total of 10,000 events were collected per sample.

2.8.7 Calcium level

Intracellular calcium level was evaluated using fluo-4 AM staining. Acetoxymethyl
ester (AM) is cleaved inside cells and release free fluo-4 as a green fluorescent calcium
indicator. The cells were exposed to 2 uL of fluo-4 AM for 30 minutes at room
temperature protected from light. Intracellular calcium measurement was performed by
flow cytometer (BD FACSVerse ™, USA) using FITC channel. A total of 10,000 events
were collected per sample.

2.9.Cell morphology analysis by optical microscopy

The 4T1 cell morphology was evaluated by optical microscopy images after 24 and
48 hours of treatment with pequi oil based-nanoemulsions (PeNE). Cells were seeded in
12-wells plates (3.10 # cells / well) and treated with 180 and 360 pg/mL of PeNE and free
oil. Phosphate buffer (PBS 1X) was used as a negative control. Each treatment was
performed in triplicate. After 24 and 48 hours, wells were analyzed by Leica DMil
microscope with 5X and 20X objectives. The images were captured by Leica MC170 HD

camera.
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2.10. Statistical analysis

Statistical differences between control and treated cells were evaluated by the analysis
of variance (ANOVA) and Tukey post hoc test at a significance level of 0.05 using Graph
Pad Prism 5.03 (GraphPad Software, La Jolla, CA, USA) after verify normality of data
with Shapiro-Wilk. All values were expressed as means + standard error of the mean
(SEM) and a value of p < 0.05 was considered statistically significant. All assays were

performed in triplicates in three independent experiments.

3. Results
3.1 Dose- and time-dependent effect of PeNE on adenocarcinoma mammary cells

The PeNE used herein presented an average droplet size of 130.8 + 1.2 nm,
polydispersity index (Pdl) of 0.241 £ 0.017, and negative zeta potential of -21.1 £ 0.9
mV. PeNE and free pequi oil showed a dose- and time-dependent cytotoxic pattern with
ICso of 255.0 and 247.7 pug/mL, respectively, at 24h; and of 229.9 and 295.2 pug/mL
respectively, at 48h (Fig.1) on adenocarcinoma mammary cells (4T1). The present data
are similar to previous go pequi), reinforcing the reproducibility of the physico-chemical

characteristics and biological effects of this formulation.
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Figure 1. Cytotoxic effect on adenocarcinoma mammary cells (4T1). The cells were
exposed to PeNE and free pequi oil at 90 — 180 — 360 and 540 pg/mL for 24 (A) and 48
hours (B). Two-way ANOVA: significant difference between groups p < 0.05 (Tukey
post hoc test). Different letters indicate statistically significant differences between
groups.

For the next assays, we investigated the effects of PeNE and free pequi oil at 180

and 360 pg/mL after 24 and 48 hours of exposure.

3.2 PeNE altered cells morphology
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24 hours

48 hours

Optical microscopic analysis of cells treated with PeNE or free pequi oil showed
morphological abnormalities such as cell shrinkage, vacuole formation, and higher
number of round cells when compared to control group (Fig. 2A). The morphologic
alterations were more evident as the dose and time of exposure increased. Despite both
PeNE and free oil reduced cell size (FSC-H) significantly (Fig. 2B); a more pronounced
reduction was observed after PeNE treatment. Increase in granularity (SSC-H) was
observed mainly at the dose of 180 pg/mL in both treatments at 24 h exposure. After 48h,
cell granularity of PeNE (360 pg/mL) group was significantly reduced, whereas no

reduction was observed in the free oil group at 180 pg/mL (Fig. 2B-D).
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Figure 2. Morphologic analysis of adenocarcinoma mammary cells (4T1) by optic
microscopy (A) and flow cytometer (B) after 24 and 48 hours of exposure with PeNE and
free oil at 180 and 360 pg/mL. Control group was treated with PBS 1x. (A) Scale bar =
500 pm. (B) FSC-H = size and SSC-H = granularity. One-way ANOVA: significant
difference between groups p < 0.05 (Tukey post hoc test). Different letters indicate
statistically significant differences between groups.

3.3 PeNE impaired cell proliferation and decreased total cell number without
affecting cell cycle
Real-time cell adhesion/proliferation pattern of treated 4T1 cells was monitored
during 52 hours. At the dose of 180 pg/mL, PeNE showed higher decrease on cell index
than free pequi oil (~50% and ~98%, respectively; p < 0.05), suggesting that
encapsulation of pequi oil improved its cytotoxic effects. At the dose of 360 pg/mL, both
treatments showed similar cell indexes (Fig. 3A-C). In parallel, cell counting was
performed to analyze the total cell number after exposure with PeNE and free pequi oil
at both concentrations. After 24 hours, only cells exposed to PeNE at 360 pg/mL
presented significant reduction of 40.3% on the total cell number (p < 0.05) (Fig. 3D).
After 48 hours, PeNE and free pequi oil at the same concentration (360 pg/mL)
significantly decreased the total cell number of 65.6 and 57.5 %, respectively (p<0.05)
(Fig. 3E).
The influence of PeNE and free pequi oil on cell cycle was also

investigated. However, no expressive alterations on were observed (Fig. 3 D-E).
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Figure 3. Effect of PeNE and free pequi oil on cells proliferation of carcinoma mammary
cells (4T1), in vitro. Real-Time Cell Analysis (RTCA) performed after cells exposure with
blank, PeNE and free pequi oil at 180 (A) and 360 pg/mL (B) for 52 hours. The cell index at the
end (52 hours) is shown as a bar chart (C). Total cell number by trypan blue assay. Cells were
exposed to PeNE and free oil at 180 and 360 ug/mL after 24 (D) and 48 hours (E). Cell cycle by
flow cytometry. Effect of PeNE and free oil at 180 and 360 pug/mL on 4T1 cell cycle with
exposure for 24 (F) e 48 hours (G). The cells were incubated with propidium iodide for 30 minutes
at room temperature and cell cycle was analyzed by flow cytometry (10,000 events/sample). The
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values are represented as mean £ SEM. Phosphate buffer was used as control. One-way ANOVA:
significant difference between groups p < 0.05 (Tukey post hoc test) (C-D-E). Different letters
indicate statistically significant differences between groups (C). Student test G1-control vs G1-
PeNE at 360 pg/mL after 48 hours (**: p < 0.0093) (G)

3.4.PeNE induced damage in plasma membrane, DNA fragmentation, and alteration on

lysosomes membrane permeability and on mitochondrial membrane potential

After 24 h exposure, a discrete increase on plasma membrane damage was observed
on both higher dose treatments; whereas, all groups showed a similar percentage of
plasma membrane damage (~34%; p<0.01) after 48 h exposure (Fig. 4A-B). All samples
leaded to a reduction on lysosomal acidity (Fig. 4C-D). Interestingly, a more pronounced
effect was observed on cells treated with free pequi oil at 24 h exposure. After 48 h of
exposure, PeNE and free pequi oil demonstrated similar activity at 360 pg/mL (96.9 and
96.3%, respectively); whereas, at the dose of 180 pg/mL, PeNE leaded to higher reduction
on lysosomal acidity than free pequi oil (77.1 and 51.2%, respectively; p < 0.01).

Furthermore, this study showed that the exposure of 4T1 cells to PeNE and free oil
induced significant dose and time-dependent_modifications on mitochondrial membrane
potential (A¥Ym) (Fig. 4E-F). A similar tendency was observed after 24 and 48 hours for
both treatments. Interestingly, at the dose of 180 pg/mL, no-significant alterations on the
A¥m of cells treated with free pequi oil were observed; while significant reductions of
55 % and 80 % on the AY was induced on PeNE treated cells at 24 and 48h respectively
(p<0.001).

DNA fragmentation was noted after 24 and 48 h of exposure (Fig. 4 G-H). After 24
hours, PeNE at both concentrations, and free oil at 360 pg/mL, increased DNA
fragmentation in 4T1 cell line around 20 % (p<0.001) when compared to the control
group (Fig. 4G). In this experiment, time exposure showed to be an important factor.
Indeed, 70 and 60 % of DNA fragmentation was detected after 48 hours of exposure to

PeNE and free oil at 360 pg/mL, respectively (Fig. 4H).
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cytometry and rhodamine 123 fluorescence. (10,000 events/sample, geometric mean
representation). (G-H) DNA fragmentation measured by flow cytometry (10,000 events/sample).
Phosphate buffer was used as control. Two-way ANOVA: significant difference between groups
p < 0.05 (Tukey post hoc test) (A-B and G-H). One-way ANOVA: significant difference between
groups p<0.05 (Tukey post hoc test) (C-D and E-F). Different letters indicate statistically
significant differences between groups.

3.5.PeNE reduced ROS level and increased intracellular calcium proportion

Cells exposed to PeNE at 180 pg/mL and free pequi oil at both concentrations presented
increase in ROS production of approximately 50% (p<0.01) after 24 h (Fig. 5A-B). Free
pequi oil led to higher level of intracellular ROS after 48 hours at 180 and 360 pg/mL (50.2
and 46.9%, respectively) than PeNE at both concentrations (33.9 and 24.6%, respectively).

Further, significant decrease, followed by significant increase, of intracellular calcium
levels were detected in all experimental groups after 24 and 48 hours, respectively (p<0.05)
(Fig. 5C-D).
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Figure 5. Intracellular Reactive Oxygen Species (ROS) analysis with CM-H,DCFDA
(A-B) and intracellular calcium analysis with fluo-4 AM (C-D) were evaluated by flow
cytometry after 24 and 48 hours of exposure to PeNE and free oil at 180 and 360 pg/mL.
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24 hours

48 hours

Representation of geometric mean of DCF and fluo-4 AM fluorescence. One-way
ANOVA: significant difference between groups p < 0.05 (Tukey post hoc test). Different

letters indicate statistically significant differences between groups.

3.6 PeNE increased the proportion of apoptotic cells

ParCP-H - PerCh-H

After treatments, cells were categorized as viable cells (unmarked), cells in early stage of

apoptosis (FITC+/PI-), cells in late apoptosis and/or necrosis (FITC+/Pl+) and necrotic cells

(FITC-/P1+). After 24 hours, cells exposed to PeNE at both concentrations present higher

percent of early apoptosis marker (FITC+/PI-) than free pequi oil (p<0.05). After 48 hours,

PeNE and free pequi oil at 360 pg/mL presented similar increase of early apoptotic cells
(27.7 and 25.6%, respectively; p<0.05). Nevertheless, at the dose of 180 pg/mL, this

percentage was higher on PeNE treated cells (17.3%) than after free pequi oil treatment

(6.2%). Additionally, the proportion of cells in late apoptosis and/or necrosis significantly

increased after exposure at both concentrations of PeNE and free pequi oil when compared
to control group (p<0.05) (Fig. 6 A-B).

PeNE 180

5ol
EEAL

Q2

15

PeNE 360

az
£,95

Free oil 180

Free oil 360

5 Jas
Jaga

X T
i z Fi
g g £
& 1o & & 1o o
T Z i
¥ -
% " % 10”3
o« o o
1° '
[+H] as a3
775 106 151
10" 10
T LML b=ty T
wt w1 1 0 0 0 o e e w w' w
FITC-H i- FITC-H FITC-H :: FITC-H
a az [ of
16,0 252 221
P
d
E 10°
u
g 2
2 1"
F 4

Q3
16,7

o

[+x]
6,80

Q3
re

T ™
|02 |03
FITC-H = FITCH

™

rl
L]

5
il

T

FITC-H = FITE-H

Ty T Lish T

] 3 ]
1] il 10 10

FITC-H & FITC-H

10

T ™ ™
0’ nw
FITC-H = FITC-H

w?

63

T

|05



B Unmarked B3 FITC+/ PI- mm Unmarked B3 FITC+/PI-

=3 FITC+/PI+Ea FITC-/Pl+ = FITC+/Pl+ B3 FITC-/Pl+
100 100
T 50 T 507
@) ) ]
0 0

Control 180 360 180 360 Control 180 360 180 360
PeNE Free oil PeNE Free oil

Figure 6. Representation of apoptotic cells stained by Annexin V-FITC in 4T1 cells after
24 (A) and 48 hours (B) of exposure to PeNE and free oil at 180 and 360 pg/mL.
Phosphate buffer was used as negative control. One-way ANOVA: significant difference
between groups p < 0.05 (Tukey post hoc test). Different letters indicate statistically
significant differences between groups.

3 Discussion

This study aimed to investigate the effects of pequi oil PeNE on cell proliferation and
on key cellular organelles and structures of a triple negative breast cancer cell line (4T1).
The results showed that PeNE impaired cell proliferation, altered ROS production,
extracellular calcium level, exposition of phosphatidylserine, integrity of plasma
membrane, and organelle functions (lysosome, mitochondria, and nucleus). Although
even free pequi oil also induced antitumor activity, PeNE showed improved effects,
mostly at 180 pg/mL, promoting higher cytotoxicity and cellular alterations, which
supports the idea that nanotechnology is a great strategy to overcome challenges
involving the administration of hydrophobic compounds administration in cancer
treatments. In the present work, it was shown that PeNE induces a dose-dependent
reduction on total cell number without showing impressive alterations on cell cycle (Fig.
3F). This observation can be explained by the fact that cell number decrease may occur
quickly by the activation of cell death mechanisms that do not necessarily affect cell cycle
regulation. Data obtained from real time growth monitoring of treated cells (Fig XX)
corroborate with these results where the reduction of cell index may correspond to loss
of cell adherence due to morphological alterations and cell death.

Lysosomes are cytoplasmic membrane-enclosed organelles characterized by an acidic
milieu (pH < 5) and contain hydrolytic enzymes responsible for controlled degradation
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of cellular compounds. In the present work, PeNE and free pequi oil induced a decrease
of lysosomal acidity (Fig. 4C-D) which is a remarkable consequence of lysosome
membrane permeability - LMP (Boya et al., 2008; Repnik et al., 2014). A total or partial
damage of lysosomal membrane has been shown to induce cell death by different
pathways including necrosis and apoptosis (Boya et al., 2008; Repnik et al., 2014). LPM
can cause the release of cathepsins and other lysosomal enzymes to the cytosol that can
trigger the activation of caspases leading to cytochrome c release and activation of
caspases for example (Boya et al., 2008; Repnik et al., 2014). Cancer cells are particularly
susceptible to LMP due to the presence of large lysosomes and for exhibiting higher
metabolic rates that leads to lysosome iron accumulation (Boya et al., 2008; Repnik et al.,
2014). Free fatty acids and ROS are among the stimuli able to trigger LMP. Interestingly,
both PeNE and free pequi oil treatments increased ROS levels (Fig. 5A-B), which might
be directly involved with alterations observed not only in lysosomes but also in other
cellular structures (plasma membrane) and organelles such as mitochondria and
endoplasmic reticulum.

The mitochondrial membrane potential (A%¥m) is associated with ATP synthesis and
is a quality control system of the cell. Alterations on the A¥m can result in cell
dysfunctions that can lead to cell death (Zorova et al., 2013). At the dose of 180 pg/mL,
PeNE induced significant and higher depolarization of mitochondrial membrane when
compared to free pequi oil. This result may suggest that cell death observed after the
exposure to PeNE to 4T1 cells might be associated to the activation of apoptotic
pathways. Cell shrinkage (Fig. 1), DNA fragmentation (Fig. 4G-H) and exposure of
phosphatidylserine (Fig. 6), common features of apoptosis (D’Arcy, 2019; Saadat et al.,
2015), observed on PeNE treated cells reinforces this hypothesis.

Calcium (Ca?") homeostasis is important for cell functioning and it is involved in
several cellular mechanisms such as gene expression, proliferation, differentiation, DNA
repair, apoptosis, metastasis, and hormone secretion (Tajbakhsh et al., 2017). The
endoplasmic reticulum (ER) is the principal organelle responsible for Ca?* storage
(Tajbakhsh et al., 2017). During apoptosis, alterations on ER Ca?" storage can cause a
stress response leading to cell death. In breast cancer, the natural product resveratrol
triggers the release of Ca?* from ER which activates the calpain protease and induces cell
death by apoptosis (Sareen et al., 2007). Therefore, variations in Ca®* levels observed on

treated cells may be involved with endoplasmic reticulum stress.
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Herein, it was possible to map the main effects of PeNE and free pequi oil on key
cellular structures and organelles of triple negative breast cancer cells. Taken together,
the results suggest an interesting induction of cell death mechanisms involving a
combined action of factors that impair nucleus, mitochondria, lysosome, and endoplasmic
reticulum functioning (Fig.7). In addition, more pronounced effects were observed in
treated cells by PeNE at 180 pg/mL when compared to free pequi oil, thereby reinforcing
the advantages of using nanometric platforms for antitumor treatments. Moreover,
considering the stability and physic-chemical characteristics of PeNE, this nanoparticle
platform may be used as carriers of other antitumor compounds, particularly hydrophobic
molecules, in order to improve their delivery to tumoral cells and enable a combined and
enhanced treatment efficacy. These promising results highlight the use of PeNE as a
potential complementary therapeutic approach to be employed along with conventional
treatments against breast cancer in the future.
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Figure 7. Suggested cell targets involved in the cytotoxicity of pequi oil based-
nanoemulsion (PeNE) on breast cancer cells (4T1). PeNE may be internalized by cells
through endocytosis mechanism or membrane fusion. Source: own authorship creating in
BioRender.com.
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4 Conclusion

The results of this study revealed that nanotechnology strategy improved pequi oil
effects against triple negative breast cancer cells, mainly at 180 pg/mL, inducing
significant alterations on several key cellular structures and organelles functions leading
to cell death. These promising results highlight the use of PeNE as a potential
complementary therapeutic approach to be employed along with conventional treatments

against breast cancer in the future.
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CAPITULO III

Additive cytotoxic effects of the association of docetaxel and
anacardic acid entrapped in pequi oil based-nanoemulsion on
adenocarcinoma mammary cells, in vitro.

Este capitulo ainda nao foi publicado. Alicia Simalie Ombredane, Natdlia Ornelas Martins,
Gabriela Mara Vieira de Souza, Victor Hugo Sousa Araujo, [sis O. Szlachetka, Sebastido W. da
Silva, Carlos, Mariana, Marcia Cristina Oliveira da Rocha, Luiz Antonio Soares Romeiro,
Ricardo Bentes Azevedo, Graziella Anselmo Joanitti.

Abstract

Combinatory therapy associated with nanotechnology represents an alternative for the
treatment of breast cancer, the type of cancer with the highest incidence among women
in the world with 2.1 million cases in 2018. The combination of pequi oil, anacardic acid
(AA) and docetaxel (DTX) in nanoemulsion can enhance the antitumor effect of each
molecules and decrease side effects. Therefore, the aim of the study is the faith in
formulated nanoemulsions based on pequi oil (PeNE) containing DTX and AA and to
investigate cytotoxicity in breast cancer cells (4T1), in vitro. PeNE alone and with AA
(PAA) and DTX (PDTX) were obtained by sonication method. Hydrodynamic diameter
(DH), polydispersity index (Pdl) and Zeta potential were measured by ZetaSizer®.
Cytotoxicity and combination index (CI) were determined by MTT and Chou-Talalay
methods, respectively. Flow cytometry was used to investigate effects of nanoemulsions
on lysosomal membrane permeability (PML), mitochondrial membrane potential (PMM),
cell cycle, apoptosis / necrosis cell death and caspase activation. Additionally, cell
morphology was observed by inverted microscopy. PeNE, PDTX and PAA presented DH
less than 200 nm and moderate Pdl below 0.3. Then, the association PDTX+PAA induced
a greater decrease in cell viability (~ 70%, p <0.0001) and additive effect (CI~1). In
parallel, the association DTX+AA led to antagonism effect (IC > 1). Furthermore,
PDTX+PAA induced morphological change, higher alteration on PML and PMM, cell
cycle block in G2 / M phase and phosphatidylserine exposure. Thus, the study reports the
success of the use of pequi oil-based nanoemulsion as a drug delivery system for DTX
and AA, which improves the antitumor effect of each isolated compound and leads to
additive effect. Both DTX and AA aggregated greater antitumor activity against breast
cancer cells when associated with PeNE, suggesting that nanotechnology represents great
potential for the treatment of breast cancer.

Key words: Nanoemulsion, Pequi Oil, Breast cancer, Docetaxel, Anacardic acid,
Combinatory therapy
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1- Introduction

Breast cancer is one of the most common cancer type worldwide among women
(WWO, 2020). Conventional therapies such as chemotherapy are recommended to be
employed mainly in early stages of cancer in order to increase cure chances. However,
since it is known that different and heterogeneous cancer cell populations can be present
in the same tumor mass, some cells may be resistant to the chemotherapeutic approach
chosen; thereby, challenging treatment success. In this context, combination of therapies
represents a great alternative for cancer treatment where different drugs are able to
achieve different cellular targets, to increase cytotoxic activity (Jadia et al., 2016), and to
reduce side effects (Kushwabh et al., 2018).

Drugs combination is one type of combinatory therapy approved by FDA (Food and
Drugs Administration). Docetaxel (DTX), a chemotherapeutic agent acting on tubulin
stabilization, is commonly used in clinical administration and has showed to be highly
efficient for metastatic breast cancers, although it is involved in several sides effects. DTX
had been successfully associated with some others drugs like Gemcitabine,
Ramucirumab, Pertuzumab, and cisplatin in treatment of breast cancer, non-small cell
lung cancer, and prostate cancer (Jadia et al., 2016; Kushwah et al., 2018; Farha & Kasi,
2019).

Anacardic acid (AA) is a bioactive compound isolated from cashew nut (Anacardium
occidentale) and has been described to present antitumor activities by reducing cell
proliferation (Schultz et al., 2010; Zhao et al., 2018) and inducing apoptosis in cancer
cells (Hemshekhar et al., 2012). Additionally, AA showed to be a great ligand for targeted
cancer therapy because of its high affinity to vascular endothelial growth factor receptor
(VEGF) receptors that are overexpressed in cancer cells (Kushwah et al., 2018b). Some
studies reported the association of DTX and AA in nanoparticles against breast cancer
(Kushwah et al., 2018; Kushwah et al., 2018b). However, in these cases, AA was used as
a surface ligand to interact specifically to cancer cell receptors (eg. VEGF). In the present
study, DTX and AA were used as antitumor agents acting in different cellular targets.
Due to the hydrophobic nature of both molecules, nanotechnology strategies were chosen
to enable their future application into lived organisms.

Nanoparticles have been increasingly used as carriers for hydrophobic compounds
and as drug delivery systems for cancer treatment (Singh et al., 2017). These systems
avoid early degradation of drugs and increase their internalization into targeted cells,

reducing side effects (Rocha et al., 2017). Nanoemulsion is one type of nanometric drug
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delivery system characterized b y a mixture of aqueous and oil phases stabilized by
surfactants (Kumar & Divya, 2015; Gupta et al., 2016). Usually, the oil phase has a
structural role to form stable nanoemulsions able to carry hydrophobic molecules.
Interestingly, in some cases, the oil phase can be chosen according to its biological
properties (Ombredane & Araujo et al., 2020) and play a dual role t acting both as
structural and antitumor agents in synergism with the carried molecules.

Brazilian Cerrado represents great biodiversity environment with plants rich in
antioxidants molecules. Pequi (Caryocar brasiliense Camb.) is a native tree of Brazilian
Cerrado rich in carotenoids, vitamin C, and phenolic compounds (Miranda-Vilela et al.,
2009; Colombo et al., 2015; Guedes et al., 2017; Palmeira et al., 2016). Pequi oil have
demonstrated anticancer activity in animal models. Oral supplementation of this oil led
to inhibition of tumor growth, reduction of side effects induced by chemotherapeutic
drugs, and potentiation of anticancer effects of magnetic hyperthermia therapy (Miranda-
Vilela et al., 2011; Miranda-Vilela et al., 2013; Miranda-Vilela et al., 2014). Moreover,
previous studies have reported the design, characterization, stability and cytotoxic effects
of pequi oil based-nanoemulsion (PeNE)on breast cancer cells, in vitro Ombredane &
Araujo et al., 2020).

Therefore, considering the above mentioned advantages of therapies associating
different antitumor compounds, the aim of this study was to design and characterize PeNE
formulation entrapping docetaxel and anacardic acid, separately, and and also investigate
their combined effects on the cytotoxicity, proliferation, and key cellular

structures/organelles of triple-negative adenocarcinoma mammary cells (4T1), in vitro.

2- Materials and methods
2.1 Materials

The oil used in this study was extracted from the fruit by cold pressing and filtration
and was purchased from pharmacopoeia of University of Brasilia. Docetaxel was
purchased from. Anacardic acid was synthesized by Dr Luiz Romeiro from University of
Brasilia (Brazil). The materials used for cell culture were purchased from the following
companies: Ethanol, Penicillin, Streptomycin, Trypan Blue, Sodium Bicarbonate, Bovine
Insulin, and Dimethyl sulfoxide were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA); Dulbecco's Modified Eagle Medium (DMEM) and Trypsin were
purchased from Life Technologies Corporation (Carlsbad, CA, USA). The materials used
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for flow cytometry were purchased from the following companies: Rhodamine 123 and
Propidium iodide were purchased from Thermo Fisher (EUA); Binding buffer and
Annexin-V FITC were purchased from Biosciences (BD, EUA). Murine breast
adenocarcinoma cells (4T1) were donated by Professor Dra Suzanne Ostrand-Rosenberg
(University of Maryland, Baltimore County, EUA).

2.2 Development of formulations

The development of the nanoemulsions was an adaptation of a method previously
used in our previously study (Ombredane & Araujo et al., 2020). First, 1.7 mg of
anacardic acid and 3 mg of docetaxel were dissolved, separately, in 32 mg of pequi oil
and 5 ml of ethanol. The solvent was then removed by rota-evaporation. The two films
formed by pequi oil and compounds were resuspended with 10 mL of phosphate buffer
1x containing egg lecithin (pequi oil:egg lecithin at proportion 1:2 (v/v)) and submitted
to sonication at altered pulse of 40% amplitude for 3 minutes in ice bath. Then, 5 mL of
phosphate buffer 1x were added to each solution and sonicated a second time at the same
conditions previously described. Pequi oil based-nanoemulsion without compound and
the blank formulation (without compound and pequi oil) were prepared similarly as
described above. The developed formulations were stored at 4°C and under dark
conditions until further analysis, in view of their better stability in this condition as

evidenced by previous studies (Ombredane & Araujo et al., 2020).
2.3 Dynamic light scattering (DLS) and stability under time

The droplet hydrodynamic diameter as well as the Polydispersion Index (Pdl) were
determined by the dynamic light scattering method. The surface charge was determined
by the electrophoretic mobility method. The stability of the formulations stored at 4 °C
according to these parameters were evaluated for 60 days. All analyzes were performed
with the Zetasizer equipment (DLS, Malvern, USA).

2.4 Analysis of infrared spectrophotometry — FTIR

For the FTIR measurements, the nanoemulsions were previously lyophilized
(Thermo Savant SPD121P - Thermo scientific) and stored under nitrogen atmosphere
until analysis. The FTIR experiments were performed using a Bruker spectrometer
(model Vertex 70). Analysis was performed using the module attenuated total reflectance
(ATR, Attenuated Total Reflectance). The measurements were averaged over 96 scans,
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which were taken at a resolution of 4 cm™ from 400 to 4000 cm™. The background signal
was averaged over 96 scans before each measurement. Finally, the spectra were fitted
using Gaussian functions. Data were treated with IR Solution software 1.50® and

transferred to the graphics program GraphPad Prism 5.0% construction.
2.5 Electronic transmission microscopy

A morphological analysis of the nanoemulsions were performed by transmission
electron microscopy (TEM). The sample were diluted 1:100 (v:v) in distilled water and 3
uL of this solution were diluted in copper screens covered with formvar film. The sample
dried at room temperature, and then, they were contrasted with osmium tetroxide (OsO4)
steam for 5 minutes. The images were acquired using a transmission electron microscope
(JEOL JEM-1011, Japan) at 80 kV.

2.6 Cell culture

The cell lines murine breast carcinoma (4T1) and murine fibroblast (NIH-3T3)
were grown in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10%
of heat inactivated fetal bovine serum (v/v) or 10% of calf serum (v/v), respectively, and
1% of antibiotic solution (100 IU/mL Penicillin — 100 pg/mL Streptomycin — v/v) at 37°C

and 5% COz in humid atmosphere.
2.7 Cell treatment

For viability assay, cells were seeded into 96-well culture plate at a density of 2.10°
cells per well (4T1) in DMEM culture medium overnight at 37°C, 5% CO2 in humid
atmosphere. Then, the medium was changed and various concentrations of pequi oil
based-nanoemulsion (PeNE), pequi oil based-nanoemulsion associated to anacardic acid
(PAA) and docetaxel (PDTX), blank (BR), free AA, free DTX and free pequi oil (OL)
were added. The concentrations tested were 90 — 180 — 360 - 540 pg/mL considering
pequi oil, 5 — 10 — 20 - 30 pg/mL considering AA and 8 — 17 — 33 — 50 pg/mL of
docetaxel. The free pequi oil was previously diluted in ethanol. The final ethanol
concentration was lower than 1% per well. The plates were incubated for 24 and 48 hours
at 37°C, 5% CO- in humid atmosphere.

Combinations of sample were also tested. Cells were seeded into 96-well culture plate
at a density of 2.10° cells per well (4T1) and 3.102 cells per well (NIH-3T3) in DMEM
culture medium overnight at 37°C, 5% CO: in humid atmosphere. The medium was
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changed and cells were exposed to “PeNE”, “PAA”, “PDTX”, “AA”, “DTX”,
“PAA+PDTX” and “AA+DTX”. The concentration tested were 135 - 180 pg/mL
considering pequi oil, 7 — 10 pg/mL considering AA and 12 - 16 pug/mL considering
docetaxel. The plates were incubated for 24 and 48 hours at 37°C, 5% CO; in humid
atmosphere. Combination index (CI) was calculated using CompuSyn® (Version 1.0) and

interpreted according to Chou and Talalay method (1983).

2.8 Cell viability assay

Cell viability assay was performed using MTT (3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. The MTT assay is based on the reduction of
tetrazolium derivatives in living cells by mitochondrial dehydrogenases, allowing the
estimation of the metabolic activity of cells. This assay enables the assessment of cell
viability and proliferation as parameters of cell survival and growth. After 24 and 48 hours
of incubation, the treatments were removed and 150 pL of the MTT solution (0.5 mg/mL
in DMEM) was added in each well. The plates were incubated for 2 hours at 37°C and
5% COzin humid atmosphere. The culture medium was discarded and 150 pL of dimethyl
sulfoxide (DMSO) were added in each well. The absorbance was monitored using a
spectrophotometer with a microplate reader at 595 nm (Molecular Devices, EUA). The

control group was considered as 100% of cell viability.

2.9 Plasma membrane integrity and cell count

Membrane integrity and cell proliferation evaluation by trypan blue assay was
performed in a 24-well plate containing 2.10% cells / well. After 24 hours of exposure to
PeNE, PAA, PDTX, AA, DTX, PAA+PDTX and AA+DTX at 180 pg/mL considering
pequi oil, 10 pg/mL considering AA and 16 pg/mL, considering DTX, cells were
trypsinised, centrifuged and the pellet obtained was resuspended in 100 ul of culture
medium. The cells were stained with a tripan blue solution (0.4% in PBS - Sigma, USA).
The number of total cells was determined in Neubauer's chamber, counting stained or
non-stained cells. Cells with intact membrane were considered as non-stained cells; and
stained blue as cells with damaged plasma membrane. Phosphate buffer (PBS) was used

as a negative control.
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2.10 Flow cytometry
2.10.1 Cells Treatment

For flow cytometry experiments, 4T1 cells were plated into 24-well culture plate at a
density of 2.10* cells. After incubation for 24 hours at 37°C, 5% CO; in humid
atmosphere, the cells were incubated with 0.5 mL of PeNE, PAA, PDTX, AA, DTX,
PAA+PDTX and AA+DTX at 180 pg/mL considering pequi oil, 10 pg/mL considering
AA and 16 pg/mL considering DTX. Cells incubated with phosphate buffer (PBS 1x)
were used as control. After 24 hours of treatment, the cells were harvested by
trypsinization with 5 minutes of exposure to trypsin (Life, USA) at 37°C, 5% CO: in
humid atmosphere. Then, the trypsin was neutralized with complete culture media, and
the cells were centrifuged at 3083 g for 5 minutes at 4 °C in order to be further prepared
for the assays described below. Then, each assay was analyzed by flow cytometer (BD
FACSVerse™, USA) and a total of 10,000 events were collected per sample.

2.10.2 Lysosomal membrane permeabilization

Acridine orange (AO) is a lysosome-tropic metachromatic fluorochrome. When excited
with blue light, AO emits red fluorescence at high concentrations when it is present in
lysosomes. Cells were exposed to 50 uM of AO for 30 minutes protected from light at

room temperature. Red fluorescence was observed using Pl channel.
2.10.3 Mitochondrial membrane potential and cells morphologic aspects

The mitochondrial membrane potential analysis was performed to evaluate
mechanism associated with apoptosis, using Rhodamine 123, a cationic fluorescent probe
able to accumulate specifically in the mitochondria due to the negative transmembrane
potential in this organelle in living cells. Cells were washed twice in PBS 1x, and then
300 pL of Rhodamine 123 (5 pug/mL in PBS 1x, Thermo Fisher, USA) were added to
each sample and incubated for 15 minutes at room temperature, protected from light.
Then, the cells were washed twice with PBS 1x and were analyzed using FTIC channel.
Parameters related to the size and granularity of treated cells were obtained by flow
cytometry (BD FACSVerse™, USA) using FSC and SSC channels, respectively.
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2.10.4 ROS level

Reactive Oxygen Species (ROS) level was analyzed using H.DCFDA (5-(and-6)-
chloromethyl-29, 79-dichlorodihydrofluoresceindiacetate, acethyl ester). Unspecific
esterase cleaved HDCFDA in DCFDA that turns into fluorescent molecule of DCF with
the presence of intracellular ROS. The cells were exposed to 100 pL of H.DCFDA at 10
KM final concentration for 40-60 minutes, protected from light at room temperature. Cells

were analyzed using FITC channel.
2.10.5 DNA fragmentation assay and cell-cycle

The cells were resuspended into 1 mL of cold ethanol (70%) and stored at -2°C for
24 hours. After the incubation time, the cells were washed twice by PBS 1x and 100 pL
of RNAse (50 pg/mL) were added for 30 minutes at 37°C, protected from light. Then,
100 pL of propidium iodide (Pl — 20 pg/mL, Probes, Thermo Fisher, EUA) in PBS 1x
were incubated for 30 minutes at room temperature, protected from light. Then, the cells

were analyzed using PI channel.

2.10.6 Annexin-V FITC/propidium iodide (P1) staining

The annexin-V FITC/PI staining was applied to distinguish apoptotic cells and
necrotic cells. The cells were washed in PBS 1x and resuspended in 100 pL of binding
buffer [10 mM HEPES/NaOH (pH 7.4), 140 mM NacCl, 2.5 mM CaCl;]. Then, 5 pL of
Annexin-V FITC (BD, EUA) were added and incubated for 15 minutes in the dark at
room temperature. Next, 10 pL of Pl (50 pug/mL) and 200 pL of binding buffer were
added. The cells were analyzed using FTIC and PI channels.

2.10.7 Multicaspase

Multicaspase assay was perfomed using Muse® MultiCaspase Kit (Merck, German).
Basically, cells were resuspended in caspase buffer 1X and 5 pL of Muse® Multicaspase
working solution was added to each sample. After 30 minutes of incubation at 37°C,
protected from light, 150 pL of 7-AAD working solution were added. The samples were
analyzed by flow cytometer (Muse® Cell Analyzer, German). A total of 5,000 events were

collected per sample.

2.11Clonogenic assay
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Clonogenic assay was performed to measure the ability of cells to form colony. Cells
were seeded at density of 2.10* cells per well in 24-well culture plate. After 24 hours at
37°C, 5% CO2 in humid atmosphere, the cells were exposed to PeNE, PAA, PDTX, AA,
DTX, PAA+PDTX and AA+DTX at 180 pg/mL considering pequi oil, 10 pg/mL
considering AA and 16 pg/mL considering DTX, for 24 hours. After time incubation,
cells were plated in 6-well culture plates at the density of 1,000 cells per well in complete
media and cultured for another 5 days at 37°C, 5% CO; in humid atmosphere without
changing medium. Then, the media were removed, colonies were washed twice with cold
PBS, fixed with methyl alcohol for 5 minutes at room temperature and stained with 0.5%
violet crystal dye in 25% methyl alcohol and 75% of distillated water for 10 minutes at
room temperature. Cells were then washed with distillated water and the number of
colonies containing at least 50 cells was determined. The surviving fractions were
calculated using the equations:

PE = n° of formed colonies / n° of seeded cells x 100

FS =n° formed colonies / (n° of seeded cells x PE)

2.12 Cell morphology analysis by optical microscopy

The 4T1 cell morphology was evaluated by optical microscopy images after 24 and
48 hours of treatment with pequi oil based-nanoemulsions (PeNE). Cells were seeded in
12-wells plates (3.10* cells / well) and treated with 180 and 360 pug/mL of PeNE and free
oil. Phosphate buffer (PBS 1X) was used as a negative control. Each treatment was
performed in triplicate. After 24 and 48 hours, wells were analyzed by Leica DMil
microscope with 5X and 20X objectives. The images were captured by Leica MC170 HD

camera.

2.13 Statistical analysis

Statistical differences between control and treated cells were evaluated by the analysis
of variance (ANOVA) and Tukey post hoc test at a significance level of 0.05 using Graph
Pad Prism 6.02 (GraphPad Software, La Jolla, CA, USA) with Shapiro-Wilk. All values
were expressed as means + standard error of the mean (SEM) and a value of p<0.05 was
considered statistically significant. All assays were performed in triplicates in three

independent experiments.
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3 Results and discussion
3.1 Preparation and characterization of nanoemulsions

Nanoemulsions have been increasingly used as hydrophobic drug delivery
systems for cancer therapies, including breast cancer (Kumar & Divya, 2015; Singh et
al., 2017; Sanchez-Lépez et al., 2019). Herein, we investigated for the first time the
cytotoxicity of PeNE associated with docetaxel and anacardic acid in adenocarcinoma
mammary cells, in vitro.

Firstly, we evaluated the physicochemical properties of the formulations obtained.
Studies have reported that mean diameter of nanoemulsion droplets should be less than
500 nm (Kumar & Divya, 2015; Singh et al., 2017). However, some other studies
considered a mean size below 200 nm (Harwansh et al., 2019). We obtained formulations
with hydrodynamic diameter (HD) inferior to 200 nm (Table 1) corroborating with both
concepts. Formulations also presented Pdl values below 0.3 (Table 1). As technical
approach, a polydispersity index (Pdl) values of 0.1 to 0.4 is considered as moderately
polydisperse (Bhattacharjee, 2016). Nevertheless, for drug delivery system Pdl values
below 0.3 indicate homogeneous size distribution (Danaei et al., 2018).

At neutral pH, all formulations presented negative zeta potential of approximately
—20 mV. Additionally, PeNE, PAA and PDTX presented spherical shape by electronic
transmission microscopy analysis (Fig. 1). Yadav&Gupta (2013) also reported spherical
shape of docetaxel loaded fat nanoemulsion stabilized by soy phosphatidylcholine. AA-
containing liposome samples demonstrated circular structure by TEM analysis (Filipczak
etal., 2019).

Table 1. Physicochemical characteristics of the different formulations.

HD (NM) PDI ZETA PH
POTENTIAL
(MV)
PeNE | 1648%6.1 0.269+0.015  -19.2+0.9 7
PAA | 164807 0.272+0.019 -23.7+0.4 7
PDTX | 1466+34 0.257+0.030 -20.3+16 7
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PeNE

Figure 1. Transmission electron micrograph of pequi oil based-nanoemulsion (PeNE),
pequi oil based-nanoemulsion associated with anacardic acid (PAA) and docetaxel
(PDTX). Scale bar = 200 nm.

The knowledge of stability indexes of nanoemulsions is an important parameter
to be evaluated, particularly when considering their future biomedical applications,
Nanoemulsion are kinetically stable but thermodynamically unstable. Consequently,
some instability can be observed such as gravitational separation, flocculation,
coalescence, and Ostwald ripening (McClement, 2018; Kumar et al., 2019). In this study,
all nanoemulsions remained homogeneous during period evaluated (60 days).
Characteristics such as hydrodynamic diameter (HD), Pdl, and zeta potential values
continued stable over time at 4°C storage temperature (Fig. 2).
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Figure 2. Evaluation of stability of pequi oil based-nanoemulsion (PeNE), pequi oil
based-nanoemulsion associated to anacardic acid (PAA) and docetaxel (PDTX) over time
storage at 4°C according to hydrodynamic diameter (A), polydispersity index (B) and zeta
potential (C). One-way ANOVA p<0.05 (Tukey post hoc test).

Figure 3 shows the FTIR spectra of the nanoemulsions PeNE (i), PAA (ii) and
PDTX (iii). For comparison purposes, FTIR spectra of lecithin (iv), pure pequi oil (v),
and the free drugs anacardic acid (AA) (vi) and docetaxel (DTX) (vii) are also required.
The spectra of the PeNE, PAA, and PDTX presented spectral characteristics similar to
the lecithin , with bands associated with the polar head at 970 and 1234 cm-1, referring
to the vibration modes .The absorption bands of the methylene and methyl groups from
the hydrocarbon chain are found at 721 (§ (CH,)), 1380 (6(CHs)), 1465 (7 (CH,)), 2852
(vs(CH5)), 2920 (v (CH,)) € 2955 cm™ (v, (CH3)) (Wong, 1984).

Since the molecular composition of pequi oil and lecithin are very similar, with
the exception of the vibrations from the polar head group of the phosphatidylcholines that
make up lecithin, it is not possible to separate the individual contributions of each
component in the FTIR spectra (see Fig. 3 spectra (iv) and (v)). Furthermore, by
comparing the FTIR spectra of the nanoemulsions (Fig. 3 (i-iv)) with the spectra of the
AA (Fig. 3 (vi)) and DTX (Fig. 3 (vii)), itis possible to verify that there is obvious spectral
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evidence of the presence of the latter in the spectra of nanoemulsions. Finally, the

stretching vibrations of the carbonyl ester group v (C = O) are found around 1740 cm-1.

AC=0)

v,(CO-0-C)
v(PO;)

o
o
o
=

&(CH,)
v, (PO)

/\J\/\/\/\/\/\/\/\ﬂM W)

(WU

1000 1 '—300 2800 3000 3200
Wavenumber (cm™®)

Absorbance

Figure 3. Infrared absorbance spectrum of pequi nanoemulsion (PeNE) (i), pequi
nanoemulsion with anacardic acid (PAA) (ii), pequi nanoemulsion with docetaxel
(PDTX) (iii), white (iv), pure pequi oil (v), pure anacardic acid (vi) and pure docetaxel

(vii).

The hypothesis of the drug's effect on the packaging of the hydrocarbon chains is
reinforced by the absorption bands of the methylene group's stretching modes (v(CH;)
(see Fig. 4). Note that, although small, the vibrational energies, as well as the ratios

between the intensities (I, (cu,) /Iy (cn,) ) Of the symmetric and asymmetric stretching

modes of the group CH, decrease in the same sequence as before, ie PeNE, PAA and
PDTX (see Fig. 4 (be)).

It is known from the literature that the stretching vibrations of the CH, group are
sensitive to the conformation of the hydrocarbon chain and respond to changes in the
proportion of trans / gauche rotamers of the fatty acid acyl chains (Genova et al., 2018;
Mantsch & McElhaney, 1991). For example, the conformational disorder of the all-trans
acyl chain is accompanied by an increase in vibrational energies and an increase in the
ratio between the intensities I,q,,/ 1,553 Of the bands associated with the CH, group of
lipid hydrocarbon chains. (Orendorff et al., 2002).
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Figure 4. (a) Infrared absorbance spectrum in the region of 2800 to 3050 cm-1 of the
pequi nanoemulsion (PeNE - black line), pequi nanoemulsion with anacardic acid (PAA
- blue line) and pequi nanoemulsion with docetaxel (PDTX - red line). Magnification of
spectral regions around 2852 cm-1 (b) and 2922 cm-1 (c). Dependence on vibrational
energies (d) and the ratios between the intensities of the absorption bands v¢(CH,) and
vqs(CH,) as a function of the different nanoemulsions.

Based on the previous discussions, it is possible to suggest that the addition of
drugs promotes a conformational ordering in the hydrocarbon chains that make up the
nanoemulsions. Since the drug DTX promotes a higher order than AA, this

conformational ordering is greater than the nanoemulsion without the drugs.

3.2 Additive cytotoxic effects of PAA and PDTX on adenocarcinoma mammary cells
(4T1)

Cell viability was analyzed after 24 and 48 h of exposure by MTT assay (Table
2). We observed that PeNE significantly decreased cell viability at 180 pug/mL (20 and
30% after 24 and 48 hours, respectively, p<0.0001) as expected since our previous studies
have showed dose- and time- dependent cytotoxicity of PeNE in 4T1 cells (Ombredane
& Araujo, 2020). The presence of AA and DTX (PAA and PDTX) increased the
cytotoxicity of PeNE. Indeed, it was noted a reduction on cell viability of 34 and 50%
(p<0.0001), respectively, after 24 h at 180 pg/mL (concentration corresponding to pequi
oil). After 48 h, this reduction was higher, with cell viability decrease of 60 and 64%
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(p<0.0001), respectively. Interestingly, the encapsulation of AA and DTX improved their
cytotoxic activity. AA did not induce cytotoxicity in the tested concentrations (7 and 10
pug/mL), and DTX only reduced 30% of viability at both concentrations 12 and 16 pg/mL
(p<0.0001) after 24 and 48 h. Next, the association of AA+DTX did not enhanced the
cytotoxic effect of both molecules. Instead, AA+DTX demonstrated similar reduction of
cell viability to DTX alone. However, and interestingly, PAA+PDTX showed better
cytotoxic activity (p<0.0001) when compare to all others groups, including PAA and
PDTX alone.

Table 2. Cytotoxic effect on adenocarcinoma mammary cells and fibroblasts after 24 and
48 hours.

24 hours 48 hours
[Pequi oil] [AA] [DTX]
Hg/mL pg/mL pg/mL

Control - - 100.0 £5.2 100.0 + 19.5

PeNE 135 - 90.2 +12.8 91.9+17.1
180 - 75.1+10.12 68.7 +10.52

PAA 135 7 79.4+9.32b 62.4+12.22
180 10 - 66.8 + 5.9 bd 40.0£8.3P

135 - 12 57.1+9.6¢d 40.7 £6.20

PDTX 180 - 16 50.7 + 6.0 64 36.8 £5.4°P
AA - 7 - 1005+ 11.4 1157 £21.2
10 - 107.7+7.2 187.5+23.0¢

- 12 742 £6.08b 73.6 +6.82

DTX ] ; 16 72.9+6.84b 69.0 +10.3°
135 7 12 458+6.6° 30.3+8.1°¢

135 7 12 39.3+6.6° 25.9 +5.70¢

PAA+PDTX 180 10 16 402 +5.9¢¢ 17.9+38°¢
180 10 16 31.4+6.0° 127+26¢

- 7 12 76.6 £6.8%b 81.8 +8.7

7 12 69.8 +10.3° 72.1+8.0°

AA+DTX 10 16 76.3+£7.3%b 77.7£9.42
10 16 65.4+8.9° 61.0 +4.32

The values are expressed as mean + SEM. One-way ANOVA: significant difference between groups p <
0,05 (Tukey post hoc test). Different letters indicate statistically significant differences between groups.

Combination index values were calculated to determine whether association of
AA and DTX in PeNE and combination of AA+DTX and PAA+PDTX induced
synergism, additive effect, or antagonism (Table 3). Chou and Talalay (1983) elaborated
a combination index (CI) theorem that defines additive effect (CI = 1), synergism (CI <
1), and antagonism (CI > 1) in drug combination. Herein, we demonstrated that AA+DTX
induced antagonism (CI = 2.572). As previously observed in MTT assay, the presence of
AA did not influence the cytotoxicity of DTX. However, the association of AA and DTX
in PeNE led to synergism (ClI = 0.913 and 0.640, respectively). Additionally, the
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association of AA and DTX encapsulated (PAA+PDTX) demonstrated additive effect (Cl

= 0.991) suggesting that the use of nanotechnology improves cytotoxic outcomes.

Table 3. Combination index values 24 hours.

Fa*x DRI** DRI DRI DRI DRI Cl¥**  EFFECT
PeNE AA DTX PAA PDTX VALUES

PAA 052 182 271 - - - 091361  Additive

PDTX 1 0.67  2.62 - 384 - - 0.64067  Synergism

PAA+PDTX 068 - - - 213 190 099141  Additive

AA+DTX 034 - 117 073 - - 257225  Antagonism

*Fa: Fraction affected (death cells)

**DRI: Dose Reduction Index

***Cl: Combination Index

Considering 180 pg/mL of pequi oil for each pequi oil based-nanoemulsion and corresponding
AA and DTX concentration (10 and 16 pg/mL, respectively).

The use of combination therapy provides improved cytotoxic response rates than
treatments with one chemotherapeutic drug alone (Li, et al., 2015) (Hejazi, et al., 2015).
In the present work, we suggested that the combination of bioactive compounds present
in pequi oil along with DTX and AA may have increased the tumor cells sensitivity to the

treatment.

3.3 PAA + PDTX altered breast cancer cell morphology

Alterations on cell morphology indicate changes of physiological processes and
cell death. The morphology of adenocarcinoma mammary cells (4T1) exposed to samples
for 24 hours was evaluated by contrast phase microscopy and flow cytometry (Figure).
Cells from control group presented regular morphology of 4T1 (a mix of rounded and
stretched cells) (Figure A). No significant alteration was observed in cells exposed to AA
alone. However, cells exposed to all other samples (DTX, AA+DTX, PeNE, PAA, PDTX
and PAA+PDTX) presented changes in morphology with higher density of rounded cells
and presence of vacuoles (Fig.5A).

Size (FSC-H) and granularity (SSC-H) analysis corroborated with microscopic
observations. Cells exposed to AA did not suffer morphological changes. On the other
hand, significant decrease on cell size was noted in cells exposed to PeNE, PAA, PDTX,
PAA+PDTX (22 — 18 — 46 and 52 %, respectively, p<0.0001). Regarding granularity,
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only cells exposed to PDTX and AA did not present significant changes when compared
to control group.

Different morphological changes are associated with cell death mechanism as
apoptosis, necrosis, and autophagy. Shrinkage and formation of vacuoles (apoptotic
bodies) characterized apoptosis. However, further analysis should be done to confirm cell

death mechanism.
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Figure 5. Morphologic analysis of adenocarcinoma mammary cells (4T1) by optic
microscopy (A) and flow cytometer (B) after 24 hours of exposure with pequi oil based-
nanoemulsion (PeNE), pequi oil based-nanoemulsion associated with anacardic acid
(PAA) and docetaxel (PDTX), free anarcadic acid (AA), free docetaxel (DTX),
association of PENEAA e PeNEDTX (PAA + PDTX) and association of free AA and free
DTX (AA + DTX) at 180 pg/mL of pequi oil, 10 pg/mL of AA and 16 pg/mL of DTX.
Control group was treated with phosphate buffer. (A) Scale bar = 100 um. (B) FSC-H =
size and SSC-H = granularity. One-way ANOVA: significant difference between groups
p < 0,05 (Tukey post hoc test). Different letters indicate statistically significant
differences between groups.

3.4 PAA + PDTX significantly altered key organelles

Further analysis was performed to evaluate the effect of samples in different key
organelles, plasma membrane and in some physiological processes like Ca?* level and
intracellular ROS production (Fig.6).

Lysosome is an acidic organelle containing several hydrolase enzyme responsible
for recycling cell content. Recently, lysosome was shown to be also associated with
regulating cell metabolism and cell growth. It is known that lysosome function can
improve carcinogenesis, that is why it represents a great target for cancer treatment
(Towers 2018; Fennelly, 2017). After 24 hours of exposure, we measured the lysossomal
membrane permeability by flow cytometry using acridine orange (AO), a specific dye for
acidic organelle. Significant decrease of AO accumulation into lysossome was observed
after exposure to PeNE, PAA, PDTX, AA and PAA+PDTX (p<0.0001). PAA+PDTX
reduced more this accumulation when compare to other groups. This reduction suggests
release of lysossomal content into cytosol and decrease of its acidity environment. DTX
and AA+DTX significantly increased the accumulation of AO into lysosome. Zhang and
coworkers (2018) also reported increase in lysosomal acidification after docetaxel
exposure to gastric cells, in vitro. The exposure of some drugs may induce lysosomal
biogenesis resulting in higher number of lysosome per cell, increase of lysosomal volume,
and enzyme activity. Thus, hydrophobic drugs may be sequestrated into lysosomal
compartment, reducing the access to their target sites and decreasing their cytotoxic
effect. (Zhitomirsky&Assaraf, 2016; Zhang et al., 2018). In this study, DTX and
AA+DTX results in higher acidity of lysosome when compared to control group and also,
when compared to PDTX and PAA+PDTX, respectively. Moreover, PDTX and
PAA+PDTX also demonstrated higher cytotoxic activity than DTX and AA+DTX (Table
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2) suggesting that the use of nanotechnology might change the interactions and
intracellular targets of the drugs.

Recently, lysosomal membrane permeation has been considered as an initiation
step in cell death mechanism, leading to alterations in other organelles such as
mitochondria. Cell exposure to PeNE, PAA, PDTX and PAA+PDTX led to
depolarization of mitochondrial membrane (p<0.0001) (Fig. 6B). Depolarization was at
least 30% higher after exposure to PAA+PDTX when compared to related groups and
90% higher when compare to control group. In parallel, DTX and AA+DTX induced
increase of fluorescence intensity, suggesting hyperpolarization (p<0.0001).

Additionally, we evaluated the effect of the treatments on DNA integrity. DNA
fragmentation is other remarkable signal of cell death mechanism, mainly associated to
apoptosis (ref). Significant increase of DNA fragmentation was observed after exposure
to DTX (p<0.05), PDTX (p<0.001) and PAA+PDTX (p<0.0001) when compared to
control group (Fig. 6C).

Furthermore, plasma membrane remained intact after exposure to all sample (Fig.
6E). However, a tendency of PeNE to increase (~10%) damage of plasma membrane was
observed when compared to control group. This result corroborates with data reported in
our previous study (Parte | - Capitulo I1).

All samples containing DTX (DTX, PDTX, AA+DTX and PAA+PDTX) induced
significant intracellular ROS production (p<0.0001) (Fig. 6F). High rates of intracellular
ROS are involved in the impairment of organelles functions, including mitochondria and
lysosomes (Boya et al., 2008; Repnik et al., 2014). Therefore, the effects observed on

these organelles herein might be involved with those mechanisms.
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Figure 6. Evaluation of cytotoxic effect on key organelles, plasma membrane and
intracellular physiology of adenocarcinoma mammary cells (4T1) by flow
cytometry. The cells were exposed to pequi oil based-nanoemulsion (PeNE), pequi oil
based-nanoemulsion associated with anacardic acid (PAA) and docetaxel (PDTX), free
anarcadic acid (AA), free docetaxel (DTX), association of PeNEAA e PeNEDTX (PAA
+ PDTX) and association of free AA and free DTX (AA + DTX) at 180 pg/mL of pequi
oil, 10 pg/mL of AA and 16 pg/mL of DTX for 24 hours. (A) Lysossomal membrane
permeability. (B) Mitochondiral membrane potential. (C) Fragmentation of DNA. (D)
Intracellular calcium level. (E) Membrane integrity by trypan blue assay. The cells were
counted in hematocytometer and differenciate as intact membrane cells (cells no stained)
and lesionated membrane cells (cells stained). No significant difference between groups.
(F) Intracellular Reactive Oxygen Species (ROS) analysis with CM-H2DCFDA. One-
way and two-way ANOVA: significant difference between groups p < 0,05 (Tukey post
hoc test). Different letters indicate statistically significant differences between groups.

3.5 PAA + PDTX inhibited cells proliferation
All samples containing DTX (DTX, PDTX, AA+DTX and PAA+PDTX)
significantly reduced total cell number (~77%), blocked cell cycle in G2/M phase (~80%),

and induced a 100% inhibition on the capacity of cancer cells to form colonies (p<0.0001)
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(Fig. 7). Taken together, these results showed an inhibition of cell proliferation. AA also
demonstrated reduction of cell capacity to form colonies but did not reduce total cell

number and did not alter cell cycle.

A Hc: OCOs Eocam B

3.09810 ° 1

Cells (%)
Total number cells

C Control PeNE PAA PDTX
° Sy n e
z A A Y. o8 .
& 3 :'A':ﬁ o X ¥ .
: ’i‘ 3.'...: . g -
s AA DTX PAA+PDTX  AA+DTX
8 - ::". 1 .
] 2 S

" *. ‘.’

',!?‘ ?3.°

.l;'. |

Figure 7. Effect on cell proliferation. The cells were exposed to pequi oil based-
nanoemulsion (PeNE), pequi oil based-nanoemulsion associated with anacardic acid
(PAA) and docetaxel (PDTX), free anacardic acid (AA), free docetaxel (DTX),
association of PeENEAA e PeNEDTX (PAA + PDTX) and association of free AA and free
DTX (AA + DTX) at 180 pg/mL of pequi oil, 10 pg/mL of AA and 16 pg/mL of DTX
for 24 hours. (A) Total cell number by trypan blue assay. (B) Cell cycle using propidium
iodide by flow cytometry. (C) Clonogenic assay for formation of colonies. (A) and (C)
One-way ANOVA : significant difference between groups p < 0.05 (Tukey post hoc test).
Different letters indicate statistically significant differences between groups. (B) Two-
way ANOVA: significant difference between groups **** p < 0.001 (Tukey post hoc
test).
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3.6 PAA + PDTX induced phosphatidylserine exposure and multicaspase activation

Herein, early apoptosis was observed in cells exposed to PDTX and PAA+PDTX
(50 and 30%, respectively) (p<0.0001). Low increase of late apoptosis / dead (~5%) was
observed (p<0.05) in cells exposed to PeNE, PAA, PDTX and PAA+PDTX, and no
alteration of dead cell proportion was noted when compare to control group (Fig. 8A).
Additionally, PeNE, PAA, PDTX and PAA+PDTX induced caspase activation with
significant increase of caspase®/dead cells (p<0.0001) (Fig. 8B). PAA+PDTX induced

higher caspase activation when compare to other groups (p<0.0001).

Exposure of phosphatidylserine and activation of caspase are signs of cell death by
apoptosis. Both were observed in cells exposed to PDTX and PAA+PDTX. Additionally,
no change of dead cells proportion was noted, suggesting no damage of plasma membrane

and, consequently, no cell death by necrosis.
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Figure 8. Mechanism of death: apoptosis vs necrosis, and caspase activation. The
cells were exposed to pequi oil based-nanoemulsion (PeNE), pequi oil based-
nanoemulsion associated with anacardic acid (PAA) and docetaxel (PDTX), free
anarcadic acid (AA), free docetaxel (DT X), association of PAA e PDTX (PAA + PDTX)
and association of free AA and free DTX (AA + DTX) at 180 pg/mL of pequi oil, 10
ug/mL of AA and 16 pug/mL of DTX for 24 hours. (A) Apoptotic vs necrotic cells
population stained with annexin V-FITC and propidium iodide by flow cytometry. (B)
Multicaspase activity. One-way ANOVA: significant difference between groups p <
0.05 (Tukey post hoc test). Different letters indicate statistically significant differences
between groups.
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Taken together, these results suggest that PAA+PDTX was the most promisor
treatment against 4T1 cells herein, showing a combined additive effect among the
antitumor compounds (Fig.9). The use of nanoemulsion clearly improved the anticancer
activity when compared to AA+DTX and its antagonism effect. PAA+PDTX acted on
lysosomal membrane permeability that might induce depolarization of mitochondrial
membrane, that in turn, lead to exposure of phosphatidylserine, and activation of
caspases. In parallel, alterations on mitochondrial membrane potential may higher
production of ROS, which might induce DNA fragmentation, cell cycle block and,

consequently, reduction of cell proliferation and alteration on cell morphology.
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Figure 9. Suggested cell targets involved in the cytotoxicity of pequi oil based-
nanoemulsion associated to docetaxel (PDTX) and anacardic acid (PAA) on breast cancer
cells (4T1). Source: own authorship creating in BioRender.com.
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4 Conclusion

Natural products represent rich source of bioactive molecules with anticancer
activity. The use of pequi oil-based nanoemulsion (PeNE) as platform to drug delivery
have shown to be successful in breast cancer cells 4T1 in vitro. Moreover, the association
of docetaxel (DTX) and anacardic acid (AA) in PeNE demonstrated to be a promising
approach, resulting in additive cytotoxic effects and suggesting that this strategy has a
great potential for breast cancer treatment. This study is the first to report combinatory
therapy between pequi oil, DTX and AA. Further evaluations to verify the efficacy of this

treatment on in vivo models are underway.
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CAPITULO IV

Avaliacgdo do efeito anticancer de nanoemulséo a base de dleo de
pequi contendo docetaxel e &cido anacardico em modelo de cancer

de mama in vivo (Camundongos fémeas Balb/c)
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Os capitulos anteriores demonstraram que nanoemulsdo a base de 6leo de pequi
representa potencial anticancer em células de cancer de mama metastatico, in vitro. Além
disso, a associacdo com quimioterapico docetaxel e biomolécula acido anacérdico

apresentou melhoria no efeito antitumoral com efeito combinatério.

Neste capitulo, iremos discutir o efeito da associagdo de PeNE com DTX e AA em

modelo de cancer de mama, in vivo.

1- Metodologia

2.1 Manutencéo dos animais

Setenta e dois (72) camundongos fémeas da linhagem BALB/c (Mus musculus)
foram usados para os experimentos (Biotério da Universidade Federal de Goias). Ao
chegarem ao laboratdrio os animais permaneceram inicialmente em observacao por um
periodo de 15 dias (“quarentena’) antes o inicio dos experimentos. Os animais foram
acomodados em caixas de polipropileno contendo maravalha, com temperatura
controlada (~24 °C), ciclo circadiano automatizado (12/12 horas claro/escuro) e filtragem
de ar no biotério do Departamento de Genética e Morfologia do Instituto de Ciéncias
Biologicas, da Universidade de Brasilia. A agua e alimentacdo foram disponiveis ad
libidum em todo o tempo de experimentagdo. Os experimentos foram aprovados pela
Comissdo de Etica no Uso Animal (CEUA) do Instituto de Ciéncias Bioldgicas da
Universidade de Brasilia, no processo n° 88/2018 (anexo ). Para garantir melhor
organizacdo de tempo e respeitar escala de trabalho no laboratério (em periodo de
pandemia da Covid19), os animais foram divididos em 2 lotes de 12 grupos contendo 3
animais, totalizando 36 animais por lote. Todos os procedimentos foram realizados

igualmente nos dois lotes com 2 dias de intervalo.

2.2 Indugéo Tumoral

A linhagem 4T1 (Células de Adenocarcinoma Murino, Linhagem ATCC-CRL-
2539) foi utilizada para realizar indugdo tumoral nos camundongos fémeas Balb/c. Para
implantacdo ortotopica, os animais foram submetidos a anestesia profunda com ketamina

(80 mg/Kg) e xilazina (10 mg/Kg) intraperitoneal. Apos a anestesia dos animais, um
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transplante de células contendo 1x10° células 4T1 diluidas em 50 pL de meio DMEM
(sem soro) foram injetados na 5% mama direita dos animais com auxilio de seringa de
insulina ultrafina (0,3 mL, agulha de 6 mm, calibre 0,25 mm, BD). Os animais foram
acompanhados todos os dias até a detec¢do clinica do tumor. Neste periodo 0s animais
foram mantidos nas condigdes padrdo do biotério com livre acesso a racdo e a agua. O

comportamento clinico também foi avaliado diariamente.

2.3 Tratamento

Quatro sessbes de tratamento foram realizadas nos diferentes grupos
experimentais (Tabela 1). Os animais foram anestesiados com dose de ketamina (80
mg/Kg) e xilazina (10 mg/Kg) por via intraperitoneal. Em seguida, as amostras foram
administradas por via intratumoral, 4 doses a cada 3 dias totalizando 10 dias de
tratamento. A concentracdo de docetaxel (DTX) e acido anacardico (AA) administrada
foi de 4 mg/kg/dose. As demais amostras foram administradas de acordo com o volume

correspondente a concentracdo de DTX e AA.

Tabela 1. Descrigdo do tratamento dos grupos experimentais.

Grupos experimentais Tratamentos

1- Controle sem tumor Sem tratamento

2- Controle com tumor PBS (tampéo fosfato 1x)

Nanoemulsdo a base de dleo de pequi (concentracdo

3- PeNE 13 de 6leo = 1,3 mg/mL)

4- PeNE 2.6 Naqoem_ulséo a base de 6leo de pequi (concentracdo
de 0leo = 2,6 mg/mL)

5. PAA Nanqem_ulséo a base de oleo de pequi com &cido
anacardico

6- PDTX Nanoemulsdo a base de 6leo de pequi com docetaxel

7- AA Acido anacardico livre

8- DTX Docetaxel livre

9- AA+DTX Acido anacérdico + Docetaxel livres

10- PAA+PDTX Nanoemulses a base de 6leo de pequi com AAe DTX

11- Branco Lecitina em PBS 1x

Tween 80 e etanol na proporcao 1:1 + 5% glicose (1:8

12-Veiculode AAe DTX
(V/V))

2.4 Avaliagao do volume tumoral
As dimensdes dos tumores foram mensuradas, a cada 3 dias a partir do primeiro

dia de tratamento, em todos 0s grupos experimentais, até o dia da eutanasia, com auxilio
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de paquimetro digital milimetrado (200MM Pd 200 Vonder®). O volume tumoral (VT)
foi calculado por meio da férmula abaixo, conforme descrito na literatura (Ramos, K. L.
V., 2014).

VT= (Comprimento) x (Largura)?x 0,5

O peso dos animais foi determinado, a cada 3 dias, por meio de balanca digital e

0 peso dos tumores (no dia da eutanasia) em balanca analitica modelo OHAUS®220.

2.5 Analise por tomografia computadorizada

A medida do espaco alveolar é uma forma de avaliacdo que indica que possiveis
alteracdes podem estar ocorrendo neste tecido. Isso foi medido por meio de tomografia
computadorizada (TC). Os camundongos foram mantidos sob anestesia com isoflurano
(2,5%) e colocados no leito de microtomografia de TC (Bruker, Billerica, EUA) para
captura de imagens. Os parametros usados foram resolucdo do sinal de TC, baixa dose
(200pA), qualidade de TC de baixa tensao (35nA) (padrdao) e volume alveolar. As
imagens obtidas foram analisadas usando o software PMOD 3.307 (PMOD Technologies
LLC, software Albira Suite). O perfil do volume alveolar foi avaliada delimitando a
regido pulmonar em todos os planos de imagem usando a face interna da caixa toracica
como referéncia. Selecionamos a faixa da unidade Hounsfield (HU), que foi -1000/0 de

area saudavel. Os dados gerados foram apresentados em volume alveolar / mma3.

2.6 Avaliacao de marcadores bioquimicos

Para avaliar funcdo hepatica e renal apds os diferentes tratamentos, 800 pL de
sangue foram coletados em tubos com gel separador por pungéo cardiaca em todos 0s
animais. Os tubos foram centrifugados por 30 minutos a 2000 rpm para separacdo do
soro. Em seguida, o soro foi analisado por um analisador bioquimico automatico
Chemwell-t (Labtest, Brasil), conforme orientacfes do fabricante. As enzimas hepéticas
aspartato aminotrasferase (AST) e alanina aminotransferase (ALT), e as enzimas renais,

creatinina K e ureia, foram medidas.

2.7 Hemograma
A avaliacdo sanguinea permite investigar possiveis alteracfes geradas pelos

diferentes tratamentos. Assim, 100 puL de sangue de cada animal foram coletados por
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puncdo cardiaca e colocados em tubos contendo agente anticoagulante EDTA 10%. O
sangue foi analisado por um analisador automatico de hematologia Sysmex pocH-100i
™ (Curitiba / Parana, Brasil) calibrado para camundongos para obter informagao sobre

eritrograma e leucograma.

2.8 Analise Histopatoldgica

O tecido tumoral e os 6rgaos (pulméo, figado, baco, rins, linfonodo adjacente) de
todos os animais foram lavadas com PBS 1x para retirar excesso de sangue e fixados com
solugcdo de formol a 10 % e tampdo fosfato (pH 7,0) por 24 horas em temperatura
ambiente. Em seguida, os 6rgaos foram desidratados em solu¢es alcoolicas, diafanizados
em xilol e incluidos em parafina. Cortes de 0,5 um foram realizados no micrétomo
Rotativo de Parafina (O Patologista, MR 2014) e as laminas foram coradas por
hematoxilina/eosina (HE). As amostras foram processadas pela professora doutora Eliza
Carla Barroso Duarte da Faculdade de Medicina da UnB e sua equipe. As imagens foram
obtidas por microscopio Invitrogen EVOS FL Auto Cell Imaging System (Thermo Fisher
Scientific) no laboratdrio de Nanobiotecnologia da UnB.

2.9 Anélises estatisticas

As analises estatisticas foram realizadas utilizando o software GraphPad Prism
(Version 6.01, Hammer & Harper, Noruega). A normalidade das variaveis continuas foi
avaliada pelo teste de Shapiro-Wilk. Diferencas entre os grupos analisados foram
investigadas através de ANOVA para dados que seguiram a distribuicdo normal. Para 0s
resultados significativos de ANOVA, comparacgdes dois a dois foram avaliadas por

Student’s t-test com significancia p < 0,05.
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2- Resultados
3.1 Monitoramento clinico dos animais
O peso dos animais foi monitorado ao longo do tempo iniciando 3 dias antes da
indugdo tumoral e terminando no dia da eutanasia. Pode-se observar que os animais de
todos 0s grupos ganharam peso passando de uma média de 22,1+1,6 a 25,6+2,0 g (Figura
1 A-B).

A B
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Figura 1. Avaliacdo do peso corporal dos camundongos (A-B). O peso corporal
comecou a ser monitorado 3 dias antes da inducdo tumoral até o dia da eutanésia.

Em paralelo, o consumo de racdo de cada grupo também foi monitorado até o dia
da eutanasia. Todos 0s grupos mantiveram um consumo constante de racdo de 25,6+2,0

g (Figura 2 A-B).
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Figura 2. Avaliacdo do consumo de ragdo (A-B) ao longo do tempo. O consumo de ragdo
foi monitorado a partir do 3° dia apds indugao tumoral.

Apos as 4 sessdes de tratamento, foi observado em alguns animais de trés grupos
experimentais (“PeNE 1,37, “AA” ¢ “PAA+PDTX”) perda de pelos ¢ bigodes na regido
do focinho (Figura 3). Para os grupos “PeNE 1,3” ¢ “PAA+PDTX”, alguns animais
perderam apenas o bigode. Entretanto, 2 animais que receberam o tratamento a base de
AA perderam todos os pelos do focinho. Em paralelo, os animais tratados com o PAA

ndo apresentaram esse efeito toxico do tratamento.

Ao longo do experimento, nenhum animal apresentou problema de
comportamento como agressividade, medo, sinal de dor ou fraqueza. Pelo contrério, todos

0s animais mantiveram boa energia e socializacéo, e curiosidade.

PeNE1,3 PAA+PDTX

Figura 3. Observacao de alopecia em camundongos apos as sessdes de tratamentos.
Imagens representativa do grupo.

3.2 Efeito dos tratamentos no volume tumoral
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Neste trabalho, a indugdo tumoral foi sucedida na maiorira dos animais submetidos
ao procedimento. No total de 72 animais, apenas 3 ndo desenvolveram tumor dentro do
tempo de 15 dias, durante os quais foi possivel detectar clinicamente presenca do tumor

primario no outros 69 animais. Esses 3 animais foram retirados das analises.

Fotografias representativas da regido tumoral dos animais em cada grupo
experimental estdo apresentadas na figura 4. Pode-se notar o crescimento visivel
clinicamente a partir do dia 13 ap6s inducgdo tumoral (correspondente ao primeiro dia de
tratamento) até o dia da eutanasia (41 dias ap6s inducdo tumoral) de alguns grupos:
“PBS”, “PeNE1,3”, “PeNE2,6”, “PAA”, “AA”, “Branco” e “veiculo”. Os animais dos
grupos “PDTX”, “DTX”, “AA+DTX” ¢ “PAA+PDTX” ndo apresentaram crescimento
tumoral t&o grande.

Dia 13 Dia 28 Dia 41 Dia 13 Dia 28 Dia 41

PBS
DTX

PeNE1,3
AA+DTX
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Figura 4. Imagens representativas da evolucdo do volume tumoral ao longo do
tempo (dias 13, 28 e 41 apods inducdo tumoral) em camundongos fémeas Balb/c
expostos a diferentes tratamentos.

O volume tumoral in vivo foi medido a cada 3 dias a partir do primeiro dia do

tratamento até o dia da eutanasia. A figura 5 mostra a evolucgdo do volume tumoral ao
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longo do tempo em cada grupo experimental. Pode-se observar que os animais tratados
com “PeNE2,6”, “AA”, “PAA”, “branco” e “veiculo” apresentaram volume tumoral
superior ao grupo controle positivo (tratado com PBS). O encapsulamento do AA em
nanoemulsdo n&o apresentou melhor efeito antitumoral na concentragdo testada
(4mg/kg/dose). Destaque-se que alguns tratamentos diminuiram drasticamente o
desenvolvimento tumoral tais como “DTX”, “PDTX”, “AA+DTX” e “PAA+PDTX”
(p<0,001), quando comparado com o controle PBS. Nao houve diferenca estatistica entre

esses 4 grupos.
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Figura 5. Analise do volume tumoral dos camundongos fémeas Balb/c ao longo do
tempo. O volume tumoral foi monitorado com paquimetro digital a cada 3 dias a partir
do primeiro dia de sessdo de tratamento até o dia da eutanasia, completando 26 dias no
total. As sessdes de tratamento ocorreram nos dias 1, 3, 6 e 9.

No dia da eutanasia, o tumor foi retirado do animal. Fotografias representativas
do tumor de cada grupo experimental estdo apresentadas na figura 6A. O volume tumoral
foi medido ex vivo com paquimetro digital e corrobora com os dados obtidos in vivo
(Figura 6B). Além disso, o tumor foi pesado (Figura 7A) e elevada correlacdo foi
estabelecida entre volume tumoral e peso tumoral com coeficiente de correlacdo de
Pearson r=0,9764 (Figura 6C).
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Figura 6. Analise do volume tumoral dos camundongos fémeas Balb/c ex vivo, apds
eutanasia. (A) Fotografias dos tumores apds retirada dos camundongos. Imagens
representativa de cada grupo. (B) Representacdo grafica do volume tumoral (média
desvio padréo). (C) Correlacao entre peso tumoral e volume tumoral ex vivo com teste de
correlagédo de Pearson.

Além do tumor, outros 6rgdos foram retirados dos animais e pesados no dia da
eutanasia. O baco é o 6rgdo que apresentou mais variacdo de peso entre 0S grupos
experimentais (Figura 7B) e elevada correlacdo foi observada entre o peso do baco e o
peso do tumor com coeficiente de correlagéo de Pearson r=0,8415 (Figura 7C.). Quando
mais pesado o tumor, mais pesado é o bago. Os outros érgaos (linfonodo, figado, rim) ndo
apresentaram diferenca de peso quando comparado com o grupo sem tumor. Dois animais
do grupo “veiculo” e um animal do grupo “branco” apresentaram peso pulmonar maior

quando comparado com grupo sem tumor (Figura 8).
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Figura 7. Avaliacdo do peso do baco (A) e sua correlacdo com peso do tumor pelo
teste de correlagdo de Pearson (B). Teste t (vs grupo sem tumor): *p<0,05; **p<0,01;
**p<0,001 e ****p<0,0001.
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Figura 8. Avaliacéo do peso do tumor e dos drgdos (pulméo, linfonodo, figado e rins) ex
vivo. Representacdo grafica da mediana.

3.3 Analises bioquimicas

As analises bioguimicas foram realizadas a partir do soro dos animais para detectar
possiveis variacdes nas funcdes hepaticas (ALT e AST) e renais (Creatinina K e Ureia).
(Tabela 2 e figura 9A-B). De acordo com os dados, apenas 0s animais tratados com
“AA+DTX” apresentaram significante aumento no nivel de ALT quando comparado com
0 controle sem tumor (p<0,05). Entretanto, pode-se observar tendéncia no aumento de

ALT nos demais grupos. Essa tendéncia foi menor nos grupos “DTX” e “AA”.

Os niveis de AST nédo apresentaram variagcOes significativas entre os grupos devido
ao desvio padrdo elevado. Mesmo assim, pode-se observar tendéncia no aumento de AST
nos grupos “PeNE 1,37, “PeNE 2,67, “AA”, “DTX”, “AA+DTX” e “PAA+PDTX”, e

tendéncia na redugdo de AST nos grupos “PBS”, “Branco” e “Veiculo”.
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Em paralelo, os tratamentos ndo levaram a alteracdes significativas nos niveis de
creatinina K e ureia. Porém, nos observamos tendéncia na diminuicao de creatinina K em
todos 0s grupos experimentais, € aumento da ureia na exceg¢do de “PeNE 2,6” e

“AA+DTX”, quando comparado com grupo controle sem tumor (Tabela 2).

Tabela 2. Anélises bioquimicas em camundongos fémeas Balb/c ap6s aplicacéo de
diferentes tratamentos.

ALT AST Creatinina K Ureia

(U/L) (U/L) (mg/dL) (mg/dL)

Sem tumor 36,8 £9,7 185,4 £ 64,0 0,78 + 0,54 383+74
PBS 72 +£78,2 155,3 £ 80,6 0,52 +0,18 50+ 13,9
PeNE 1,3 76,2 £ 55,2 241,7+60,4 0,52 + 0,10 53,5+9,9
PeNE 2,6 51,2+ 18,9 243 £ 104,7 0,44 + 0,02 39,8+4,9
P.AA 57,6 + 36,8 167,5+109,1 0,46 + 0,07 50,4 +9,3
P.DTX 61 +53,4 188,2 + 68,8 0,49 + 0,08 51,3+ 11,0
AA 52 + 18,0 266,4 + 69,8 0,45+ 0,04 46,4 + 6,2
DTX 43 +£15.3 2752+ 31,9 0,44 + 0,09 46,4 + 8,3

AA+DTX 141,6 £90,9*  229,2+100,8 0,48 £ 0,07 41,173
PAA + PDX 61,5+29,0 2448 + 64,4 0,47 +£0,04 52+3,6

Branco 59 + 30,0 113 +111,2 0,42 + 0,06 50,2+ 3,9

Veiculo 58,2 + 35,6 135+ 63,1 0,50 £ 0,09 52,6 + 13,8
ALT: alanina aminotransferase; AST: aspartato aminotransferase; PBS: tampdo fosfato; PeNE 1,3 e PeNE 2,6:
nanoemulsdo a base de éleo de pequi na concentragdo de 6leo de 1,3 e 2,6 pg/mL, respectivamente; PAA: nanoemulsdo
a base de 6leo de pequi contendo acido anacardico; PDTX: nanoemulsdo a base de 6leo de pequi contendo docetaxel;
AA: acido anacardico; DTX: docetaxel. Média + desvio padréo. Teste T (vs controle sem tumor): * p<0,05.

3.4 Anélises hematoldgicas

As analises de sangue demonstraram que 0s tratamentos nao alteraram parametros do
eritrograma como numero total de eritrocitos (RBC), hemoglobina (HGB), hematdcrito
(HCT), volume corpuscular médio (MCV), hemoglobina corpuscular médio (MCH) e

concentracdo média de hemoglobina corpuscular (MCHC) (Tabela 3).
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Tabela 3. Eritrograma em camundongos fémeas Balb/c apds aplicacdo de diferentes
tratamentos.

RBC HGB HCT (%) MCV(fL) MCH(pg) MCHC

(x10%/uL) (g/dL) (g/dL)
Semtumor 85+18  128+25 314+66 369+03 151+03 408+0,8
PBS 87+08  130+10 323+28 370+04 149+03 402+07

PeNE 1,3 82+15 122+21 306+55 373+x05 148*03 399+0,5
PeNE 2,6 80+25 119+3,6 299+93 371+03 148+02 399%06

P.AA 84+1,0 126+15 31,7+33 375+x09 149+02 39711
P.DTX 90+04 13,4+04 339+14 37+0,4 148+0,2 40,0+0,5
AA 80+21 119+3]1 338+28 374+04 14902 399+0,8
DTX 9,2+0,7 13610 343+25 371+03 147%x02 396%04

AA+DTX 8,9+0,7 13,3+0,8 338+30 375+04 148+03 395%172
PAA+PDX 89%*11 129+14 328+39 368+05 145+03 394+06
Branco 8,8+1,0 129+14 329+34 371+05 145+02 392%06
Veiculo 8,5+0,7 128+1,0 319+29 372+£03 149+02 402+0,5

RBC: glébulos vermelhos; HGB: hemoglobina; HCT: Hematdcrito; MCV: Volume Corpuscular Médio; MCH:
Hemoglobina Corpuscular Média; MCHC: Concentragdo Média de Hemoglobina Corpuscular; PBS: tampéo fosfato;
PeNE 180 e PeNE360: nanoemulsdo & base de 6leo de pequi na concentracdo de 6leo de 180 e 360 pg/mL,
respectivamente; PAA: nanoemulsdo a base de 6leo de pequi contendo acido anacardico; PDTX: nanoemulséo a base
de 6leo de pequi contendo docetaxel; AA: &cido anacéardico; DTX: docetaxel.

O leucograma demonstrou aumento significativo do nimero total de leucdcitos
(WBC) ap6s tratamento com “PBS”, “PeNE 1,37, “PeNE 2,67, “PAA”, “AA”, “Branco”
e “Veiculo” (p<0,05) (Tabela 4 e figura 9). Esse aumento possui moderada correlagédo
com o aumento do peso tumoral com indice de Pearson r = 0,7779 (Figura 9). Houve
aumento significativo do nimero de linfécitos (SCC) nos grupos “PeNE 2,67, “PAA”,
“AA” e “Veiculo” (p<0,001), de mondcitos, basofilos e eosindfilos (MCC) nos grupos
“PBS”, “AA” (p<0,05), “PeNE 1,3”, “PeNE 2,6”, “PAA”, ¢ “Veiculo” (p<0,01), e de
neutrofilos (LCC) nos grupos “PeNE 1,37, “PeNE 2,67, “PAA”, e “Veiculo” (p<0,05).

Além da leucocitose, observamos diferencia na propor¢éo das células no sangue
dos animais quando comparado com o grupo “sem tumor”. De fato, a porcentagem de
linfdcitos (W-SCR) diminuiu significativamente nos grupos “PBS”, “PeNE 1,37, “PeNE
2,67, “PAA”, “AA”, “branco” e “Veiculo” (p<0,01). Em paralelo, houve aumento

significativa na proporcdo de células médias (mondcitos, basofilos, eosinofilos — W-
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MCR) nesses mesmos grupos (p<0,01). Adicionalmente, animais tratados com “PAA” e

“Veiculo” apresentaram aumento na propor¢ao de neutrofilos (p<0,05).

Tabela 4. Leucograma em camundongos fémeas Balb/c apos aplicacdo de diferentes

tratamentos.
WBC W-SCR W-MCR W-LCR SCC MCC LCC
(x10%/uL) (%) (%) (%) (x10%/uL)  (x10%uL)  (x10%/uL)
Sem tumor  535%28 754+6,8 22,0£52 25+22 4021 11+06 0,1+0,1
PBS 293+228 267+113% 695+97P 37+18 6116  21,8+200* 14+18
PeNE 1,3 248+155* 202+88% 669+92° 38+12 64+29  175+119** 0,9+0,7*
PeNE 2,6 386+241* 266+08% 694+84° 39+16 86+29* 282+198% 17+0,7*
P.AA 80,9+ 186+652 741+40° 72+30°¢ 127 +21 612+359* 6,9+69*
44, 7% d
P.DTX 5132  69,7+7,0 26,5+5,9 37+19 35+23 13%07 02+0,2
AA 55,6 * 351+2582 599+236P 49+31 106+599 31,8+258* 30+31
30,0%*
DTX 57+24  66.3+97 30,096 35+26 3609 18+14 0,2+0,1
AA+DTX 7772  732+10,7 241+91 26+23 57+59 18+17 0,1+0,1
PAA + 71+36 67,3+108 31,1+103 15+10 46+20 23+18 0,1+0,1
PDX
Branco 444+409* 37543202 596+251P 44+33 6,7+3,8 252+31,2 24+40
Veiculo 75,8 £ 212+75% 731+44P 76+32° 126+7,39 56,18 + 7,0%6,7*
52,9** 39,5%*

WBC: glébulos brancos totais; W-SCR: Taxa de células pequenas (linfdcitos); W-MCR: Taxa de células médias
(mondcitos, basofilos e eosindfilos); W-LCR Taxa de células grandes (neutréfilos); Nimero absoluto de células
pequenas (SCC), médias (MCC) e grande (LCC); PBS: tampdo fosfato; PeNE 180 e PeNE360: nanoemulsdo a base de
6leo de pequi na concentragdo de 6leo de 180 e 360 pg/mL, respectivamente; P.AA: nanoemulsdo a base de 6leo de
pequi contendo acido anacardico; P.DTX: nanoemulsdo a base de éleo de pequi contendo docetaxel; AA: acido
anacardico; DTX: docetaxel. Teste T (vs controle sem tumor): * p<0,05 / ** P<0,01. One-way ANOVA com pés teste
Dunnet (grupos vs controle sem tumor): °,¢9: Diferenca quando comparado com o grupo “sem tumor” (p<0,001).
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Figura 9. Avaliacdo do efeito dos tratamentos no numero total de leucdcitos (A).
Correlacéo entre peso do tumor e nimero total de leucécitos pelo teste de correlacéo de

Pearson (B).

111



3.5 Analises histopatoldgicas

A avaliagdo do tecido tumoral demonstrou variagdo na composicao histoldgica entre
0s grupos experimentais. A classificacdo elaborada para demonstrar 0s componentes

encontrados no microambiente tumoral esta descrita na tabela 5.

Tabela 5. Classificacdo da regido tumoral de acordo com componentes encontrados.

Classificacéo Componentes encontrados na regido tumoral avaliada
TO auséncia de tumor
T1 presenca apenas de células neoplasicas
T2 presenca de células neoplasicas, necrose e hemorragia
T3 presenca de células neoplasicas, necrose, hemorragia e fibrose
T4 presenca de células neoplésicas e fibrose

As imagens representadas na figura 10 ilustram os diferentes componentes
histologicos presentes no microambiente tumoral e nas quais se baseia a classificagdo
apresentada anteriormente. Pode-se observar que a area de regressdo tumoral (TO) €
constituida por tecido conjuntivo, com acimulo de fibroblastos, em associagdo com o
tecido adiposo tipico da area (Figura B). Tecido tumoral constituido apenas por células
neoplésicas (T1) esta representado na figura C. Pode-se notar que as células apresentam
distribuicdo difusa com limites imprecisos, citoplasma amplo e homogéneo. Os nucleos
sdo arredondados ou lobulados, hipercromaticos e com cromatina heterogénea. Nucléolos
evidentes estdo presentes. Em seguida, regido com células neoplasicas adjacente a area
de necrose e hemorragia (T2) € observada na figura D. As células necrosadas possuem
citoplasma homogéneo e, as vezes, fragmentado. A hemorragia esta observada em meio
ao tecido necrotico. Enfim, a figura E representa tecido tumoral T4 constituido por células
neoplésicas e fibrose. A regido da fibrose apresenta estroma denso com fibroblastos,

representados por células mais alongadas.

A classificacdo tumoral T3 ndo esta representada na imagem devido a dificuldade em
encontrar campos da lamina contendo os quatro componentes histologicos que permitam

a realizacdo de uma foto.
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Figura 10. Analise histoldgica do tecido tumoral por coloracdo hematoxilina/eosina.
(A) Panorama da proliferacdo neoplasica subcutanea (10x). (B) Regressdo tumoral com
presenca de tecido conjuntivo (TC) e tecido adiposo (TA) - classificacdo T0. (20x). (C)
Tecido tumoral apresentando apenas células neoplésicas (CN) — classificagdo T1 (20x).
(D) Tecido tumoral com células neoplasicas (CN), necrose (N) e hemorragia (H) —
classificagdo T2 (20x). (E) Tecido tumoral com células neoplasicas (CN) e fibrose (F) —
classificacdo T4 (40x).

As caracteristicas histoldgicas classificadas como T3 foram as mais observadas em
todos os grupos experimentais, na exce¢ao do grupo “AA+DTX” que apresentou metade
dos animais em T1 e outra metade sem tecido tumoral (T0). Animais de outros grupos
também apresentaram regressdao tumoral: 2 animais tratados com “PDTX” e
“PAA+PDTX”, e 1 animal tratado com “DTX”. A preseng¢a conjunta de células tumorais,
necrose e hemorragia (T2) foi observada em 1 animal dos grupos “PBS”, “Branco” e
“Veiculo”. Além disso, células tumorais e fibrose (T4) foram notadas em animais dos

grupos “DTX”, “PAA+PDTX” e “Veiculo” (Tabela 6).
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Tabela 6. Caracteristicas tumorais de composi¢cdo entre os diferentes grupos
experimentais.

TO T1 T2 T3 T4
PBS 0 0 1 5 0
PeNE 1,3 0 0 0 6 0
PeNE 2,6 0 0 0 5 0
PDTX 2 0 0 4 0
DTX 1 1 0 2 2
PAA 0 0 0 6 0
AA 0 1 0 4 0
PAA+PDTX 2 0 0 3 1
AA+DTX 3 3 0 0 0
Branco 0 1 1 2 0
Veiculo 0 0 1 2 2

TO: auséncia de tumor / T1: apenas células neoplasicas / T2: células neoplasicas, necrose e hemorragia /
T3: células neoplasicas, necrose, hemorragia e fibrose / T4: células neoplasicas e fibrose.

As analises histopatologicas também permitiram investigar presenca de metastase
em diferentes orgdos (pulmao, linfonodo, figado, baco e rim). As amostras avaliadas
foram classificadas de acordo com presenca ou nao de metastase em conjunto com outras

caracteristicas histoldgicas (Tabela 7).

Tabela 7. Classificacdo da metastase de acordo com componentes encontrados.

Classificacao Componentes encontrados na regido tumoral avaliada
MO auséncia de metéstase
M1 metastase apresentando apenas células neoplésicas
M2 metastase apresentando células neoplésicas, necrose e hemorragia
M3 metastase apresentando células neoplésicas, necrose, hemorragia e
fibrose
M4 metastase apresentando células neopléasicas e fibrose

A figura 11 apresenta imagens representativas de metastase hepatica, pulmonar e
linfonodal do tipo M1. As células neoplasicas observadas apresentam elevado
pleomorfismo citonuclear. Pode-se observar presenca de varios focos de infiltracdo de
células neoplésicas (apontados pelas setas pretas) no paréngquima hepatico (Figura B). As
células neoplasicas dispostas lado a lado formando blocos metastaticos também

invadiram parénquima pulmonar proximo as vias aéreas de menos calibre ou vasos
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sanguineos (Figura C). Blocos de células neoplésicas dispostos na regido interfolicular e

seios marginais nodais ainda foram observadas no linfonodo (Figura D).

Figura 11. Analise histologica de metastase em figado, pulméao e linfonodo por
coloragdo hematoxilina/eosina. (A) Panorama da proliferacdo neoplésica subcutanea
(10x). (B) Metastase hepética observada pela infiltracdo de células neoplasicas (seta
preta) no parénquima hepaético tipico da area (PH). (C) Metéstase pulmonar com presenca
de parénquima pulmonar (PP) normal e células neoplasicas (CN) proximo a vaso
sanguineo (V) ou via aérea de menor calibre. (D) Metéstase linfonodal com infiltragdo de
células neoplasicas (CN).

A presenca de metastase foi confirmada em todos 0s grupos experimentais, exceto
no “AA+DTX”. Os principais o6rgdos afetados foram pulmao, figado e linfonodo com
classificacdo predominante M1 (apenas infiltracdo de células neoplésicas). Metastases
também foram observadas no bago e nos rins em 1 animal dos grupos “PeNE 1,37, “PeNE

2,6” e “Veiculo”, e “PeNE 1,37, “PeNE 2,6” e “PAA”, respectivamente (Tabela 8).
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Tabela 8. Numero de animais com metéstase nos diferentes 6rgdos de cada grupo
experimental de acordo com a classificacdo MO — M1 — M2 — M3 e M4.

PBS PeNE PeNE PDTX DTX PAA AA PAA+PDTX AA+DTX Branco
13 2,6
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MO: auséncia de metastase / M1: metéastase apresentando apenas células neoplasicas / M2: metastase
apresentando células neoplésicas, necrose e hemorragia / M3: metastase apresentando células
neoplasicas, necrose, hemorragia e fibrose / M4: metastase apresentando células neoplasicas e
fibrose.

3.6 Avaliacdo do efeito dos tratamentos no pulméao

Adicionalmente, avaliacdo macroscopica dos pulmdes ex vivo demonstrou
presenca de nédulos em animais de alguns grupos experimentais (“PBS”, “PAA”, “AA”,
“Branco” e “Veiculo”) (Figura 12A). Entretanto, as andlises por tomografia néo
corroboram com os dados da histologia e da observacdo de nédulos pulmonares (Figura
12B). De acordo com a avaliacdo, ndo foi possivel detectar diferenca na regido pulmonar

dos animais em nenhum grupo comparando com o0s grupos controles “sem tumor” e
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“PBS”. Além disso, a avaliagdo de pulmdes de animais antes da indugao tumoral, no pré-

tratamento e no pos-tratamento ndo demonstrou diferenca significativa (Figura 12C).
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Figura 12. Avaliacdo do pulmao. (A) Fotografias representativas de pulmdes com
nodulos (setas pretas) observados apds tratamento com “PBS”, “PAA”, “AA”, “Branco”
e “Veiculo”. (B) Imagens da regido pulmonar representativas dos animais de cada grupo
obtidas por tomografia computorizada apos tratamentos. (C) Representacdo grafica da
densidade alveolar do pulméo ap6s tratamentos. (D) Densidade alveolar do pulméo antes
a inducgdo tumoral, antes do inicio do tratamento e ap0s as sessdes de tratamento. Sem
diferenca estatistica.
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4- Discussao

O cancer de mama triplo negativo (CMTN) representa a forma mais agressiva com
metéstase e elevada taxa de morte entre os pacientes (Jhan&Andrechek, 2017). Assim,
desenvolver novos agentes terapéuticos e/ou terapias alternativas se torna uma grande
necessidade. O modelo de cancer de mama de camundongo ortotopico com metastase
espontanea 4T1 representa um excelente modelo de estudo devido a sua similaridade com
0 modelo humano (Paschall & Liu, 2016; Coligan et al., 2001). De fato, as células sdo
facilmente transplantadas na mama do camundongo para formar tumor primario no sitio
anatomico correto. Em seguida, as células possuem a capacidade de desenvolver
metastase de forma espontanea principalmente no linfonodo, pulmao, figado, cérebro e

0ssos (Coligan et al., 2001).

Neste trabalho, 0s mesmos grupos experimentais testados in vitro no capitulo 111
foram testados in vivo. Porém, observamos varias divergéncias na resposta aos

tratamentos quando comparamos os dois modelos.

Os capitulos anteriores (I, Il e III) mostraram os efeitos citotoxicos dose-
dependentes da nanoemulsdo a base de 6leo de pequi (PeNE) em células de cancer de
mama 4T1, in vitro. Entretanto, tais resultados nao foram replicados no modelo in vivo .
De fato, PeNE 1,3 tende a diminuir o volume tumoral, enquanto PeNE 2,6 tende a
aumenta-lo quando comparado com o grupo controle (PBS) (Tabela 2-capitulo I11). Além
disso, a associacdo do &cido anacardico a nanoemulsdo (PAA) apresentou atividade
anticancer apenas in vitro, com efeito aditivo em relagdo ao AA e PeNE livres (Tabela 3-
capitulo 11). In vivo, 0 PAA tende a aumentar o volume tumoral quando comparado com
0 grupo controle (PBS). Diferencas entre os modelos in vitro e in vivo podem ocorrer,
lembrando que nos ensaios in vitro, as células em monocamada estdo diretamente em
contato com os tratamentos em condi¢cdes de temperatura, umidade e oxigénio
controladas, enquanto o metabolismo e a organizagdo estrutural dos tumores e dos
tecidos no modelo in vivo sdo mais complexos. De fato, o microambiente tumoral (MT)
é constituido por diversos tipos celulares tumorais e ndo tumorais (fibrobastos, adipdcitos,
células endoteliais e células do sistema imune), matrice extracelular (complexo protéico),
fatores de crescimento, citocinas, hormonios e enzimas, sistema de drenagem, e possui
propriedades fisicas préprias como dimensao 3D, pH e taxa de oxigénio (Soyal et al.,
2015).
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Devido a essa composi¢cdo complexa, o proprio MT pode interferir a favor da
carcinogénese. A presenca de células ndo tumorais como fiborblastos, adipocitos e células
endoteliais, pode contribuir com iniciagdo e progressdo tumoral através da secrecao de
fatores de crescimento, mediadores pré-inflamatdrios, interacdes célula-célula e
metabolismos celulares beneficiando células tumorais (Dias et al., 2019). Infiltracdo de
células de defesa como linfocitos e macrofagos pode representar bom prognéstico no
CMTN. Porém, esse recrutamento de leucdcitos também pode estar associado com
imunossupressao e evasao imunoldgica do tecido tumoral (Adams et al., 2018). Extistem
varios subtipos de linfécitos e foi reportado que elevado nivel de linfocitos do tipo FOXP3
(Treg) no MT contribuiu para evasdo do sistema imune em células de cancer de mama e
representa alvo interessante para futuro tratamento (Li et al., 2016). No presente estudo,
observamos aumento significativo na quantidade de leucécitos totaisno sangue dos
animais tratados com PBS, PeNE 1,3, PeNE 2,6, PAA, AA e veiculo (Tabela 4).
Entretanto, podemos notar que a proporcao de linfécitos no sangue dos animais diminuiu
significativamente nesses grupos quando comparado com animais sem tumor (p<0,001),

sugerindo possivel inflitracdo desses linfécitos na regido tumoral.

O MT também apresenta alteracbes no metabolismo lipidico que podem
influenciar no crescimento tumoral. Em células normais, acidos graxos (AG) participam
de vérias fungdes metabolicas como sintese de lipideos complexos e, consequentemente,
sdo necessarios para formacdo de membrana bioldgica, na sinalizacdo de vias para manter
homeostasia ou na reserva de energia para o organismo (Beloribi-Djefaflia, Vasseur &
Guillaumond, 2016). Em células cancerosas, alteracbes no metabolismo lipidico podem
levar a modificacdo na captacdo, transporte e estoque de AG exdgenos e na realizacdo da
lipogénese de novo a partir de macromoléculas presentes no microambiente tumoral. Os
AG sdo assim utilizados em diversos mecanismos como producdo de lipidios de
sinalizacdo pro-tumorigénica ou na oxida¢do B-mitocondrial para produzir ATP
(Monaco, 2017; Koundouros & Poulogiannis, 2020). Tecido adiposo encontrado na
regido de mama é constituido por adipécitos (ricos em AG) e adipocine (proteinas de
sinalizacdo) que podem influenciar o desenvolvimento do tecido tumoral adjacente
(Balaban et al., 2017). Co-cultura de adipocitos com células de cancer de mama MCF-7
e MDA-MB-231 resultou no aumento da proliferacdo e migracdo tumoral devido a
incorporacdo de AGs originarios dos adipocitos pelas células cancerosas, in vitro.

(Balaban et al., 2017). Guuaita-Esteruelas e colaboradores (2016) demonstraram que
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exposicdo de adipocine FABP4 (proteina de ligacdo de &cido graxo 4) em células de
cancer de mama MCF-7 induz expressdo de outras proteinas de transporte de AG como
FABP5 e aumento da proliferacdo celular. A elevada expressdo de FABPS5, detectada no
sangue de paciente com cancer de mama (Guaita-Esteruelas et al., 2017), representa mé
prognostico no CMTN (Liu et al., 2018) e seu silenciamento previne o desenvolvimento
do cancer de mama em camundongos (Levi et al., 2013). Elevada expressao de estearoil-
CoA dessaturase 1 (SCD1), que catalisa transformacdo de AG saturados em AG
monoinsaturados, esta associada com alteracdes no metabolismo lipidico em celulas
tumorais. Inibidores de SCD1 representam alterativa para tratamento do cancer. Porém,
Zhao e colaboradores (2017) reportaram que AG exogenos (como o &cido oleico, 100
mM) revertem a acao dos inibidores de SCD1 ao serem internalizados pelas células
tumorais via CD36 e promovem o desenvolvimento tumoral em células de cancer de
mama (MCF-7), in vitro. CD36, tambeém conhecido como &cido graxo translocase, é uma
proteina transmembranar que media a captacdo de AG pela células. A elevada expressao
de CD36 é associada a progndstico ruim em varios tipos de cancer, incluindo o de mama

(Koundouros & Poulogiannis, 2020).

O oleo de pequi, presente nas formulacdes PeNE, PAA e PDTX, é principalmente
constituido por AGs como &cido oleico (~50%) e &cido palmitico (~40%) (Tabela 1 —
Capitulo 1). Vale ressaltar que o 6leo de pequi livre (capitulos | e 1) e encapsulado
(capitulos 1, 11 e 111) apresentaram efeito antitumoral em células de cancer de mama 4T1,
in vitro. Esse efeito foi principalmente associado a presenca do acido oleico, pois varios
estudos reportam seu potencial antitumoral em varios tipos de cancer (Joanitti, 2014;
Jiang et al., 2017). Entretanto, o efeito anticAncer do acido oleico é bastante controverso,
e outros estudos demonstram seu papel no aumento da viabilidade celular, proliferacdo
e/ou invasdo em varios tipos de cancer, in vitro (Xiang et al., 2017; Zhao et al., 2017;
Radde et al., 2016). Nas condigdes do presente estudo, podemos sugerir que a
administracdo intratumoral de &cido oleico, &cido palmitico e outros AG presentes no 6leo
de pequi na forma de nanoemulsdo foi recebida pelas células tumorais como fonte de
energia e substrato para seu desenvolvimento. Assim, a exposi¢cdo de maior quantidade
de AG leva a maior aumento do volume tumoral como foi observado entre PeNE 1,3 e
PeNE 2,6. Entretanto, como esse mecanismo ndo foi observado nos estudos in vitro,

levantamos outra hipotese.
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A atividade antioxidante do 6leo de pequi poderia contribuir para a protegdo das
células tumorais. De fato, o efeito antioxidante do éleo de pequi foi reportado em varios
estudos devido a componentes como carotenoides. A administracdo preventiva de
antioxidante mostrou ser eficiente para impedir o crescimento tumoral. Entretanto,
estudos reportaram que a administracdo de antioxidantes apds surgimento do tumor pode
acelerar o crescimento e favorecer metastase (Miranda-Vilela et al., 2014). Miranda-
Vilela e colaaboradores (2014) demonstraram que apenas a administracdo preventiva de
6leo de pequi representou uma boa alternativa como tratamento adjuvante em modelo de
cancer de mama Ehrlich. Estudo observacional apontou que o uso de suplemento a base
de antioxidante (carotenoide, vitaminas C, A e E, e coenzima Q10) antes e durante
tratamento (quimioterapia e radioterapia) aumenta de 41% as chances de recorréncia em
paciente com cancer de mama (Ambrosome et al., 2019). Assim, os antioxidantes
presentes no 6leo de pequi podem agir como protetores do estresse oxidativo sofrido pelas
células tumorais e favorecer seu crescimento. Portanto, a administracdo de moléculas

antioxidante durante tratamento do cancer deve ser evitada (Jung et al., 2019).

A concentracdo de oleo de pequi administrada nos animais dos grupos “PAA” e
“PeNE 1,3” ¢ a mesma (1,3 mg/kg/dose). No entanto, o efeito do “PAA” no crescimento
tumoral foi parecido com o “PeNE 2,6 com volume tumoral parecido com o do grupo
controle “PBS”. Assim, pode haver combinag¢do entre efeitos do 6leo de pequi e o proprio
AA. De fato, notamos que os animais tratados com “AA” livre apresentaram volume
tumoral levemente superior ao dos animais tratados com “PAA” (Figura 5). Entretanto,
esse resultado ndo foi esperado, uma vez que nds observamos diminuicdo da viabilidade
celular ap6s exposicdo com PAA em células 4T1 in vitro, e que a maioria dos estudos
reportam o efeito antitumoral do AA em varios tipos de cancer, incluindo o de mama.
Contudo, Xiu e colaboradores (2014) reportaram o aumento da proliferacdo celular ap6s
exposicdao ao AA em menores concentracdes (2,5 to 20 uM) em células de cancer de
ovario com elevada expressao de PI3K e VEGF e baixa expressdo de caspase 3. In vitro,
nos obervamos que o AA apresentou maior viabilidade celular quando comparado com o
controle negativo nas concentracdes de 7 e 10 pg/mL (correspondentes a 20 e 28 uM)
(p<0,05) apos 48 horas de exposicdo em células de cancer de mama 4T1 (Tabela 2 —
Capitulo 11). O efeito do AA em modelo in vivo ainda esta pouco investigado. Liu e
colaboradores (2019) demonstraram que a administracdo intraperitoneal de AA (1 mg/kg

por 1 més) ndo resultou em peso e volume tumoral significativamente diferentes quando
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comparados com o controle positivo em cancer de mama ER+ induzido em camundongos
NSG. Estudo anterior reportou que a aplicacdo intraperitoneal de AA (50 mg/kg) em
camundongos Swiss com cancer de mama leva a morte celular por apoptose com aumento
da expresséo de p53 e Bax, assim como a reducdo da expressao de Bcl-2 (Raj et al., 2016).
Pode-se destacar a diferenga de concentracdo de AA administrado nos animais sugerindo
que, talvez, uma concentracdo maior poderia apresentar melhor atividade antitumoral.
Entretanto, o aumento do volume tumoral observado pode ter sido influenciado pelo
efeito antioxidante do AA (Hamad&Mubofu, 2015). Gomez Janior e colaboradores
(2020) reportaram que a administracao intraperitoneal de AA (25 mg/kg) levou a reducao
do estresse oxidativo em células peritoneais de camundongos Swiss. Similar a discussao
referente ao 6leo de pequi, a administracdo de moléculas antioxidantes pode proteger o
tecido tumoral de estresse oxidativo e assim, promover crescimento tumoral.
Adicionalmente, vale lembrar que o AA foi administrado com veiculo constituido por
tween 80, etnaol e solucédo glicosilada 5% (Makhov et al., 2012). Como foi observado, o
grupo “Veiculo” também apresentou volume tumoral superior ao controle “PBS” (Figura
5). Sabe-se que a glicose representa fonte de energia para as células e pode ser usada
como precursos na sintese de AG a partir da lipogénese de novo e assim, alimentar o

metabolismo lipidico para contribuir na carcinogénese como citado anteriormente.

Em paralelo, houve redugdo significativa do volume tumoral nos animais tratados
com “DTX”, “P.DTX”, “AA+DTX” e “P.AA+P.DTX” (p<0,001) sem diferenca entre si
(Figura 5). Tais tratamentos foram bastante eficientes, mostrando auséncia de células
tumorais em 50% dos animais tratados com “AA+DTX”, 33,3% para “PAA+PDTX” e
“PDTX”, e 16,6% para “DTX” de acordo com analises histologicas (Tabela 6). Contudo,
esses resultados novamente ndo corroboram com os dados in vitro reportados no capitulo
I1l. De fato, nés observamos, in vitro, melhoria da atividade antitumoral apés
encapsulamento do DTX (P.DTX), mostrando sinergismo quando comparado com DTX
e PeNE livres. Além disso, a associagdao “AA+DTX” apresentou efeito antagdnico,
enquanto a combinagdo de suas formas nanoencapsuladas “PAA+PDTX” demonstrou

efeito aditivo no modelo in vitro (Capitulo I11).

O DTX é um dos quimioterapicos frequentemente usados no tratamento do cancer
de mama e um dos mais estudados a fim de melhorar sua eficacia e reduzir os efeitos

adversos associados a sua administracdo. O DTX impede a despolimerizacdo dos
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microtubulos levando ao bloqueio do ciclo celular e redugdo da proliferagdo celular. Os
dados evidenciam que a presenca do DTX foi primordial na reducéo do volume tumoral
dos 4 grupos experimentais. Podemos sugerir que a acdo do DTX livre ou encapsulado,
administrado diretamente na regido tumoral, agiu de forma répida levando & morte das
células tumorais impedindo a acéo estimulante do 6leo de pequi e do AA observado nos
outros tratamentos. Pode-se hipotetizar que doses menores e/ou reducdo na frequéncia de
administracdo permitiriam observar melhor possiveis diferencas no efeito antitumoral

entre esses grupos.

Maior tempo de exposicdo é uma das vantagens da administracdo intratumoral,
principalmente no caso de nanoparticulas que podem liberar o farmaco diretamente no
tecido tumoral ao longo do tempo, minimizando possivel toxicidade sistémica (Zheng et
al., 2010). Além disso, administracdo intratumoral evita eliminacdo precoce das
nanoparticulas pelos sistemas renal e hepatico (Wei et al., 2018). Administracdo
intratumoral de nanoparticulas contendo DTX (5 e 10 mg/kg) aumentou a eficicia do
DTX em céancer de ovario e diminui efeitos téxicos no figado, rim e células da medula
6sseo em modelo in vivo (Zheng et al., 2010). Em modelo de cancer de mama in vivo, 0
encapsulamento da doxorrubicina associada a hidrogel aumentou a eficacia do
tratamento, reduzindo os efeitos toxicos (Fong et al., 2017). Entretanto, no presente
trabalho, ndo foi possivel observar melhoria na eficacia do tratamento baseado em
nanotecnologia. Assim, podemos sugerir que, além do ajuste na dose e/ou na frequéncia
de administracdo do DTX, outras vias de administracdo poderiam melhorar a

farmacocinética e demonstrar melhor eficacia nos tratamentos a base de nanoemulsao.

Administracdo intravenosa € frequentemente usada no tratamento do cancer de
mama, inclusive para aplicacdo de nanoparticulas como Abraxane® aprovada pela FDA
em 2006 (Chenthamara et al., 2019). Essa via apresenta melhorias na eficacia de
tratamentos baseados em nanotecnologia quando comparado com o farmaco livre (Palma
et al., 2014). Atrafi e colaboradores (2020) reportaram que administracdo intravenosa de
DTX nanoencapsulado aumenta de mais de 400% a concentragdo do DTX no tumor
comparado com DTX livre em paciente com varios tipos de cancer cujo tratamento com
taxane é recomendado. Administracdo intravenosa de nanoparticulas de PLGA contendo
DTX (30 mg/kg com total de 6 sessbes de tratamento) aumentou a inibicdo do

crescimento tumoral e elevaram o tempo de sobrevida em modelo de cancer de mama
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triplo negativo resistente a taxanos quando comparado com a administragdo de DTX livre
(Bowerman et al., 2016).

Apesar de ndo ter demonstrado diferenca significativa na reducdo do volume
tumoral, notamos que houve diferenca no processo de metastase entre 0S grupos
experimentais contendo o DTX (Tabela 6). A metastase se define pela formacéo de tumor
secundario fora da regido tumoral de origem por espalhamento de células cancerosas
primarias via corrente sanguinea ou linfatica. O CMTN é conhecido pela elevada taxa de
metastase associada com elevada taxa de mortalidade. Alguns animais tratados com
“DTX”, “PDTX” e “PAA+PDTX” apresentaram metastases em alguns 6rgaos (pulmao,
pulmdo e linfonodo, pulmdo e figado, respectivamente) observadas por histologia.
Entretanto, nenhuma metastase foi observada em animais tratados com “AA+DTX”. Este
grupo se destaca entdo dos demais, pois além de reduzir volume tumoral, ele também
impediu processo de metastase em todos os animais tratados. Esse resultado sugere algum
efeito combinatério entre DTX e AA. O efeito anti-metastatico do AA foi reportado em
cancer de mama MDA-MB-231 e MCF-7, in vitro (Zhao et al., 2018; Shilpa et al., 2015).
Os autores sugerem que o AA suprime o poder de invasdo e migracdo induzindo
regulacao negativa da metaloproteinase 9 (MMP9), envolvida no processo de metastase.
Adicionalmente, a transicdo epitelial-mesenquimal, na qual células epiteliais adquirem
poder de invasdo de células mesenquimais, pode ser suprimida pelo AA em células MDA-
MB-231 (Zhao et al., 2018). Em células MCF-7, Shilpa e colaboradores (2015)
demonstraram o efeito anti-metastatico do AA com regulacdo negativa na expressao de
VEGF (receptor do fator de crescimento endotelial vascular) e, consequentemente,
inibicdo da transicéo epitelial-mesenquimal. Até 0 momento, o efeito combinatdrio entre
DTX e AA em modelo de cancer de mama é pouco investigado. Porém, alguns estudos
reportam o uso do AA para funcionalizar e direcionar nanoparticulas transportadores de
DTX em células cancerosas de mama in vivo, devido a sua afinidade por receptores
VEGF, superexpressos em células cancerosas (Kushwah et al., 2018a; Kushwah et al.,
2018Db). Vale ressaltar que esses estudos ndo reportam o efeito antitumoral do AA sozinho
ou da associacdo do AA com DTX foram da nanoparticula. Assim, podemos sugerir que
células viaveis mas fragilizadas pela exposicdo ao DTX podem sofrer efeito anti-

metastatico do AA, impedindo migracao para outros 6rgaos.
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Observamos que animais tratados com “PeNE 1,3 e “PeNE 2,6 apresentaram
maior espalhamento das células tumorais com metastase em todos os érgédos estudados
(bago, pulmdo, linfonodo, figado e rim). Animais tratados com “PAA” também
apresentaram metastase em todos os 6rgdos, na excecdo do bago. Pulmao, figado e
linfonodo sdo 6rgdos que apresentam com mais frequéncia metastase em modelo de
CMTN. Metéstase no baco é extremamente raro (Fadli et al., 2017). O processo de
metastase necessita de muita energia para ocorrer. Assim, 0 metabolismo lipidico pode
contribuir para migragdo e invasdo de células tumorais gerando energia através da
oxidacao dos AG (Chen&Huang, 2019). De fato, exposi¢édo do acido palmitico em células
de carcinoma oral humano levou & maior taxa de metéstase no linfonodo via
internalizacdo atraveés proteina de transporte de AG, CD36 (Pascual et al. 2017). Em
células de cancer de pancreas, o cido palmitico também induziu invasao e migracdo das
celulas tumorais com ativagdo da via de sinalizagdo TLR4/ROS/NF-xB/MMP-9, in vitro
(Binker-Cosen et al., 2017). Xu e colaboradores (2020) relatam que a enzima acido graxo
sintase promove metastase das células de cancer de mama. Xiang e colaboradores (2018)
demonstraram que o acido oleico promove invasdo de células de cancer gastrico atraves
via de sinalizagdo PI3K/Akt (Xiang et al. 2017).

A avaliacdo clinica dos animais permite acompanhar o efeito do tratamento ao
longo do tempo e observar possiveis efeitos toxicos. O consumo de ragdo foi constante
ao longo do experimento e todos os animais ganharam peso corporal quando comparado
com o primeiro e ultimo dia de avaliacdo (Figuras 1 e 2). Em geral, estudos apontam que
a ndo perda de peso corporal dos animais indica ndo toxicidade do tratamento nas
condicBes testadas. Além disso, a perda de apetite também pode sugerir algum efeito
toxico nos animais. Diversos outros parametros clinicos podem ser observados tais como
alopecia, sinais de dor, agressividade, fraqueza entre outros. Alguns animais dos grupos
“PeNE 1,3” e “PAA+PDTX” apresentaram perda do bigode enquanto alguns animais
tratados com AA perderam bigode e pelos da regido do focinho (Figura 3). E relevante
notar que o AA encapsulado (PAA) ndo levou a alopecia nos animais tratados o que pode
apontar para algum beneficio do uso da nanotecnologia na citotoxicidade ndo seletiva. A
alopecia, ou perda de pelos, ¢ um efeito adverso comum em tratamento do cancer baseado
em quimioterapia (Rubio-Gonzalez et al., 2018) e é considerado como toxicidade néo
seletiva. A frequéncia de alopecia encontrada em pacientes tratados com taxanos (DTX e
PTX) é de 80% (Rubio-Gonzalez et al., 2018). Entretanto, o DTX livre e encapsulado
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(P.DTX) ndo apresentaram esse fendmeno nas condic@es testadas neste estudo. Dados da
literatura ndo corroboram com a toxicidade do AA observada neste estudo. A
administracdo oral de AA em camundongos Balb/c ndo apresentou efeitos mutagénicos
nem toxicidade aguda ou subaguda em concentracGes abaixo de 300 mg/kg (Carvalho et
al., 2011). Além disso, o0 AA administrado por via intraperitoneal em camundongs Swiss
apresentou atividade anti-inflamatério, antioxidante e antinociceptivo na dose de 25

mg/kg (Gomes Janior et al., 2020).

O modelo de cancer de mama 4T1 é conhecido por induzir reacdo leucemoide
(aumento do nimero de leucécitos no sangue periférico) com esplenomegalia (DuPreé,
Redelman, and Hunter 2007). De fato, nds observamos aumento da leucocitose em varios
grupos experimentais (“PBS”, “PeNE 1,3, “PeNE 2,6”, “PAA”, “AA”, “Branco” e
“Veiculo™). Esse aumento apresentou correlacdo com o volume tumoral dos animais
(Figura 11B). Notamos também que 0s animais desses mesmos grupos experimentais
apresentaram aumento significativo no volume do bago. O baco é o maior 6rgdo do
sistema linfatico do organismo. Ele possui o papel de filtragdo do sangue circulante e
apresenta também funcdo imunoldgica sendo um dos sitios de producdo de linfécitos
(McKenzie et al., 2018). O aumento no volume do baco € conhecido como

esplenomegalia e apresentou elevada correlagdo com volume tumoral (Figua 7C).

Investigar possiveis efeitos toxicos é importante no processo de desenvolvimento
de novos tratamentos. Os sistemas hepatico e renal sdo responsaveis por uma parte da
eliminacdo de NPs e farmacos do organismo (Longmire et al., 2008). Assim, possiveis
efeitos toxicos associados aos tratamentos podem ser observados nesses Orgaos.
Alteracdes no nivel de algumas enzimas hepaticas (AST - aspartato aminotransferase e a
ALT - alanina aminotransferase) e renais (creatinina K e ureia) podem indicar presenca
de lesdo. Os dados obtidos neste estudo demonstram que apenas animais do grupo
“AA+DTX” apresentaram aumento significativo de ALT quando comparado com o grupo
sem tumor (Tabela 2). Adicionalmente, de acordo com as analises histoldgicas, nao foi
possivel observar alteracdes significativas nos tecidos hepatico e renal em nenhum grupo
experimental (figuras ndo mostradas). Esse fato pode estar associado a via de
administracdo intratumoral que limita o contato direto dos tratamentos para outras regifes

do organismo.
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5- Conclusoes

Os dados dos experimentos in vivo mostraram que apenas 0s grupos contendo DTX
apresentaram reducao significativa do volume tumoral associada a um restabelecimento
dos parametros sanguineos, particularmente o leucograma, atingindo valores semelhantes
aos de animais sadios. Adicionalmente, nenhum dos tratamentos induziu toxicidade
expressivas nos rins e no figado, preservando as caracteristicas histologicas desses tecidos
e 0s niveis de suas enzimas detectadas por avaliacdes bioguimicas. O tratamento
considerado mais promissor, ou seja, que apresentou maior reducao no volume tumoral e
nenhuma metastase, foi a associacdo do DTX e AA livres. Este estudo € o primeiro a
reportar efeito da combinacdo do DTX e AA em modelo de cancer de mama in vivo.
Assim, esse potencial anticancer deve ser mais investigado. Futuros estudos precisam ser
realizados para entender melhor o efeito dessa associacdo e determinar seus mecanismos

de acdo.

6- Perspectivas

Alguns ensaios ainda precisam ser realizados para complementar os resultados ja
obtidos:

- fragmentacdo de DNA das células da medula 6ssea para avaliacdo de genotoxicidade;
- micronucleo no sangue periférico para avaliacao de genotoxicidade;

- imunohistoguimica dos tumores (ki67)

- investigacdo de outras vias de administracdo e ajustes na dose e/ou frequéncia de
administracéo de DTX.
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CONCLUSAO GERAL

Concluimos deste estudo que:

- Nanoemulsdo a base de 6leo de pequi (PeNE) foi obtida com sucesso por método de
ultrasonicacéo.

- As caracteristicas de PeNE corroboram com dados da literatura (120,3 + 2,0 nm —
PdI=0,238 e potencial Zeta = -15,03 mV).

- PeNE apresentou estabilidade ao longo do tempo (200 dias, aproximadamente 6 meses)
em termo de didmetro hidrodinamico, Pdl e potencial Zeta em diferentes temperaturas de
armazenamento.

- PeNE apresentou atividade dose e tempo dependente em células de cancer de mama
4T1, invitro. Em paralelo, o 6leo de pequi apresentou atividade dose-dependente.

- Na concentracdo de 180 pg/mL em tempos de incubacdo de 24 e 48 horas, PeNE
apresenta efeito antitumoral maior quando comparado com o dleo de pequi livre, com
varias alteracGes como: mudanca na morfologia celular, diminuicdo da proliferacdo
celular, alteracdo da permeabilidade da membrana lisossomal, despolarizacdo da
membrana mitocondrial, producédo de espécies reativas de oxigénio, alteracdo no nivel de
calcio intracelular e exposicao de fosfatidilserina.

- A associacao da biomolécula &cido anacérdico (AA) e do quimioterapico docetaxel
(DTX) a PeNE foi realizada com sucesso.

- As caracteristicas das formulagdes corroboram com as de nanoemulsdo citadas na
literatura (PeNE: 164,8 + 6,1 nm, PdI= 0,269 + 0,015, potencial zeta: -19,2 + 0,9 / PAA:
164,8 £ 0,7 nm, PdI= 0,272 + 0,019, potencial zeta= -23,7 + 0,4 / PDTX: 146,6 + 3,4,
Pdl= 0,257 = 0,030, potencial zeta= -20,3 = 1,6). As 3 formulagdes apresentaram pH
neutro.

- As formulacOes apresentaram estabilidade quando armazenadas a 4°C, protegidas da
luz, por até 60 dias (tempo maximo avaliado).

- PDTX demonstrou sinergismo quando comparado com DTX e PeNE livres; PAA
apresentou efeito aditivo quando comparado com AA e PeNE livres, em células de cancer
de mama 4T1, in vitro.

- A combinacdo AA+DTX apresentou efeito antagbnico, in vitro

- PAA+PDTX foi o tratamento mais promissor com efeito aditivo, in vitro. Apresentou
alteracdo da morfologia celular e niveis de célcio intracelular, induziu permeabilidade da
membrana lisosomal, despolarizacdo da membrana mitocondrial, exposicdo de
fosfatidilserina, ativagdo de caspases, producdo de ROS, fragmentacdo de DNA e
diminuiu a proliferacéo celular.
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- Nos experimentos em modelo in vivo de cancer de mama de camundongo ortotdpico
com metastase espontanea (4T1):

e apenas 0s grupos contendo DTX apresentaram reducdo
significativa do volume tumoral associados a um restabelecimento dos
parametros sanguineos, particularmente o leucograma, atingindo
valores semelhantes aos de animais sadios;

o Nenhum dos tratamentos induziu toxicidade expressivas nos rins e
no figado;

« O tratamento considerado mais promissor, ou seja, que apresentou
maior redugdo no volume tumoral e nenhuma metastase, foi a
associacdo do DTX e AA livres

Por fim, este estudo demonstra a importancia na valorizagdo da biodiversidade brasileira

através o uso sustentavel dos biomas como na bioeconomia.
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