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RESUMO

A sintese de novo dos &cidos graxos ocorre no citoplasma das células e é realizada
pela enzima acido graxo-sintase (FASN) a partir de reacdes de condensacao entre
acetil-CoA e malonil-CoA. Estudos tem demonstrado que muitos tumores expressam
FASN e que sua inibicéo resulta em atividade antitumoral. O Orlistate € um farmaco
originalmente desenvolvido para o tratamento da obesidade, no entanto, tem sido
demonstrada sua atividade antitumoral por ser um inibidor irreversivel da FASN. O
cancer de colo de Utero representa um grande problema de satde publica. E o quarto
tipo mais comum de cancer que afeta as mulheres em todo o mundo. Até o momento,
nenhum estudo correlacionou a expressdo da FASN com o cancer do colo do utero e
a possibilidade de utiliza-la como um novo alvo terapéutico. Considerando a relacao
da FASN com o cancer, a expressdo da enzima em linhagens de cancer de colo de
utero (Hela, SiHa, C-33A, e ME-180) e em amostras de pacientes com lesdes pré-
malignas e carcinoma foi determinada, bem como os efeitos da sua inibicdo pelo
Orlistate. Como esse farmaco apresenta baixa solubilidade em &agua e limitada
biodisponibilidade oral, foi proposto, ainda, o desenvolvimento de nanocapsulas de
poli(e-caprolactona) contendo Orlistate para posterior avaliacdo de seus efeitos na
linhagem HelLa. Todas as linhagens de cancer de colo de utero e amostras de
pacientes com lesdes apresentam expressdo da FASN, sendo mais elevada em
estagios mais avancados. O tratamento das linhagens de cancer do colo do utero com
Orlistate resultou na diminuigéo da viabilidade celular de maneira tempo-dependente
e desencadeou apoptose. Ainda, o tratamento com Orlistate causou parada do ciclo
celular e autofagia em todas as linhagens avaliadas. A nanoformulacéo de Orlistate
apresentou uma eficiéncia de encapsulacdo de quase 100% e um efeito
antiproliferativo maior quando comparada ao orlistate ndo-encapsulado. Sendo assim,
analisados de maneira global, todos os resultados indicam a importancia da FASN na
carcinogénese cervical e que sua inibicdo pode ser proposta como uma estratégia

terapéutica promissora para o cancer de colo de utero.

Palavras chaves: Cancer de Colo de Utero, FASN, nanocapsulas, Orlistate.






ABSTRACT

Evaluation of fatty acid synthase role in the cervical cancer development and proposal

for nanostructured pharmaceutical formulation for the new therapeutic target.

The de novo synthesis of fatty acids occurs in the cells cytoplasm and it is performed
by the metabolic enzyme fatty acid synthase (FASN) through the condensation
reaction between acetyl-CoA and malonyl-CoA. Studies have shown that many tumors
express FASN and that their inhibition, results in antitumor activity. Orlistat is a drug
originally developed for the treatment of obesity. However, its antitumor properties
have been shown by acting as an irreversible inhibitor of the FASN. Cervical cancer
represents a major public health problem. It is the fourth most common cancer type
that affects women worldwide. Until now, no study related FASN expression and
cervical cancer and the possibility of using it as a new therapeutic target. Considering
the relationship between FASN and cancer, we analyzed FASN expression in human
cervical cancer cells, in pre-malignant lesions and cervical cancer samples of patients
and the effects of FASN inhibition with Orlistat. However, orlistat has a poor water
solubility and oral bioavailability, and therefore Poly(e-caprolactone) nanocapsules
containing ORL were developed and their antiproliferative effect in the cervical cancer
cell line HeLa was evaluated. The expression of FASN was observed in all cervical
cancer cell lines and patients samples with increased expression on more advanced
stages. The treatment of cervical cancer cells with orlistat resulted is a decreased cell
viability in a time-dependent manner and triggers apoptosis. Orlistat treatment also
showed cell cycle arrest and autophagy in all cervical cancer cells. The
nanoformulation of Orlistat showed an encapsulation efficiency of almost 100% and a
higher antiproliferative effect against HeLa cells compared with the non-encapsulated
drug in solution. Therefore, the results indicate that the inhibition of FASN could be

proposed as a promising therapeutic strategy for cervical cancer.

Key words: Cervical Cancer, FASN, Nanocapsules, Orlistat.
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O céancer é uma das principais causas de morbidade e mortalidade que atinge
a populacdo mundial, com aproximadamente 18,1 milhdes de novos casos e 9,6
milhdes de mortes em 2018 (BRAY et al., 2018). Atualmente, esta bem estabelecido
gue fatores genéticos, ambientais e de estilo de vida podem contribuir para o
aparecimento do cancer. No entanto, estudos visando o melhor entendimento da
biologia celular do cancer e como esse processo de transformacao celular ocorre,
tornam-se cada vez mais necessarios e podem contribuir para a descoberta de novos
alvos terapéuticos e tratamentos mais eficazes.

Entre os tipos de cancer que mais afetam as mulheres esta o cancer de colo
de utero, com aproximadamente 570 mil novos casos e 311 mil mortes por ano no
mundo. E a quarta neoplasia que mais afeta as mulheres e sua incidéncia & maior nos
paises menos desenvolvidos (BRAY et al., 2018). Estima-se que cerca de 1,4 milhdes
de mulheres vivam com cancer cervical no mundo (MAHMOODI et al., 2018). No
Brasil, o cancer de colo de utero é o terceiro tumor mais frequente na populacao
feminina, com uma estimativa de 16.370 novos casos em 2018 (INCA, 2017).

A descoberta de que alteragcbes metabdlicas poderiam estar envolvidas no
desenvolvimento de neoplasias malignas revelou a importancia da sintese de novo de
acidos graxos para a producdo de lipidios. Os lipidios podem ser utilizados na
construcdo da membrana plasmatica, no fornecimento de energia para processos
vitais, na sinalizacdo e estimulacdo de fatores de transcricdo. No tecido normal os
lipidios séo obtidos principalmente da alimentacao diaria, e a producdo endégena de
acidos graxos encontra-se em niveis baixos (WEISS et al., 1986). Por outro lado, as
células neoplasicas sao capazes de sintetizar endogenamente os acidos graxos que
necessitam (MEDES et al., 1953; SWINNEN et al., 2003). Além disso, estudos tem
demonstrado que diferentes tumores apresentam niveis elevados da enzima acido
graxo-sintase (FASN), principal enzima envolvida na sintese de novo de acidos graxos
(MENENDEZ e LUPU, 2007). A alta expresséo da FASN, também tem sido ligada a
um pior prognaéstico e resisténcia a quimioterapia (WU et al., 2014). Estudos utilizando
inibidores, mostraram que a inibicdo da FASN levou a uma diminuicdo na proliferacao
celular, com posterior morte por apoptose (PIZER et al., 1998; LI et al., 2001; ZHOU
etal., 2003). Apesar da superexpressao da FASN estar bem estabelecida para alguns
tipos de neoplasias, nenhum estudo foi publicado até o momento correlacionado a

FASN e o cancer de colo de Utero.
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O farmaco orlistate (Xenical®) foi originalmente desenvolvido para o tratamento
da obesidade. No entanto, este composto mostrou ser um inibidor irreversivel de
FASN (KRIDEL et al.,, 2004). O orlistate apresenta alguns problemas para sua
utilizacdo como medicamento antitumoral, pois é extremamente insolivel em agua,
apresenta baixa permeabilidade intestinal e possui baixa biodisponibilidade oral
(LUPU e MENENDEZ, 2006). Apesar disso, muitos estudos tém demonstrado que o
orlistate tem poder de inibir a FASN diminuindo a proliferacdo e causando morte
celular programada em diferentes linhagens tumorais (CARVALHO et al., 2008;
SEGUIN et al., 2012; AGOSTINI et al., 2014; MULLEN e YET, 2015; SOKOLOWSKA
etal., 2017; SCHCOLNIK-CABRERA et al., 2018).

Diante da falta de estudo que caracterizem a expressao da FASN no cancer de
colo de utero e os problemas que o farmaco orlistate apresenta para sua utilizacéao
como medicamento antitumoral, este trabalho tera como principais objetivos estudar
o papel da FASN no desenvolvimento do cancer de colo de Utero e as consequéncias
de sua inibicdo com o farmaco orlistate, caracterizar a FASN como um possivel alvo
terapéutico para o cancer de colo de utero e desenvolver uma nanoformulacao de
orlistate que permita melhorar suas propriedades de biodisponibilidade e

internalizacao celular.



2.ESTADO DA ARTE
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2.1.Cancer de Colo de Utero

O céancer de colo de Utero representa um grande problema de saude publica,
sendo a quarta neoplasia que mais afeta as mulheres no mundo (BRAY et al., 2018)
e a terceira no Brasil (INCA, 2017). Atualmente, j& estd bem estabelecido que o
principal fator de risco para o desenvolvimento do cancer do colo do utero é a infeccéo
pelo Papilomavirus Humano (HPV) (WALBOOMERS et al., 1999). O HPV infecta
células normais da camada basal da cérvice uterina, levando a uma transformacéao
progressiva das células, que pode evoluir para lesées precursoras do cancer de colo
de duatero, as quais, se nao diagnosticadas e tratadas, podem favorecer a
carcinogénese (OSTOR, 1993). A maioria das mulheres sexualmente ativas, em
algum momento de suas vidas, séo infectadas pelo HPV; no entanto, 90% das
infecgOes regridem espontaneamente em um ou dois anos (WHO, 2019).

Até o momento mais de 170 tipos de HPV foram identificados (DE VILLIERS et
al., 2004). Entretanto, somente cerca de 18 deles sao considerados de alto risco e
estdo associados ao cancer de colo de Utero. Dentre estes, podemos destacar 0s
gendtipos de HPV 16 e HPV 18 como sendo os de maior risco oncogénico e
responsaveis por aproximadamente 70% dos casos de cancer de colo de utero
(MUNOZ et al., 2003; SMITH et al., 2007).

O HPV possui em seu genoma 8 genes que codificam proteinas importantes
para suareplicacdo (BAKER etal., 1991), sendo os genes E6 e E7 0os mais associados
a transformacéo celular e consequente desenvolvimento do cancer (GHITTONI et al.,
2015). Em infeccbes persistentes, o HPV pode integrar seu genoma ao da célula
hospedeira, levando a transcricdo dos genes das oncoproteinas E6 e E7. A
oncoproteina E6 causa a degradacdo e inativacdo da proteina p53, inibindo a
apoptose (WHITE et al.,, 2012). J& a oncoproteina E7 se liga a proteina do
retinoblastoma (pRb), a qual é responsavel por regular a progressao do ciclo celular
(DARNELL et al., 2007). Ao perder estes importantes mecanismos associados ao
controle da proliferacdo, as células do epitélio uterino passam a proliferar
descontroladamente acumulando mutacdes que contribuem para a carcinogénese
(ZUR HAUSEN, 2002).

As alteracdes celulares que levam ao cancer de colo de Utero podem contribuir
para o diagnostico precoce, permitindo que o tratamento seja iniciado antes do

surgimento de um cancer invasor. O principal teste utilizado no rastreamento é o
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exame citolégico de Papanicolau. Este exame permite visualizar modificacdes
celulares e classificar as mesmas. A classificacdo mais atual utiliza o Sistema de
Bethesda, no qual as alteragfes citoldgicas do epitélio escamoso sdo categorizadas
em lesao intraepitelial de baixo grau (low grade intraepithelial lesion - LSIL), lesdo
intraepitelial de alto grau (high grade intraepithelial lesion - HSIL), atipias celulares de
significado indeterminado, como células escamosas atipicas de significado
indeterminado (ASC-US) e células escamosas atipicas que ndo permitem excluir uma
lesdo de alto grau (ASC-H) e carcinoma invasor. Por sua vez, as lesdes do epitélio
glandular sdo classificadas como células glandulares atipicas de significado
indeterminado (AGC), adenocarcinoma endocervical in situ (AIS) e adenocarcinoma
invasor (BETHESDA, 2015). Com base nos resultados encontrados no Papanicolau,
a paciente pode ser encaminhada para a realizacdo de exame histopatolégico. Neste
caso, as lesbes podem ser divididas em neoplasia intraepitelial cervical (NIC) de grau
[, Il ou lll e carcinoma invasor (RICHART, 1972). A correta identificacao das alteracdes
€ importante para que a conduta do tratamento seja a mais adequada.

O tratamento do cancer de colo de utero, por sua vez, é baseado no
estadiamento da doenca e sua classificacdo é realizada através do sistema FIGO
(International Federation of Gynecology and Obstetrics). Para pacientes em estégio |,
no qual a neoplasia ainda esta restrita ao 6rgao, geralmente é realizada cirurgia, que
na maioria dos casos € curativa. Ja para pacientes em estagio Il, no qual h&a
crescimento extra-uterino sem disseminacao, e lll, no qual ha crescimento com
disseminagcdo para as paredes da pelve ou vagina, o tratamento de escolha € a
guimioterapia e a radioterapia, com taxas de sucesso menores que para pacientes em
estagio |. Para pacientes em estagio 1V, no qual ocorre a invasao da bexiga e/ou reto,
o tratamento usualmente é paliativo e envolve quimioterapia, radioterapia e cirurgia
(DENNY et al., 2015; MARTH et al., 2018). Apesar dos iniumeros beneficios, estas
opcbes de tratamentos geralmente causam muitos efeitos adversos trazendo
desconforto a paciente. Desta forma, estudos que possibilitem identificar novos alvos

terapéuticos e que possam contribuir para o tratamento sao ainda necessarios.

2.2.Metabolismo Lipidico no Cancer

A proliferagdo descontrolada e acelerada de células anormais observada em

neoplasias requer uma reprogramacdo metabdlica para suprir as necessidades
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energeéticas utilizadas na divisdo celular. Otto Warburg foi o primeiro autor a sugerir
uma associagcao entre alteracdes metabdlicas e o desenvolvimento de neoplasias
malignas (WARBURG, 1956). Ele verificou que células neoplasicas eram capazes de
obter energia através da glicolise, mesmo na presenca de O2. Esta observacéo foi
chamada de glicélise aerdbica ou efeito de Warburg e durante muitos anos foi aceita
como uma das principais alteracées metabdlicas necessarias para o desenvolvimento
do céancer.

Entretanto, apesar do metabolismo aumentado da glicose ter sido inicialmente
descrito como fator fundamental para a formagéo de neoplasias, muitos estudos tém
demonstrado alteragbes em outras vias metabdlicas e na expressao de diferentes
enzimas, que por sua vez também contribuem para o fornecimento de energia e para
a producdo de macromoléculas importantes na divisdo celular. Um exemplo é a
sintese de novo de acidos graxos que é fundamental para a producdo de lipidios
(SWINNEN et al., 2003).

Os lipidios sao essenciais para a divisdo celular, pois além de serem utilizados
na construcdo da membrana plasmética e fornecerem energia para processos vitais,
sinalizam e estimulam fatores de transcricdo (SANTOS e SCHULZE, 2012). No tecido
normal, os lipidios sdo obtidos principalmente da alimentacdo diéria, sendo que a
producdo enddgena de acidos graxos esta restrita principalmente ao tecido adiposo,
figado e glandulas mamarias lactantes (WEISS et al., 1986). Por outro lado, as células
neoplasicas sédo capazes de sintetizar endogenamente os acidos graxos, umavez que
a superexpressdo de proteinas envolvidas na sintese de acidos graxos tem sido
encontrada em diversas neoplasias malignas (MEDES et al., 1953; SWINNEN et al.,
2003).

A sintese de novo de acidos graxos ocorre no citoplasma das células, onde
unidades de dois carbonos sédo agrupadas a partir de uma molécula de acetil-CoA e
uma molécula de malonil-CoA. A sequéncia de reacdes comeca quando a glicose é
convertida em acetil-CoA pela glicélise e em citrato na mitocdndria. O citrato, por sua
vez, é transportado para o citoplasma e convertido novamente a acetil-CoA pela ATP
citrato liase (ACLY). O acetil-CoA é entdo carboxilado a malonil-CoA pela acetil-CoA
carboxilase (ACACA), possibilitando assim, que a acido graxo-sintase (FASN), na
presenca de NADPH possa condensar o malonil-CoA com o acetil-CoA para produzir

0 palmitato, um acido graxo de 16 carbonos que posteriormente pode ser
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transformado em outros &cidos graxos de diferentes tamanhos e niveis de saturagcéo
(Figura 1) (COSTELLO e FRANKLIN, 2005).
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Figura 1. Conexdo entre o metabolismo da glicose e sintese de acidos graxos
em células malignas. (MENENDEZ e LUPU, 2007). Copia autorizada por Nature
Reviews, numero de licenca 4482180193868.

Evidéncias de que a sintese de novo de 4cidos graxos esta ativada em células
neoplasicas foi observada primeiramente com a utilizacdo de Cis-glicose. Neste
estudo, a maior parte dos acidos graxos esterificados encontrados no tumor foram
produzidos através da sintese de novo de &cidos graxos, mesmo ha presenca de
lipidios circulantes (MEDES et al., 1953). Posteriormente a este trabalho, vérios
estudos demonstraram elevada expressdo das enzimas envolvidas na sintese em
diferentes tipos de cancer.

A enzima ATP-citrato liase (ACLY), por exemplo, encontra-se superexpressa
em células tumorais e sua inibicdo in vivo causou uma diminuicdo na proliferacéo
tumoral (HATZIVASSILIOU et al., 2005). Outra enzima importante desta via, acetil-
CoA carboxilase (ACACA), também mostrou ser importante para o desenvolvimento
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neoplasico ao estar expressa em elevados niveis em células de cancer de mama
(CHAJES et al., 2006). Posteriormente a estes trabalhos, outros estudos
demonstraram elevada expresséo da acido graxo-sintase (FASN) em diferentes tipos
de cancer (LITTLE e KRIDEL, 2008; SCHCOLNIK-CABRERA et al., 2018).

Tendo em vista, a importancia da producéo de &cidos graxos endodgenos para
as ceélulas tumorais, o bloqueio da sintese de acidos graxos se torna um mecanismo
pelo qual podemos impedir o desenvolvimento tumoral. Como visto anteriormente, sdo
necessarias varias etapas para que a producédo de acidos graxos ocorra. Enzimas
como a citrato liase (ACLY), acetil-CoA carboxilase (ACACA) e acido graxo-sintase
(FASN) sao alvos terapéuticos em potencial (STOIBER et al., 2018). Além disso,
muitas dessas enzimas encontram-se em niveis diminuidos em células ndo tumorais
e sua associacao com o desenvolvimento do cancer de colo de utero e seus potenciais

tratamentos ainda nao esta descrita na literatura.

2.3.Acido Graxo-Sintase (FASN)

A proteina FASN é a principal enzima responsavel pela sintese de novo de
acidos graxos através da condensacao do malonil-CoA com o acetil-CoA. Ela possui
um papel importante na homeostase energética, pois converte o excesso de carbono
ingerido em &cidos graxos que, por sua vez, sdo armazenados e utilizados quando
necessarios para produzir energia através da B-oxidacdo. Além disso, ela contribui
para a producado de lipidios de membrana e € importante para a producao do leite
materno e substancia surfactante dos alvéolos pulmonares (CHIRALA e WAKIL,
2004).

Existem dois tipos de FASN, FASN | (encontrada em células eucarioticas) e
FASN Il (encontrada em bactérias), e ambas tém a capacidade de produzir &cidos
graxos. A FASN | (referida neste trabalho apenas como FASN), encontrada em
mamiferos, consiste em duas cadeias polipeptidicas idénticas de 270 kD, onde cada
uma possui 6 sitios cataliticos: p-cetoacil-ACP-sintase (KS), malonil/acetil-CoA-ACP-
transferase (MAT), B-hidroxiacil-ACP-desidratase (DH), enoil-ACP-redutase (ER), -
cetoacil-ACP-redutase (KR), tioesterase (TE) e um dominio transportador (proteina
carreadora de acila - ACP) necessarios para sua atividade enzimatica (Figura 2)
(MAIER et al., 2006; MAIER et al., 2008; MAIER et al., 2010).
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Front View

Linear organization

Figura 2. Desenho esquematico da enzima FASN em sua estrutura
homodimérica. (A-B) Visdo geral da estrutura. (C) Representacdo linear da
organizagdo estrutural. Dominios cataliticos: KS= p-cetoacil-ACP-sintase; MAT=
malonil/acetil-CoA-ACP-transferase; DH= B-hidroxiacil-ACP-desidratase; ER= enoil-
ACP-redutase; KR= p-cetoacil-ACP-redutase; TE= tioesterase; ACP= proteina
carregadora de acila (esferas pretas). Cofatores NADP+ sdo demonstrados como
esferas azuis (MAIER et al., 2008). Cépia autorizada por Science, numero de licenca
451767448144,

Todos os sitios cataliticos participam na formacdo do palmitato, onde
inicialmente a por¢do MAT transfere um grupo acetil oriundo do acetil-CoA para a
porcdo ACP, que por sua vez transfere o grupo acetil para o sitio KS. Cada grupo
malonil também é transferido para o sitio ACP pela porcdo MAT. Em seguida, o sitio
KS realiza a condensacdo do malonil-ACP com o acetil-KS através de uma
descarboxilagdo do grupo malonil. O resultado desta reagédo forma o acetoacetil-ACP,
que é reduzido a butiril-ACP pelos sitios cataliticos DH, ER e KR. O butiril-ACP é entao
transferido para o sitio KS onde sofre uma nova condensagdo com outro grupo
malonil. Cada molécula de malonil fornece dois carbonos para a reacéo e este ciclo
de condensacéo e reducgéo se repete até a formacgéo do palmitato que é entéo liberado
pela porcao TE (LITTLE e KRIDEL, 2008).
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Devido a dieta rica em acidos graxos, a sintese de novo e a atividade da FASN
encontram-se em niveis baixos na maioria dos tecidos de mamiferos, com excecao
do figado, tecido adiposo e glandulas mamérias de lactantes onde a lipogénese
enddgena é um importante processo (WEISS et al., 1986; JAYAKUMAR et al., 1995).
Entretanto, estudos tem demonstrado que muitos tumores apresentam niveis
elevados de FASN e que seus inibidores possuem atividade antitumoral promissora
(MENENDEZ e LUPU, 2007; SCHCOLNIK-CABRERA et al., 2018).

Além disso, estudos tem ligado a FASN com a replicacao viral e entrada do
virus na célula hospedeira. Yang e colaboradores, foram os primeiros a demonstrar
gue a expressdo da FASN estava aumentada na infec¢ao pelo virus da hepatite C e
gue sua presenca facilitaria a replicacao viral (YANG et al., 2008). Outro estudo
realizado com pacientes infectados pelo HIV, observou que a concentracéo de FASN
no plasma desses pacientes era significativamente maior quando comparado com
pacientes ndo infectados (ARAGONES et al., 2010). Ainda, estudos posteriores
relacionaram a FASN a infec¢éo pelo virus da Dengue, Hepatite B, pelo virus sincicial
respiratério e Chicungunha (HEATON et al., 2010; ZHANG et al., 2013; OHOL et al.,
2015; ZHANG et al., 2018). No entanto, nenhum estudo foi publicado correlacionando

a expressao da FASN e a infec¢ao pelo HPV.

2.4 FASN e o cancer

De todas as enzimas envolvidas na sintese de novo de &cidos graxos, a FASN
mostrou ser o melhor alvo terapéutico por sua distribuicdo, baixa expressdo em
células normais e importancia para a sobrevivéncia e proliferacdo das células
tumorais. Ainda, uma série de estudos tem demonstrado que sua expressao se
encontra elevada em diferentes tipos tumorais como cancer de mama, prostata,
bexiga, ovario, reto, es6fago, estomago, pulmao, tiredide, cabeca e pescoco, boca e
endométrio (KUHAJDA, 2000; MENENDEZ e LUPU, 2007) e est4 associada ao
prognostico na maioria destas neoplasias malignas. No entanto, apesar de sua
superexpressao estar bem estabelecida em células tumorais, 0s mecanismos pelos
guais isso ocorre ainda nado foram totalmente esclarecidos.

Diferentes estudos tém associado a expressdo de FASN com a via de
proliferacdo PI3K/AKT. Nesta cascata de sinalizacdo, receptores de fatores de

crescimento ao serem ativados, levariam a consequente ativacdo da cascata



28

PIBK/AKT. A AKT ativada, por sua vez, estimularia a sintese de fatores de transcrigéo,
como por exemplo o SRBP1c, que entdo causaria um aumento na transcricdo da
FASN. Essa teoria tem como suporte o fato de que ao se inibir a cascata da PISK/AKT,
uma diminuicdo da expressao de FASN e de seu fator de transcricdo também foram
observadas (VAN DE SANDE et al., 2002).

A necessidade de producdo endogena de FASN tem sido atribuida ainda a
manutencdo dos niveis lipidicos necessarios para 0s processos vitais de células
altamente proliferativas como a palmitoilacdo de proteinas, restauracao do potencial
de oxidacdo através do consumo de NADPH em condi¢cbes de hipOxia, além da
regulacdo dos “lipid rafts”, estruturas da membrana plasmatica que regulam a
sinalizacédo celular, trafico intracelular de moléculas, polarizagédo, migracéo e invasao
de células tumorais (SWINNEN et al., 2003; COLEMAN et al., 2009).

A alta expressao de FASN também tem sido ligada a um pior progndstico e
resisténcia a quimioterapia (WU et al., 2014; SHEN et al., 2018). Estudos utilizando
inibidores mostraram que sua inibi¢ao levou a uma diminuicédo na proliferacao celular
com posterior morte por apoptose (PIZER et al., 1998; LI et al., 2001; ZHOU et al.,
2003; SOKOLOWSKA et al., 2017; PAPAEVANGELOU et al., 2018). Ainda, ao se
inibir a FASN, pode-se observar uma parada no ciclo celular e aumento na sobrevida
de modelos xenograficos (FLAVIN et al., 2010).

2.5.Inibidores da FASN

Muitos estudos tém demonstrado que a FASN pode se tornar um alvo
terapéutico de grande relevancia (STOIBER et al., 2018). Atualmente, sdo conhecidas
diversas substancias com potencial para inibir a sua atividade, entre elas as mais
conhecidas séo: cerulenina, C75, orlistate e C93 (FLAVIN et al., 2010; MULLEN e
YET, 2015). A cerulenina é um produto metabolico do fungo Cephalosporum
caerulens que tem poder de inibir a biossintese de esterdis e acidos graxos (FLAVIN
et al.,, 2010). A cerulenina foi o primeiro composto a mostrar atividade inibitéria da
FASN ligando-se ao dominio KS, e assim, impedindo a condensacédo entre o acido
graxo alongado e residuos de acetil e malonil (MULLEN e YET, 2015). Este composto
mostrou ter atividade antitumoral em células de cancer de mama, melanoma, cancer
ocular e ovariano (PIZER et al., 1996). No entanto, a cerulenina apresenta

instabilidade quimica devido a um grupo epéxi altamente reativo e consequentemente
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efeitos toxicos que impedem sua utilizacdo em modelos animais (LUPU e
MENENDEZ, 2006).

Na tentativa de diminuir os efeitos adversos e melhorar a estabilidade da
cerulenina, o composto C75 foi sintetizado (KUHAJDA et al., 2000). Ele apresenta
efeito inibitério da FASN ao se ligar aos dominios KS, ER e TE (RENDINA e CHENG,
2005). Assim como a cerulenina, apresenta atividade antitumoral em células de cancer
de mama sendo o0 seu uso a primeira evidéncia in vivo da diminui¢do da progressao
tumoral devido ao bloqueio da FASN. Apesar dos esforcos em diminuir os efeitos
adversos, o composto C75 promoveu perda de peso e anorexia em estudos in vivo
(KUHAJDA et al., 2000). Outro inibidor recentemente sintetizado foi a molécula C93
(ou FAS93). Este composto mostrou atividade antitumoral em modelos animais para
cancer de pulmao de ndo-pequenas células e ovario, destacando-se néo ter causado
anorexia ou perda de peso nos animais (ORITA et al., 2007).

O farmaco Orlistate (Xenical®) foi originalmente desenvolvido para o
tratamento da obesidade devido a sua capacidade de inibir lipases pancreéticas no
trato gastrointestinal e com isso evitar a absorcdo de gordura proveniente da
alimentacao. No entanto, este composto mostrou ser um inibidor irreversivel de FASN
ao se ligar ao dominio tioesterase (TE), o qual € responsavel por terminar a sintese
do palmitato (KRIDEL et al., 2004). O Orlistate apresenta alguns problemas para sua
utilizacdo como droga antitumoral, pois € extremamente insolivel em agua, apresenta
baixa permeabilidade intestinal e possui baixa biodisponibilidade oral (LUPU e
MENENDEZ, 2006). Apesar disso, muitos estudos tém demonstrado que o Orlistate
tem poder de inibir a FASN diminuindo a proliferacdo e causando morte celular
programada em diferentes linhagens tumorais (CARVALHO et al., 2008; SEGUIN et
al., 2012; AGOSTINI et al., 2014; MULLEN e YET, 2015; SOKOLOWSKA et al., 2017;
SCHCOLNIK-CABRERA et al., 2018).

Assim, diante do potencial antitumoral que os inibidores da FASN apresentam,
grandes industrias farmacéuticas como Glaxo, AstraZeneca e Merck ja demonstraram
interesse em desenvolver moléculas mais especificas, menos toxicas e que causem
menos efeitos adversos (MULLEN e YET, 2015). No entanto, até o momento, so existe
uma molécula sendo testada em humanos. A molécula TVB-2640 esta em fase | dos
estudos clinicos em pacientes portadores de tumores sélidos em estagios avancados.
Os objetivos do estudo sdo determinar a dose maxima e a seguranca da molécula

como monoterapia ou em conjunto com outros farmacos (BRENNER et al., 2015;
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BRENNER et al., 2017). Contudo, ainda ndo existem moléculas inibidoras da FASN
totalmente seguras e eficazes (MENENDEZ e LUPU, 2017).

Além disso, até o momento o mecanismo pelo qual a inibicdo da FASN retarda
o desenvolvimento de neoplasias ndo foi totalmente esclarecido. Alguns estudos
sugerem que ao inibir a FASN ocorra uma diminuicdo na disponibilidade de
fosfatidilcolina, um dos principais lipidios afetados pela modulacdo da FASN,
causando a escassez de fosfolipidios necessarios para sintetizar a membrana celular
de novas células (LUPU e MENENDEZ, 2006). Também, foi proposto que a inibi¢cdo
da FASN levaria a um a acumulo de malonil-CoA, com consequente inibicdo da
carnitina-palmitoil transferase I, que por sua vez levaria ao acumulo de ceramida e
inducdo dos genes pré-apoptoticos BNIP3, TRAIL e DAPK2 (PIZER et al., 2000;
BANDYOPADHYAY et al., 2006). Alem disso, uma grande quantidade de fosfolipidios
€ necessaria durante a fase G1 e S do ciclo celular e consequentemente, o bloqueio
da FASN levaria a alteracdo da replicacdo do DNA, causando assim uma parada no
ciclo celular antes da fase G1 (ZHOU et al., 2003).

2.6.Nanoformulagcfes de Orlistate

Atualmente, a nanotecnologia também tem sido associada aos inibidores da
FASN para melhorar suas propriedades, atraindo a atencdo dos pesquisadores.
Nanoparticulas apresentam vantagens em relacéo ao farmaco livre. Elas possibilitam
melhor a biodisponibilidade e internalizacdo celular dos farmacos, controlar sua
liberacdo, direcionar o farmaco para um alvo especifico, e ainda, diminuir a dose
terapéutica e o numero de administracdes pelo paciente (PEER et al., 2007;
GROSSEN et al., 2017). Existem diversos tipos de nanoparticulas que podem ser
empregadas no desenvolvimento de formulagbes farmacéuticas, sendo as mais
conhecidas e utilizadas: os lipossomas, as nanoemulsdes, hanoparticulas
poliméricas, nanoparticulas lipidicas sélidas, os vetores lipidicos nanoestruturados e
as nanoparticulas magnéticas (PANYAM e LABHASETWAR, 2003). Diferentes
estudos tém sido publicados, demonstrando que a nanotecnologia pode ser uma
alternativa promissora para as limitagdes que alguns inibidores da FASN apresentam.
Hill e colaboradores verificaram que o tratamento de linhagens celulares de cancer de
prostata e cancer de mama com nanoparticulas derivadas de &cido hialurdnico

contendo Orlistate, levou a uma diminuicdo significativa na viabilidade celular em
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comparagéo ao tratamento com Orlistate livre (HILL et al., 2016). Outro estudo com
nanoparticulas de PLGA-b-PEG contendo Orlistate obteve resultados semelhantes
em linhagens de cancer de mama triplo negativo (BHARGAVA-SHAH et al., 2016).
Além disso, estudos em células tumorais resistentes demostraram a possibilidade de
utilizar nanoparticulas de Orlistate em sinergismo com outros compostos para
melhorar o tratamento do cancer (SOUCHEK et al., 2017).

Desse modo, a possibilidade de utilizar nanotecnologia para melhorar as
propriedades dos inibidores ja existentes e aprovados para uso humano pelo FDA e
outras agencias regulatérias, se torna uma opc¢do bastante atrativa para
pesquisadores e empresas farmacéuticas. Os sistemas nanoestruturados permitem
direcionar e controlar a liberacdo dos farmacos, e buscam ainda, eliminar

caracteristicas indesejadas presentes nas apresentacfes convencionais.






3.0BJETIVOS







35

Este trabalho tem como objetivo geral a investigacao da expressédo da FASN e
sua relacdo com o carcinogénese do cancer de colo de utero, propondo uma
formulagéo tecnoldgica como estratégia terapéutica para o tratamento de cancer de

colo de Utero.

Assim, os seguintes objetivos especificos foram propostos:

e Avaliar a expressao da FASN em biépsias de lesdes precursoras e de cancer
de colo de Utero, para correlacionar sua expressdo com os diferentes estagios
do desenvolvimento do cancer;

e Determinar e comparar a expressao da FASN nas linhagens de cancer de colo
de utero Hela, SiHa, C-33A e ME-180;

e Estudar e comparar o efeito do Orlistate na viabilidade e proliferacdo das
linhagens HelLa, SiHa, C-33A e ME-180;

e Avaliar e comparar os efeitos da inibicdo da FASN apds tratamento com
Orlistate na inducao da parada do ciclo celular, morte por apoptose e autofagia
nas linhagens Hela, SiHa, C-33A e ME-180;

e Desenvolver uma nanoformulagéo de Orlistate e testar sua citotoxicidade in

vitro em linhagem de céncer de colo de utero (linhagem HelLa).






4. RESULTADOS
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Os resultados dessa dissertacdo serdo apresentados na forma de artigos

cientificos.

4.1. Artigo 1

Jéssica Nascimento; Camila Mariot; Débora Renz Barreto Vianna; Lucia Maria
Kliemann; Paula dos Santos Chaves; Massimo Loda; Andréia Buffon; Ruy Carlos
Ruver Beck; Diogo André Pilger. Fatty Acid Synthase on cervical cancer: a new

therapeutic target?

Este artigo foi elaborado de acordo com as normas da revista “Molecular

Carcinogenisis”.
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Abstract

Fatty acid synthase (FASN) is a rate-limiting enzyme responsible for de novo synthesis
of fatty acids in the cytoplasm of tumor cells. Many tumors express high levels of FASN
and its expression is associated with worse prognosis. Orlistat is a drug originally
developed for the treatment of obesity. However, its antitumor properties have been
shown as a tight-binding irreversible inhibitor of the FASN thioesterase domain.
Cervical cancer represents a major public health problem and is the fourth most
common cancer type that affects women worldwide. To date, only a few in silico studies
correlated FASN expression with cervical cancer and the possibility exists of using it
as a new therapeutic target. Therefore, in this study FASN expression in pre-malignant
lesions and cervical cancer samples of patients was analyzed. In addition, the effects
of FASN inhibition with Orlistat in different cervical cancer cell lines were evaluated.
The FASN expression was observed in all patients’ samples, with increased
expression in more advanced stages. Treatment of cervical cancer cells with orlistat
decreased cell viability in a time-dependent manner and triggered apoptosis. Orlistat
treatment also showed cell cycle arrest and autophagy in all cervical cancer cells.
Taken together, the results suggest that FASN is a potential therapeutic target for

cervical cancer.
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INTRODUCTION

Cervical cancer represents a major public health problem. It is the fourth most
common cancer type that affects women worldwidei1. The main risk factor for the
development of cervical cancer is the persistent infection with high-risk human
papillomavirus (HPV)2. The HPV infects cervical cells leading to cell transformation,
which can progress to precursor lesions of cervical cancers. Despite this, the presence
of HPV infection alone is not sufficient to trigger the carcinogenesis and additional
alterations are necessarya.

Fatty Acid Synthase (FASN) is the main enzyme responsible for the de novo synthesis
of fatty acids through the condensation of malonyl-CoA with acetyl-CoA and formation
of palmitate, a 16-carbon fatty acids,e. The de novo synthesis plays an important role
in energy homeostasis because it converts excessive ingested carbon into fatty acids,
which are stored and used when needed to produce energy through oxidation. In
addition, it contributes to the production of membrane lipids that are essential for cell
division and cell membrane formation. Because of availability of fatty acids from the
diet, de novo synthesis and FASN activity are low in most normal tissues, with the
exception of liver, adipose tissue, and lactating mammary glandsz,s. On the other hand,
studies have shown that many tumors have high levels of FASN and its expression is
associated with worse prognosise.

Studies using FASN inhibitors have shown that their inhibition led to a decrease in cell
proliferation, with subsequent death by apoptosisio. Also, when FASN is inhibited, cell
cycle arrest occurs in vitro and tumor growth is inhibited in xenograph modelsi1. There
are many inhibitors for FASN activity and recently, a few have entered clinical trials
with promising resultsi2,13. The drug Orlistat (ORL) was originally developed for the
obesity treatment. However, it has been shown to be an irreversible inhibitor of FASN
with an important antiproliferative effect in different types of tumorsia4,1s.

Although overexpression of FASN is well established for some types of cancer,
FASN expression in cervical cancer has not been studied. There are only a few studies
of screening in silico showing that FASN may be a marker for cervical canceris,i7.

The aim of this study was to evaluate FASN expression in Low- and High-grade
squamous intraepithelial lesions and in cervical cancer patients’ samples. In addition,
the consequences of FASN inhibition using ORL in vitro were evaluated using different

cervical cancer cell lines.
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MATERIAL AND METHODS

Samples

The samples were obtained from 36 patients submitted to gynecological procedures
at a reference hospital in the south of Brazil. The tissues were paraffin embedded and
cut at a thickness of 4 ym. The sections were mounted on microscope slides. The
sections were then fixed in 4 % formalin (pH 7.0) and stained using hematoxylin and
eosin to determine the pathological type and grade according to the Bethesda System
for Reporting Cervical Cytologyis in four groups: 9 samples of cervicitis (classified as
control), 9 samples of LSIL (Low-grade squamous intraepithelial lesions), 9 samples
of HSIL (High-grade squamous intraepithelial lesions) and 9 samples of cervical
cancer. Itis important to emphasize that it was not possible to obtain samples of normal
tissue since patients without malignant changes in cytology are not normally submitted
to the biopsy procedure. This study was approved by the local institutional ethics

committee (Approval protocol number: 2115382).

Immunohistochemistry

The FASN expression was analyzed using a kit Starr Trek Universal HRP Detection
System (Biocare Medical, Pacheco, USA). In brief, the sections were dewaxed with
xylene, gradually hydrated with gradient alcohol series and washed with phosphate-
buffered saline (PBS). Then, the sections were incubated with citrate buffer and 5%
hydrogen peroxide, and with background sniper reagent from the commercial kit. After,
sections were incubated overnight with primary anti-FASN antibody at a 1:200 dilution
(BD Transduction Laboratories, San Jose, USA). After washes, incubations with
secondary biotinylated antibody, peroxidase enzyme and revealing solution of
betazoid diaminobenzidine chromogen, from the commercial kit, were performed.
Tissue sections were then counterstained with hematoxylin, dehydrated and mounted.
The intensity of staining was graded semi-quantitatively as 0 (no staining), 1 (weak
staining), 2 (moderate staining), or 3 (strong staining). The percentage of positive cells
was quantified into four groups under a microscope as the extent of immunostaining:
0 (<10% positive cells), 1 (10-25% positive cells), 2 (26-75% positive cells), and 3
(>75% positive cells). The expression levels were defined as the multiplication of the
percentage of positive staining and the intensity. The sections with a final score of 1 or

less were considered as (-), between 2 and 4 as (+), between 5 and 8 as (++) and 9
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was considered as (+++).

Cell Culture

In this study, four different cervical cancer cell lines (C-33A, ME-180, HelLa and SiHa)
were used. They were obtained from American Type Culture Collection (Rockuville,
USA; ATCCeHTB-31tm, ATCCeHTB-33tv, ATCCeCCL-2tm, ATCCeHTB-357m). The
cell line C-33A is derived from cervical carcinoma and it doesn't contain copies of HPV
integrated in its genome. The cell lines HeLa and SiHa contain HPV 18 and 16,
respectively. The Hela is derived from a uterine adenocarcinoma and the SiHa from
a cervical stage Il squamous cell carcinoma. The ME-180 is derived from a metastatic
site in the peritoneum, it has copies of HPV with great homology to HPV 68 and it is
derived from a cervical squamous cell carcinoma. Cervical carcinoma cell lines were
maintained in culture flask in low-glucose DMEM (Sigma-Aldrich, St. Louis, USA)
supplemented with 10% fetal bovine serum (Gibco, Grand Island, USA), 1%
penicillin/streptomycin and 0.1% amphotericin (Sigma-Aldrich, St. Louis, USA) at 370.C

in a 5% CO» atmosphere. The ME-180 cell line was maintained at the same conditions

but cultured with RPMI medium (Sigma-Aldrich, St. Louis, USA).

Preparation of Orlistat solutions

For cell culture experiments, Orlistat (ORL) was extracted from Xenicale (Roche,
Basel, Switzerland) capsules according to Knowles et alis. Each pill was solubilized in
1 mL of ethanol, insoluble products removed by centrifugation (12,0009 for 5 min) and
the supernatant (250 mM of ORL) stored at -800C. The final concentration was
confirmed by high-performance liquid chromatographyzo. Analyses were performed in
a Shimadzu LC system (Shimadzu, Kyoto, Japan) equipped with a SPD-20AV detector
(UV). A Cis column was utilized as stationary phase and the mobile phase was
composed of water containing 0.1% (v/v) of phosphoric acid (85%) and acetonitrile
(5:95, v/v), run at a flow rate of 1.5 mL.min-1. UV detection was carried out at 205 nm.
The method was specific, linear (r=0.999, n=3) in the range of 10.00-30.00 pg.mL-1,

and precise (SD=1.64% and 3.13%) for intra and interday precision, respectively.

Cell counting

To evaluate the effects of FASN inhibition on cell viability, the cell lines were treated
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with 100, 200, 300, 400, and 500 uM of ORL and incubated at 24, 48, and 72 h. These
settings of ORL concentration were determined by preliminary tests from our research
group and based on previous studies with FASN inhibition with ORL21. Cell lines (1x104
cells/well) were seeded on 24-well plates and after the incubation, the medium was
removed, cells were washed with phosphate-buffered saline (PBS) and 200 pL of
0.25% trypsin/EDTA was added to detach the cells, which were counted using a
FACSVerse flow cytometer (BD Biosciences, San Jose, USA). Results are expressed

as the percentage of control.

Clonogenic survival assay

Subconfluent cultures were exposed to 300 uM of ORL for 24, 48, and 72 h. Then the
surviving adherent cells were washed with PBS, trypsinized, counted, and replated in
6-well plates (500 cells/well). After 10 days of incubation in a complete culture medium,
the colonies formed from each cell plated were stained with crystal violet after fixation
with methanol and counted manually. Plating efficiency (PE) was evaluated and the

fraction of surviving cells was calculated.

Plating Efficiency (PE) = (No. of colonies counted/No. of cells plated) x 100

Survival Fraction = (PE of treated sample/PE of control) x 100.

Annexin V and propidium iodide staining

Apoptosis and necrosis induction were analyzed by Annexin V-FITC Apoptosis Kit
(QuatroG, Porto Alegre, BR) according to the manufacturer's instructions with some
modifications. Briefly, the cell lines were plated in 24-well plates (1x10a4 cells), followed
by the treatments with 300 and 400 uM of ORL. After, cells were harvested and
incubated with 150 pL of annexin binding buffer (10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.4, 140 mM NaCl, 2.5 mM CacCly), annexin V at 0.75

ML/sample and propidium iodide (Pl) at 15 pL/sample for 15 min at room temperature
in the dark, and analyzed on FACSVerse flow cytometer (BD Biosciences, San Jose,
USA).
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Cell cycle assay

The effects of FASN inhibition on cell cycle phase distribution were assessed using
flow cytometry. Cells were plated in a 6-well plate (6x104 cells), followed by treatments
with 300 and 400 uM of ORL. After treatments, cells were harvested and fixed in cold
ethanol 70% v/v in PBS for 2 h. Fixed cells were washed with PBS and marked with a
solution containing P1 12 ug/L, Triton X-100 and RNAse for 30 min, in the dark, at room
temperature. DNA content was analyzed using a FACSVerse flow cytometer (BD

Biosciences, San Jose, USA).

Quantification of acidic vacuolar organelles by AO staining

For acidic vacuolar organelles (a typical feature of autophagy) determination, cells
were plate in a 24-well plate (1x104 cells) and exposed to 200, 300, and 400 uM of
ORL. After the incubation, cells were trypsinized and incubated with AO (acridine
orange) (2.7 mM) for 15 min at room temperature, and fluorescence emission was
analyzed by flow cytometry using FACSVerse flow cytometer (BD Biosciences, San
Jose, USA).

Statistical analysis

Statistical analysis was performed with Prism 5 (GraphPad, La Jolla, CA). Data are
expressed as the percentage of control and presented as mean + SD of at least three
independent experiments. Statistical analyses were performed by one-way analysis of
variance (ANOVA), followed by a Tukey post-hoc test. Values were considered

significant at p < 0.05.

RESULTS

FASN expression on cervical tissues

To evaluate FASN expression in patient tissues the immunohistochemistry technique
was performed in cervicitis tissue (non-malignant control), LSIL, HSIL, and in cervical
cancer. Immunochemical staining tests showed that FASN was mainly localized in the
cytoplasm of cervical cells, while the stroma exhibited no staining or focal and weak
positivity (Figure 1). Weak staining was detected in cervicitis tissues samples. In all
samples of LSIL, HSIL, and carcinoma, FASN expression was more intense than in

cervicitis tissue. LSIL showed moderate expression in 6/9 (66.7%) samples. High
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expression was detected in 4/9 (44%) of HSIL and in 4/9 (44%) of carcinoma (Table
1), with a similar expression profile between these two groups. No significant
correlation between the grade of lesion and FASN expression was observed, although
a clear trend towards progressive increase with increase in stage of disease was

noted.

FASN inhibition affects the growth of cervical cancer cells

To evaluate whether the inhibition of FASN activity can modify the growth rate of
cervical cancer cells, the HelLa, SiHa, ME-180, and C-33A cell lines were treated with
increasing concentrations of ORL. As shown in Figure 2, the inhibition with ORL
reduced the number of viable cells in all cell lines. HeLa and SiHa had the highest
reduction on the number of cells when compared to C-33A and ME-180 (Figure 2A-
D). In addition, the incubation with 300 uM of ORL for 24, 48, and 72 h, showed a
reduction of viable cells in a time-dependent manner (Figure 2E). Orlistat reduced
significantly the viability already after 24 h of incubation. Furthermore, surviving cells
had reduced long-term viability, since clonogenic survival of cells that survived 72 h
treatment was reduced, indicating a slow mechanism of cell death (Figure 2F). To
better characterize the antiproliferative properties of FASN inhibition on cervical cancer
cells, flow cytometry analysis was performed to evaluate the cell cycle, which showed
an increase in GO-G1 population as well as a decline in S phase at 400 uM of ORL in

all cell lines, in comparison with untreated cells (Figure 3).

FASN inhibition induces Apoptosis and Autophagy

To investigate whether the decrease in viable cells was related to apoptosis and
necrosis mechanisms, flow cytometry analysis for Annexin V and propidium iodide
were performed (Figure 4). As shown in Figure 4, all cervical cancer cell lines showed
an increase in the number of apoptotic cells for all treatments when compared to
controls. The proportion of cells in apoptosis followed the increase of the concentration,
with the exception of the C-33A cell. In addition, the proportion of cells marked by
propidium iodide was not significant, showing that the decrease in cell viability is not
occurring due to necrosis. The acridine orange was used to assess the acidic vacuolar
organelles, which characterize autophagy. As indicated in Figure 5, the percentage of
AO-positive cells increased in all cervical cancer cells when compared to controls after
treatment with ORL.
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DISCUSSION

Tumor cells synthesize most fatty acids that they need through de novo
synthesis22,23. In turn, fatty acids are utilized for membrane lipids, provide energy and
can stimulate signaling pathways by post-translational modification of targets. The
FASN, the main enzyme of de novo synthesis of fatty acid, is responsible for producing
palmitate through the condensation of malonyl-CoA and acetyl-CoA2s. FASN s
expressed at low levels or not at all in most normal tissues. On the other hand, most
tumors have high FASN expressions. Furthermore, studies where FASN was inhibited
showed a decrease in proliferation, cell cycle arrest, and death by apoptosisii.

In this study, cytoplasmic FASN expression was found in all four patient sample
groups tested. Even the cervicitis samples, that were used as non-malignant control,
showed weak staining. These results are relevant because demonstrate that FASN
may have an important role in inflammation as well. Indeed, some studies have
observed that fatty acid synthesis is important for macrophages activation and for
signaling the immune systemzs,26. In addition, FASN expression was progressively
more intense in LSIL, HSIL, and carcinoma samples, which indicates a possible role
of the enzyme in cervical carcinogenesis. Even though FASN expression did not show
a statistical correlation with the grade of cervical lesions, our findings are consistent
with many studies that showed FASN activation early in the neoplastic process of
breast, gliomas, lung, colon, and prostat27-31. Moreover, esophageal squamous cell
dysplasia, adenoma and metaplasia of the stomach, also showed overexpression of
FASNs32,33. The FASN overexpression in early stages of cancer is relevant for the
carcinogenesis because in under hypoxia conditions, large amounts of lactate are
produced by aerobic glycolysis, damaging the respiratory chain. FASN, in turn, has the
ability to perform a redox balance by consuming excess NADPH, favoring oxidative
respirationss. Moreover, FASN expression has been correlated with epithelial-
mesenchymal transition (EMT). Li et al. showed that FASN mediated the EMT in breast
cancer cellsss, and Hung et al. reported that FASN inhibition prevents EMT process in
breast cancer ss. The EMT allows the cells to spread more quickly and in a more
aggressive way by the loss of epithelial features and acquisition of mesenchymal
characteristic. These advantages give cervical cancer a greater ability to proliferate
and surviveszzs. Therefore, FASN activation in pre-malignant lesions and cancer
suggests that FASN may be decisive for early neoplastic transformation.

To better understand the FASN role in cervical cancer carcinogenesis, the effect
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of ORL was evaluated in cervical cell lines. Orlistat, a drug originally developed for the
treatment of obesity, is an inhibitor of pancreatic lipases in the gastrointestinal tract.
However, it has been shown to be an irreversible inhibitor of FASN binding to the
thioesterase domain, which is responsible for the palmitate synthesis terminationia.
The inhibition of FASN with ORL was able to decrease cell viability, and colony
formation, and cause apoptosis and cell cycle arrest in the human cervical cancer cell
lines HelLa, SiHa, C-33A, and ME-180. However, SiHa and Hela cells, which are HPV
16-positive and HPV 18-positive, respectively, showed a greater reduction in cell
proliferation when compared to the C-33A and ME-180 cells. It is important to
emphasize that infection by HPV 16 and 18 is the most commonly associated factor
with the development of human cervical cancerss,s0. However, to date, there is no study
correlating FASN expression and HPV infection. Despite this, different studies are
showing FASN expression in viral infection as Hepatitis C, HIV, and Respiratory
Syncytial Virusai-43. Therefore, more studies are needed to establish a relationship
between FASN and HPV infection.

Furthermore, it was possible to demonstrate that the decrease in viability
occurred by apoptosis and not by necrosis, since after treatment with ORL the
percentage of necrotic cells was low in all cell lines. These results are in agreement
with many studies reporting a decrease in cell viability and death by apoptosis after
treatment with ORL14,21,29. The ORL was also able to induce autophagy in all cervical
cancer cell lines. Although further studies are still required to confirm the autophagy,
our data are in agreement with Grube et al. that showed that ORL induced autophagy
in glioma cells29. Also, Peng et al. showed that ORL can induce apoptosis and
autophagy at the same time in ovarian cancer. However, when cells were treated with
an autophagy inhibitor, the number of apoptotic cells increased, suggesting that the
ORL has a cellular pro-survival role but could be a potential adjuvant in cancer
treatmentaa.

In summary, our results showed increased FASN expression in early cervical
cancer development with expression in LSIL and HSIL samples. FASN inhibition by
ORL decreases cell viability and triggers apoptosis, cell cycle arrest and autophagy in
different cervical cancer cell lines. Taken together, the data reported here suggest that
FASN is a potential therapeutic target for cervical cancer. However, further studies are

needed to understand the role of FASN on cervical cancer development.
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Table 1. FASN expression in cervical tissue.

Levels of staining - (%) + (%) ++ (%) +++ (%)
Control (9) 4 (44.4) 4 (44.4) 1(11.2) 0 (0.0)
LSIL (9) 0 (0.0) 3(33.3) 6 (66.7) 0 (0.0)
HSIL (9) 0 (0.0) 2(22.2) 3(33.3) 4 (44.4)
Carcinoma (9) 0 (0.0) 3(33.3) 2(22.2) 4 (44.4)

LSIL: Low-grade Squamous Intraepithelial Lesion; HSIL: High-grade Squamous Intraepithelial Lesion.



Figure 1. Representative immunohistochemistry pictures of FASN expression in
cervical tissue. FASN was detected in cervicitis (A-B), LSIL (C-D), HSIL (E-F), and
carcinoma (G-H). A, C, E, and G = original magnification, X 200; B, D, F, and H =

original magnification, X 400.
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Figure 2. FASN activity is necessary for cervical cancer cell lines growth and survival.
Treatment with ORL reduced the number of viable cells in all cervical cancer cell lines
HelLa (A), SiHa (B), C-33A (C), and ME-180 (D), when compared with the respective
controls. (E) Treatment with ORL showed a reduction of viable cells in a time-
dependent manner. (F) ORL affects the cell lines capability of colony formation after
treatment. Values refer to the average of three independent experiments £ SD. *p<
0.05 compared with control (one-way ANOVA, followed by Tukey’s test).
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Figure 3. Orlistat treatment cause cell cycle arrest. Cell cycle analysis by flow
cytometry showed that FASN inhibition with ORL enhances the GO-G1 population and
reduces the number of cells in the S phase in cell lines HeLa (A), SiHa (B), C-33A (C),
and ME-180 (D). Values refer to the average of three independent experiments + SD.

*p< 0.05 compared with control (one-way ANOVA, followed by Tukey’s test).
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Figure 4. Orlistat triggers apoptosis in cervical cancer cell lines. Annexin V and PI

experiment showing that ORL induces apoptotic cell death, but not necrosis in HeLa
(A), SiHa (B), C-33A (C), and ME-180 (D) cell lines. Values refer to the average of the

percentage of cells in each gate of three independent experiments = SD. *p< 0.05

compared with control (one-way ANOVA, followed by Tukey’s test).
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Figure 5. ORL triggers autophagy in cervical cancer cell lines. Flow cytometry showed
an increase of AO-marked cells in HeLa (A), SiHa (B), C-33A (C), and ME-180 (D) cell
lines. Values refer to the average of the percentage of cells in each gate of three
independent experiments + SD. *p< 0.05 compared with control (one-way ANOVA,
followed by Tukey’s test).
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Abstract

Orlistat is a drug that has been studied for having promising antitumor properties
due to its inhibition of fatty acid synthase (FASN), the main enzyme responsible for de
novo synthesis of fatty acids. FASN is overexpressed in different types of cancer, like
cervical cancer cells as recently reported by our group. However, orlistat has a poor
water solubility and oral bioavailability, limiting its formulation and uses. Therefore, its
encapsulation in polymeric nanocapsules (NC) and the in vitro antiproliferative effect
in the cervical cancer cell line HeLa was evaluated. NC containing or not orlistat (NC-
ORL and NC-U, respectively) were prepared using Poly(e-caprolactone) by the
interfacial deposition of preformed polymer method. The in vitro antiproliferative effect
of the non-encapsulated and encapsulated ORL was evaluated in HelLa cells. Cell
counting by flow cytometry was used to evaluate antitumor effect after 48 h of
treatment. The nanoformulations showed a mean Z-average between 210 and 220 nm
regardless of the presence of ORL. An encapsulation efficiency of almost 100% was
reached for NC-ORL and they were not toxic to HelLa cells in the experimental
conditions. Moreover, NC-ORL had a more pronounced antiproliferative effect
compared to non-encapsulated orlistat, mainly at the higher concentrations tested. No
agglomeration of particles in the cell culture medium can have contributed for this. In
conclusion, this novel nanoformulation of orlistat showed greater antiproliferative effect
against HelLa cells over the non-encapsulated drug solution and seems to be a
promising alternative for the treatment of cervical cancer overcoming their

physicochemical properties like poor water solubility and low oral bioavailability.
Keywords: Fatty acid synthase; Cervical cancer; Orlistat; Nanocapsules.

Abbreviations: FASN, fatty acid synthase; MCT, medium chain triglycerides; NC-
ORL, orlistat-loaded nanocapsules; NC-U, unloaded nanocapsules; ORL, non-

encapsulated orlistat; PCL, poly(e-caprolactone).
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1. Introduction

Cancer proves itself to be a major concern in public health worldwide every year
with very significant incidence rates. And even though cancer mortality rates have
declined over the past decade, they still remain high [1]. Cervical cancer is the fourth
most common cancer in women in the world, and the seventh overall [2]. Treatments
available are based on the stage of the disease, with surgical therapy being a frequent
choice for patients in early stages, and radiotherapy and chemotherapy being chosen
at intermediate and advanced stages [3]. The options for chemotherapy treatment are
not very extensive and can bring many adverse effects. Therefore, it is evident the

urgency of new findings in therapeutic targets and anti-cancer drugs.

Altered metabolic pathways in cancer have been widely recognized, and lipid
metabolism appears to be a promising target for further studies [4]. Fatty acids serve
as an important substrate for a variety of cellular processes, and most normal cells and
tissues obtain lipids from dietary intake, while de novo synthesis of fatty acids seems
to be of minor importance, except for fetal lungs, adipose tissue, liver, cycling
endometrium and lactating breasts [5]. However, when it comes to tumors, de novo
synthesis may generate more than 93% of the fatty acids in the neoplastic cells [6].
This process of endogenous lipid biosynthesis is catalyzed by fatty acid synthase
(FASN), the main enzyme involved in de novo synthesis of fatty acids [7]. A series of
studies have already demonstrated high levels of FASN in different types of tumors,
such as breast, prostate, ovarian, colorectal, stomach, bladder, lung, oral cavity and
tongue, head and neck, thyroid and endometrial. However, the exact mechanisms
responsible for overexpression and increased activity of FASN in cancers are not
completely understood yet [6, 8, 9].

Taking into account, the possibility of using the higher expression of FASN in
cancer as a target, researchers synthesized inhibitors of this enzyme with possible
antitumor activities [10]. Indeed, it has been demonstrated that FASN inhibition can
lead to stress and death of cancer cells [11, 12]. Currently, several substances are
known to be potential FASN inhibitors: cerulenin, C75, orlistat, C93 and some natural
polyphenols [6, 13]. Orlistat is a drug approved by Food and Drug Administration for
treating obesity due to its property of inhibiting pancreatic and gastric lipases, but it

has been discovered as an irreversible inhibitor of the thioesterase domain of FASN
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[14]. Several studies have shown that orlistat has an antiproliferative effects and leads
to cell death in different types of cancer cell lines [15-19]. On the other hand, as orlistat
has poor water solubility and low oral bioavailability, its formulation in a suitable dosage

form for its therapeutic use as an antitumor drug is still a challenge [20].

In order to overcome drawbacks in the administration of complex drugs, as those
may have inadequate biopharmaceutical profiles, novel drug delivery systems have
been designed in recent decades. Nanoparticles, especially those made of
biocompatible polymers, attract great attention of researchers due to their potential
applications in therapeutics [21]. Nanocapsules are a type of nanoparticles that
consists of oily droplets surrounded by a thin polymeric membrane. The drug may be
dissolved in the core and/or adsorbed on the polymer wall [22]. These nanocarriers
systems seem to be very promising for cancer therapy, since they can offer highly
desirable advantages over non-encapsulated drugs, including drug protection from
premature degradation, early interaction with the biological environment, improved
antiproliferative effect, enhanced absorption into a selected tissue, control of the drug’s

pharmacokinetics, improved intracellular penetration, and less adverse effects [23].

Previous studies proposed nanoformulations of orlistat for the treatment of cancer
cells, but none of them targeting cervical cancer [24-27]. Moreover, studies from our
group showed overexpression of FASN in cervical cancer cells [28]. Considering the
overexpression of FASN and whereas the effects of orlistat in its non-encapsulated or
nanoencapsulated form have not been evaluated in cervical cancer cells, the aim of
this study was to produce orlistat-loaded nanocapsule suspensions, using poly(e-
caprolactone) as the biocompatible and biodegradable polymer, evaluating the
antitumor efficacy of this formulation in cervical cancer cell line HeLa, compared to the

non-encapsulated drug solution.
2. Material and methods
2.1Preparation of nanocapsule suspension

Orlistat-loaded nanocapsules were prepared by the interfacial deposition of
preformed polymer method [29]. Poly(e-caprolactone) 80.000 MW (0.100 g) (Sigma-
Aldrich, St. Louis, MO, USA) was dissolved in acetone (27 mL) and maintained at 40°C
under magnetic stirring for 1.5 h. Then, the oil MCT (165 pL) and the drug orlistat
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(0.010 g) (Sigma-Aldrich, St. Louis, MO, USA) were added, composing the organic
phase of the formulation. This solution was stirred for further 10 min. At the same time,
the aqueous phase of the formulation was prepared by adding polysorbate 80 (0.077
g) in ultrapure water (54 mL), at 40°C and kept under magnetic stirring. The organic
solution was injected into the aqueous solution, at 40°C. After 10 min of stirring, the
suspension was concentrated by evaporation under reduced pressure at 40°C using a
rotary evaporator. The final volume was adjusted to 10 mL in a volumetric flask. This
formulation was named NC-ORL. Nanocapsule suspension containing no drug
(unloaded nanocapsules, named NC-U) was prepared as described above, without
adding orlistat to the organic phase. Three batches of each formulation were prepared
and characterized. Formulations were kept protected from light and at room

temperature until analysis.
2.2Physicochemical characterization of formulations
2.2.1Laser diffraction analysis

Particle size was evaluated by laser diffraction (LD) analysis (Mastersizer 2000,
Malvern Instruments Ltd., UK). Volume-weighted mean diameters (D 4,3) and
polydispersity (Span) were analyzed. Each sample was added directly into the
aqueous disperser compartment of the equipment, containing about 150 mL of distilled

water until the adequate obscuration index (2—8%) was reached.
2.2.2Dynamic light scattering analysis

Mean particle diameter (z-average) and polydispersity index (PDI) were measured
using dynamic light scattering (DLS) (ZetaSizer Nano ZS, Malvern Instruments Ltd.,
UK). For this analysis, the suspensions (20 pL) were diluted in water (10 mL) previously
filtered (0.45 pum, Milliporee).

2.2.3Zeta potential analysis

Zeta potential was determined by electrophoretic mobility (ZetaSizer Nano ZS,
Malvern Instruments Ltd., UK). For this analysis, samples (20 pL) were diluted in NaCl

solution 10 mM (10 mL) previously filtered (0.45 um, Milliporee).
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2.2.4Analytical method

The orlistat assay was carried out by high performance liquid chromatography [30].
Analyses were performed in a Shimadzu LC system (Kyoto, Japan) equipped with a
CBM-20A system controller, a LC-20AT pump, a DGU-20A5 degasser, a SIL-20A
auto-sampler, and a SPD-20AV detector (UV). A Phenomenex Luna Cis column (250
mm x 4.6 mm 1.D., with a particle size of 5 um) was utilized as stationary phase. The
mobile phase was composed of water containing 0.1% (v/v) of phosphoric acid (85%)
and acetonitrile (5:95, v/v), run at a flow rate of 1.5 mL.min-1. UV detection was carried
out at 205 nm, run time was 12 min and an injection volume of 25 puL was used. The
method had specificity, good linearity (r=0.999, n=3) in the range of 10.00 - 30.00
pg.mL-1, and good intra (SD=1.64%) and interday (SD=3.13%) precision.

2.2.5Drug content and encapsulation efficiency

Orlistat content was assayed after dissolution of NC suspensions (1.0 mL) in
acetonitrile at final volume of 10 mL followed by sonication during 10 min. This
dispersion was centrifuged at 4,120 xg for 10 min and an aliquot (2.0 mL) of the
supernatant was diluted to 10 mL in mobile phase. The sample was filtered with
hydrophilic membrane (0.45 um, Milliporee) and analyzed. Encapsulation efficiency
was calculated based on the difference between total drug and free drug contents in
the ultrafiltrate. The ultrafiltrate was obtained by ultrafiltration/centrifugation technique
(Ultrafree-MC 10,000 MW, Millipore, Billerica, USA) at 4,120 xg for 10 min.

2.2.6pH measurement

The pH values were measured with a potentiometer (VB-10, Denver Instrument,
USA) using the original, undiluted formulations directly.

2.2.7Particle number density

The number of nanoparticles in suspension (number per mL) was determined by
turbidimetric technique (UV) as previously described by Andrade et al. [31]. Samples
(n = 3) were analyzed using a spectrophotometer (Shimadzu VR-1800PC, Shimadzu,
Japan).
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2.3 In vitro assays
2.3.1Cell culture

Human cervical cancer cell line HeLa was obtained from American Type Culture
Collection (Rockville, MD, USA). Cells were grown and maintained in DMEM (Sigma-
Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco,
Grand Island, NY, USA), 1% penicillin/streptomycin and 0.1% amphotericin (Sigma-
Aldrich, St. Louis, MO, USA), in 5% CO2 humidified atmosphere at 37°C.

2.3.2Cell treatments

A solution of non-encapsulated orlistat (named ORL), used for cell treatments, was
previously prepared by dissolving orlistat powder in sterile DMSO, resulting in a stock
solution of 250 mM. HelLa cells were seeded in 24-well plates, at a density of 10.0 x
103 cells per well, and incubated for 48 h before treatments. After, cells were treated
with ORL at concentrations of 10, 25, 50, 75, 100 and 150 uM of NC-ORL at the same
drug concentrations corresponding to the following particle number densities: 0.03 x
1012, 0.07 x 1012, 0.14 x 1012, 0.22 x 1012, 0.29 x 1012, and 0.43 x 1012 particles.mL-1.
The controls used were DMEM (10% FBS) as a negative control, DMSO at the same
volume used for ORL 150 uM, and NC-U at the same particle number density
(particles.mL-1) used for all concentrations of NC-ORL. Cells were incubated with the
treatments for 48 h. Before starting these experiments, the particle behavior of the
nanocapsules (n = 3) in the cell culture medium was evaluated adding the
nanocapsules suspension (1 mL) to the cell culture medium (13.5 mL) at 37 + 0.5°C

followed by laser diffraction analysis after 0, 24 and 48 h.
2.3.3Cell counting

Flow cytometry (Attune Flow Cytometer, Thermo Fisher Scientific, USA) was used
for counting cell number. After 48 h, treatments were withdrawn from the wells and
cells were rinsed with phosphate-buffered saline (PBS), then 200 pL of trypsin was
added into each well. After the cells detachment, 400 uL of DMEM (10% FBS) was
added and the cell suspensions were collected into eppendorfs. Cells were analyzed
by flow cytometry, with an acquisition time set to 30 s, generating a value of events per

pL of cell suspension. The results for treated cells, expressed in percentage of cell
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number, were normalized to control cells (treated with DMEM 10% FBS), which

represents 100% of cell number.
2.4Statistical analysis

The results are expressed as mean + SD (standard deviation), calculated from at
least three independent measurements. Statistical analysis was performed by One-
Way ANOVA followed by Tukey test to compare the effect of different particle number
density of NC-U on the cell viability. Two-Way ANOVA followed by Bonferroni test was
performed to compare the data from NC-ORL and ORL in the study of the in vitro
antiproliferative effect. All statistical analyses were carried out using the Graphpad

Prism software. The level of significance was set to p < 0.05.
3.Results and discussion
3.1Nanoformulations

Nanocapsules were prepared in this study using a biodegradable polymer (PCL)
because its compatibility with different routes of administration, such as oral,
intravenous, and local/topical [32], giving different possibilities to formulate them as
final dosage forms. Nanocapsule suspensions (NC-ORL and NC-U) had a liquid, milky
white and homogeneous aspect, regardless of the presence of the drug. Their particle
size distribution profiles are shown in Fig. 1. They had a unimodal and submicrometric
particle size distribution profile, refuting any particle agglomeration during the
production process. NC-ORL and NC-U showed D4,3 values of 334 + 55 nm and 325
+ 35 nm, respectively, with Span values lower than 2.0, confirming their narrow size
distribution. After these first analysis showing the exclusive presence of particles at the
nanoscale, further characterization steps were carried out. The detailed
physicochemical characteristics of the nanoformulations are summarized in Table 1.
They had mean particle diameter (z-average) ranged between 210 and 220 nm
according to the dynamic light scattering (DLS) analysis. The polydispersity indices
(PDI) measured by DLS were below 0.20 and confirmed the narrow particle size
distribution observed by the laser diffraction analysis, as discussed above. Zeta
potential values were slightly negative and similar for both formulations. These values
are expected for nanocapsules made of poly(e-caprolactone) and having a non-ionic

stabilizing agent (in this case, polysorbate 80), since this polymer presents terminal
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carboxylic groups that give a negative characteristic to nanocapsule surface [33]. NC
showed slightly acid pH values which can also be explained by the properties of the
polymer. The drug content of the NC-ORL (0.96 + 0.05 mg.mL-1) was very close to the
initial set concentration (1.00 mg.mL-1). In addition, orlistat showed an excellent
encapsulation efficiency of 99.8%. This result may be explained by the lipophilic nature
of the drug (log P = 8.5), indicating that it has a high affinity for the oily core of the

nanocapsules.

All the physicochemical properties of NC-ORL and NC-U discussed above are in
agreement with data shown in literature for this type of formulation [32, 33]. Therefore,
these nanocapsules suspensions have suitable characteristics for further in vitro
studies. However, prior performing the in vitro studies, the particle number densities
were calculated. This analysis has highly importance in order to compare the behavior
of loaded and unloaded nanocapsules in the cell viability assay. Moreover, classical
pharmacology uses only the total mass of a drug as a parameter of dose. But for drug-
loaded in nanoparticles, the surface area of the particles (related to the particle
number) may induce the interactions with biological systems and the total mass may
not be the only parameter of dose. Therefore, it is highly recommended to evaluate the
effect of this kind of formulations considering the particle number density (in this case,
number of NC per ml) [34]. The particle number density of the loaded and unloaded
nanocapsules were calculated by turbidimetry. The particle number densities were
similar (p>0.05) for both formulations NC-ORL (7.30 x 1012 particles.mL-1) and NC-U
(6.24 x 1012 particles.mL-1).

3.2In vitro assays

Orlistat has been shown to be a drug with promising antitumor properties in
different types of cancer. It could decrease cell viability and trigger apoptosis, as well
as induced cell cycle arrest and cell stress in glioma, endometrial, prostate and oral
cancer [17, 35-37]. Also, orlistat could reduce the volume of primary tumors and the
number of lymphnode metastasis in melanoma xenograft models and oral squamous
cell carcinoma orthotopic models [15, 16]. However, orlistat presents many negative
characteristics for its adequate use, such as low cell permeability, low water solubility

and poor oral bioavailability [8, 9]. In an attempt to overcome these issues, some
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studies have already tried to develop different formulations with orlistat, but none of

them used nanocapsules targeting cervical cancer [24-27].

In our study, we developed a nanocapsule formulation with biodegradable polymer
to improve orlistat efficacy. In this aim, we used the cervical cancer cell HeLa to access
the effect of orlistat nanocapsules. Cell counting by flow cytometry was used to
evaluate the effect of the treatments on the number of viable cells, thus estimating cell
death and antiproliferative effect. However, prior experiments were carried out to
evaluate the nanocapsules behavior in the cell culture medium. As showed in Fig. 2,
laser diffraction analysis showed that the mean particle size of NC remained in the
nanometric scale even after 48 h and similar to the original NC suspension. Similar
results were previously reported by Rigo et al [34] for PCL nanocapsules and RPMI
and MEM cell culture media. Therefore, in agreement with this previous report, no
agglomeration behavior of nanocapsules in the cell culture media could be explained
by no interaction between the polymer and/or the non-ionic surfactant present at the
nanocapsules surface and the components of the DMEM medium. Afterwards, a cell
counting study using NC-U was conducted to estimate the toxicity of the unloaded
nanocapsule suspension to HelLa cells after 48 h of treatment. Only at the highest
tested concentration (0.43 x 1012 particles.mL-1) there was a significant decrease in
viable cell number compared to the negative control (Fig. 3). This result was somewhat
expected, considering that the number of particles is this case is very large. These
results are in agreement with the previous report by Rigo et al. [34], showing that the
cytotoxic effects by unloaded NC are not cell-specific, and suggesting that this effect
is a consequence of the physical effect of the nanocapsules due to the in vitro
overexposure of cells to a high number of particles. On the other hand, the percentage
of living cells in the concentration of 0.43 x 1012 umol.L-1 (about 80%) can still be
considered quite good, even though this statistical difference was observed.
Consequently, it is possible to conclude that the unloaded nanocapsule suspension

was not toxic to HelLa cells in the experimental condition.

Regarding the treatments with ORL and NC-ORL (Fig. 4), the non-encapsulated
drug (ORL) had little effect on the number of viable cells after 48 h in all concentrations
tested. Even at the highest concentration (150 uM) of ORL was able to reduce cell
number only in about 20%. The percentage of remaining cells ranged between from

about 97% for the lowest concentration (10 uM) and 80% for the highest concentration
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(150 pM) of ORL. On the other hand, the treatment with NC-ORL at the concentrations
of 75, 100 and 150 uM, corresponding to 0.22 x 1012, 0.29 x 1012, and 0.43 x 1012
umol.L-1, respectively, had a notable and significant effect on cell number, decreasing
it about 40, 55 and 70%, respectively. NC-ORL at the drug concentration of 25 and 50
MM (particle concentration of 0.07 x 1012 and 0.14 x 1012 umol.L-1, respectively) did not
show difference in the cell number compared with the corresponding drug dose in the
treatment with the drug solution (ORL). However, at the lowest dose and particle
concentration tested (10 uM and 0.03 x 1012 umol.L-1, respectively), NC-ORL treatment
had a statistically significant difference on viable cell number compared with the
corresponding ORL dose. This may have happened because the ORL at 10 uM did
not have effect on cell viability, remaining almost the total number of viable cells as in
the control. On the other hand, the NC-ORL shows its antiproliferative effect even at
this lowest dose and particle concentration. So, although the percentage of living cells
in NC-ORL at 10 pyM (0.03 x 1012 umol.L-1) was relatively high (about 80%), when it
was compared to the corresponding ORL dose, the difference between these
treatments was statically significant. In other words, we could see an anticipation
(regarding the drug dose) on orlistat effect when it was nanoencapsulated, suggesting
its future uses at lower effective doses by its nanoencapsulation. Moreover, no
agglomeration of the nanocapsules in the culture medium can have contributed to

ensure the best antiproliferative effect of the nanoencapsuled orlistat.

These data represent an important contribution to the literature, as a novel strategy
for the treatment of cervical cancer using the higher expression of FASN in this cell
type as an effective target [28]. Some previous studies reported the nanoencapsulation
of orlistat as an alternative for the treatment of different cancers, using breast and
prostate cancer cell lines [24-27]. However, our recent study reporting the FASN
overexpression in cervical cancer cells opens the possibility of widening the future

application of nanoencapsulated orlistat in the cancer therapy.
4.Conclusions

Orlistat was effectively encapsulated in polymeric nanocapsules as an aqueous
drug delivery systems suitable to formulate the drug in different pharmaceutical dosage
forms. In vitro studies demonstrated that orlistat-loaded nanocapsules has greater

antiproliferative effects against HelLa cell line when compared to the non-encapsulated
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drug solution of ORL. Therefore, it may be assumed that this novel formulation using
a biodegradable polymer can become an attractive alternative for the treatment of
cervical cancer in the future. Further studies should be carried out to evaluate the in
vivo effects of nanoencapsulated orlistat for the treatment of cervical cancer, alone or

even in combination with standard treatment.
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Table 1: Physicochemical characterization of nanocapsule formulations

NC-ORL (mean £ SD) NC-U (mean £ SD)

Z-average diameter (nm) 211 +12 2179

PDI 0.15+£0.02 0.13+0.02

Zeta potential (mV) -6.62 £ 0.79 -7.20£2.03

pH 5.78+£0.13 5.17 £ 0.27

Drug content (mg.mL-1) 0.96 +0.05 -

PND (particles.mL-1) (7.30 £0.61) x 1012 (6.24 £ 0.26) x 1012

NC-ORL: orlistat-loaded nanocapsule suspension; NC-U: unloaded nanocapsule

suspension; PDI: polydispersity index; PND: Particle number density.
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Figure 1: Particle size distribution profiles obtained by laser diffraction analysis for NC-
ORL and NC-U (n=3).
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Figure 2: Nanocapsule aggregation on DMEM medium. The particle behavior of NC
in the cell culture medium was evaluated by laser diffraction analysis after 0, 24, and
48 hours. The mean particle size of NC remained in the nanometric scale and similar
to the original NC suspension. Data are expressed as mean + SD. Differences were

considered no significant at p>0.05 (One-Way ANOVA followed by Tukey test).
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Figure 3: Toxicity evaluation of NC-U by cell counting. HeLa cells were incubated with
NC-U at concentrations of 0.03x1012, 0.07x1012, 0.14x1012, 0.22x1012, 0.29x1012, and
0.43x1012 particles.mL-1 during 48 h. The particles concentration used are equivalents
to the volume required to reach the NC-ORL tested concentration (10 to 150 uM). Data
are expressed as mean = SD. *Indicates significant difference compared to the control.

Differences were considered significant at p<0.05 (One-Way ANOVA followed by
Tukey test).
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Figure 4: HelLa cell counting evaluated by flow cytometry after 48h of treatment. The
cells HeLa were incubated with ORL and NC-ORL at concentrations of 10, 25, 50, 75,
100, and 150 pM. The added volume of NC-ORL to reach each concentration
corresponds of 0.03 x 1012, 0.07 x 1012, 0.14 x 1012, 0.22 x 1012, 0.29 x 1012, and 0.43
x 1012 umol.L-1, respectively. Data are expressed as mean + standard error. *Indicates
significant differences compared to the control. Differences were considered significant

at p<0.05 (Two-Way ANOVA followed by Bonferroni test).
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5.1.Discusséo geral

O céancer é uma das principais causas de morbidade e mortalidade que atinge
a populacdo mundial, com aproximadamente 18,1 milhdes de novos casos e 9,6
milh6es de mortes em 2018 (BRAY et al., 2018). Entre os tipos de cancer que mais
afetam a populacéo feminina no Brasil, encontramos o cancer de colo de utero, com
uma estimativa de 16.370 novos casos em 2018 (INCA, 2017). Ainda o cancer de colo
de atero é responsavel por aproximadamente 570 mil novos casos e 311 mil mortes
por ano no mundo (BRAY et al., 2018). Trata-se, portanto, de um problema de saude
publica e carece ainda de alternativas mais eficazes e menos invasivas para seu
tratamento.

A descoberta de que alteracdes metabodlicas poderiam estar envolvidas no
desenvolvimento de neoplasias revelou a importancia da sintese de novo de acidos
graxos como potencial alvo terapéutico. Como principal enzima da sintese de novo,
encontra-se a acido graxo-sintase (FASN), responsavel por produzir palmitato através
da condensagéo de malonil-CoA e acetil-CoA (LITTLE e KRIDEL, 2008). A FASN
apresenta baixa expressao na maioria dos tecidos normais e elevada expressdo em
tecidos tumorais (KUHAJDA, 2000). Ainda, estudos onde a FASN foi inibida
mostraram uma reducao na proliferacdo, parada no ciclo celular e morte por apoptose
(LUPU e MENENDEZ, 2006).

Tendo em vista que até 0 momento ndo existem trabalhos demonstrando a
expressdo da FASN em céncer de colo de Utero, a fase inicial deste trabalho foi
dirigida ao estudo da expressédo da FASN em linhagens celulares e em amostras de
pacientes. Foi possivel verificar que diferentes linhagens de células de cancer de colo
de utero apresentam expressao de FASN. Interessantemente, as linhagens Hela e
SiHa, que possuem copias do HPV 18 e 16, respectivamente, inseridos no seu
genoma, e que sao considerados de alto risco (MUNOZ et al., 2003; SMITH et al.,
2007), foram também as linhagens com maior expressdo de FASN. No entanto, até o
momento, ndo ha estudos correlacionando a infeccao pelo HPV com a expressao da
FASN. Apesar disso, varios estudos ja relataram que a expressdo da FASN esta
aumentada em infec¢des pelo virus da Hepatite C, Hepatite B, HIV, Dengue, Virus
Sincicial Respiratério e Chicungunha. Portanto, estudos futuros sao necessarios para
estabelecer também o papel da FASN na infeccédo pelo HPV (YANG et al., 2008;
ARAGONES et al., 2010; HEATON et al., 2010; ZHANG et al., 2013; OHOL et al.,
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2015; ZHANG et al., 2018). Além disso, foi possivel verificar que a FASN se encontra
expressa em todos os estagios de lesdes precursoras (LSIL e HSIL) e também em
casos da neoplasia instalada. Este resultado esta de acordo com outros trabalhos que
também demonstraram expressao desta proteina em estagios iniciais da progressao
tumoral (ALO et al., 1999; PIYATHILAKE et al., 2000; OGINO et al., 2008; GRUBE et
al., 2014). Ainda, as amostras de cervicite que foram utilizadas como controle também
demonstraram fraca expressao da FASN. A cervicite € um processo inflamatério que
muitas vezes pode ser causado por microrganismos como a Chlamydia trachomatis e
que levam a presenca de infiltrado linfocitario. Recentemente, estudos verificaram que
a FASN esta relacionada com a sinalizagéo do sistema imunolégico (CARROLL et al.,
2018; QIAN et al., 2018). Apesar disso, a expressao da FASN foi progressivamente
mais intensa nas amostras de LSIL, HSIL e carcinoma do que na cervicite.

Na sequéncia, foram estudados os efeitos da inibicdo da FASN em diferentes
células de cancer de colo de utero. Para tanto, utilizamos o farmaco orlistate, ja
conhecido por levar a uma diminui¢cédo na viabilidade celular e morte por apoptose em
diferentes tipos tumorais (KRIDEL et al., 2004; CARVALHO et al., 2008; PALLASCH
et al., 2008; CHUANG et al., 2011; GRUBE et al., 2014). Nossos resultados indicaram
qgue a inibicdo da FASN pelo ORL foi capaz de diminuir a proliferacao celular, tendo
em vista que o namero de células viaveis diminuiu em todas as concentracdes
testadas. Além disso, foi possivel observar que as células que sobreviveram ao
tratamento de 72 h com ORL, apresentaram uma menor capacidade de formar novas
colonias. No entanto, as linhagens SiHa e Hela, que apresentaram uma maior
expressdo da FASN, também mostraram uma maior reducéo na proliferacdo celular
guando comparadas com as linhagens C-33A e ME-180. O tratamento com ORL foi
capaz ainda de causar apoptose e parada no ciclo celular e autofagia em todas as
linhagens de cancer de colo de utero. Embora mais estudos ainda sejam necessarios
para confirmar a autofagia, nossos dados estdo de acordo com Grube et al. que
mostrou que o tratamento com ORL foi capaz de induzir autofagia em culturas de
células de glioma (GRUBE et al., 2014). Além disso, Peng et al. mostrou que o0 ORL
pode induzir apoptose e autofagia simultaneamente em culturas de células de cancer
de ovario. No entanto, quando eles trataram as células com um inibidor de autofagia,
o numero de células apoptéticas aumentou, sugerindo que o ORL teria um papel pré-
sobrevivéncia, podendo assim ser utilizado juntamente com outros farmacos para

melhorar a terapia oncolégica (PENG et al., 2018).
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No entanto, apesar dos resultados com o ORL serem promissores, este
farmaco apresenta limitacbes para sua utilizagdo como antitumoral. O ORL é
extremamente insollvel em 4gua, tem baixa permeabilidade intestinal e possui baixa
biodisponibilidade oral (LUPU e MENENDEZ, 2006). Tendo em vista estas
caracteristicas, no segundo capitulo desta dissertacdo, foi proposta e desenvolvida
uma nanoformulacédo de ORL com o objetivo de melhorar sua capacidade de inibicdo
da FASN. A nanotecnologia aplicada a farmacologia é uma ferramenta que possui
vantagens em relacdo a utlizacdo de farmacos na sua forma livre. Ela permite
melhorar a biodisponibilidade e internalizacdo celular dos farmacos pelas células,
controlar sua liberacao e direcionar o farmaco para um alvo especifico. Através dessas
caracteristicas, a nanotecnologia permite diminuir a dose de medicamentos e com
isso levar a uma diminuicdo da toxicidade e na frequéncia de efeitos adversos,
melhorando a adeséo pelos pacientes e tornando a terapia mais segura e eficaz (SUN
et al., 2017). Dessa forma, foram formuladas nanocapsulas de poli(e-caprolactona)
(PCL), um polimero biodegradavel que possui alta biocompatibilidade e estabilidade.
Além disso, sistemas de administracdo de farmacos baseados em nanocapsulas de
PCL permitem melhorar a distribuicdo e aumentar a tempo de liberacdo dos farmacos,
trazendo beneficios para o tratamento. A utilizacdo de PCL é aprovada pelo FDA e
possui compatibilidade com diferentes vias de administragao, tais como a via oral,
intravenosa, subcutanea e topica (POHLMANN et al., 2013; GROSSEN et al., 2017).

Neste sentido, os efeitos das nanocapsulas de ORL na viabilidade celular foram
avaliados utilizando-se a linhagem de cultura de cancer cervical HelLa. Foi possivel
verificar que as nanocapsulas contendo ORL foram capazes de diminuir o nimero de
células viaveis de uma maneira mais acentuada que o farmaco livre (néo-
encapsulado). Estes resultados estdo de acordo com estudos anteriores que
demonstraram que nanoformulacbes de ORL podem ser uma alternativa para o
tratamento de diferentes tipos de cancer (BHARGAVA-SHAH et al., 2016; HILL et al.,
2016; PAULMURUGAN et al., 2016).

Estes resultados, em conjunto, representam uma importante contribuicdo para
gue novas formas de tratamento do cancer de colo de Utero sejam desenvolvidas. A
nanoencapsulacdo do ORL pode ser uma alternativa viavel para o0 aumento da sua
biodisponibilidade oral ou para o desenvolvimento de implantes intrauterinos,
requerendo estudos adicionais. Além disso, a FASN se mostrou um alvo terapéutico

importante ja que esté presente nas lesdes precursoras do cancer de colo de utero.
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Como mencionado anteriormente, quando n&o tratadas essas lesdes podem progredir
para o cancer invasor e, desta forma, estratégias que permitam impedir a progressao

tumoral séo extremamente importantes.

5.2.LimitagcOes e perspectivas

Este trabalho apresentou algumas limitacées e que podem ser ainda melhor
exploradas em estudos futuros. Nosso trabalho apresentou o grande mérito de avaliar,
concomitantemente, a expressao da FASN tanto em modelos celulares quanto em
amostras de pacientes com lesdes envolvidas na carcinogénese cervical. Entretanto,
uma dificuldade comum neste tipo de trabalho é o baixo tamanho amostral, bem como
0 estabelecimento de um controle adequado para comparacao das analises. Sabe-se
gue a expressdo de proteinas em amostras bioldgicas pode variar muito e, assim,
seria interessante verificar a expressdo da FASN em um nimero maior de amostras
e ainda correlacionar a expressdo com achado epidemioldgicos e clinicos das
pacientes.

Outra questéo interessante que ainda pode ser verificada € a correlacdo da
FASN com o HPV. Como comentando anteriormente, muito estudos tem demostrado
gue a FASN pode ser importante para que a infe¢do viral ocorra mais facilmente e o
virus se replique de forma mais efetiva. Tendo em vista que a infeccdo pelo HPV é
um dos principais fatores de risco para o desenvolvimento do cancer de colo de utero,
seria de extrema importancia verificar se a FASN contribui neste mecanismo. A
investigacdo da relacdo da FASN com as proteinas oncogénicas do HPV podem
novamente proporcionar alternativas de tratamento, eventualmente mais relacionadas
a infeccdo e menos as modificacdes teciduais acarretadas.

Ainda, em relacdo ao ORL, é necessério realizar mais estudos para investigar
o papel da autofagia na diminui¢cdo da viabilidade celular. A autofagia apresenta-se de
forma ambigua, com trabalhos indicando sua importancia na carcinogénese e outros
deixando seu papel de forma secundaria. (KRIEL e LOOS, 2019). Por isso, seria
importante entender melhor a ligagéo entre a inibicdo da FASN e este processo.

Com relacdo as nanocépsulas de ORL, seria necessario aprofundar os estudos
do papel na nanoencapsulacdo no controle da liberacdo do farmaco e na
internalizacao pelas células. Além disso, apesar de ja termos conhecimento de alguns

mecanismos pelos quais o ORL leva a uma diminuicdo da viabilidade celular das
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linhagens de cancer de colo de Utero, seria necessario confirmar se 0S mesmos
mecanismos ocorrem quando as células séo tratadas com as nanocapsulas de ORL.

Finalmente, ambos os estudos, foram realizados em culturas de células.
Embora tenhamos utilizado diferentes linhagens, com caracteristicas diferentes e que
Nossos resultados sejam promissores, sabemos que podem existir diferencas quando
0S mesmos testes sdo avaliados in vitro. Portanto, seria interessante testar o ORL e
as nanocapsulas em modelos animais.

Apesar das limitacdes citadas, os resultados encontrados podem servir de base
para que mais estudos correlacionando a FASN e o cancer de colo de Utero sejam

realizados, estabelecendo uma abordagem promissora para estudos futuros.

5.3.Conclusdes gerais

Nossos resultados comprovam que a FASN esta expressa no cancer de colo
de (tero e que parece ser importante para progressao tumoral, ja que esta presente
em lesdes intraepiteliais de baixo grau (LSIL) e alto grau (HSIL). Estas lesdes quando
nao diagnosticadas e tratadas podem favorecer a carcinogénese. Além disso, as
linhagens de cancer de colo de utero Hela, SiHa, C-33A e ME-180 apresentaram
expressdo de FASN de maneira diferente, sendo as linhagens HelLa e SiHa, as que
apresentaram maior expressao.

Ainda, nosso trabalho demonstra que o ORL € capaz de inibir a FASN e assim
impedir o desenvolvimento tumoral em linhagens celulares de cancer cervical, uma
vez que sua utilizacédo leva a diminuicdo na viabilidade celular, morte por apoptose,
parada no ciclo celular e autofagia.

Além disso, as nanocapsulas contendo ORL que foram desenvolvidas como
estratégia para melhorar os aspectos biofarmacéuticos do farmaco, demonstraram um
maior efeito na diminuicdo da viabilidade celular da linhagem HelLa quando
comparadas ao farmaco livre.

Sendo assim, os resultados apresentados indicam que a inibicdo da FASN
pode ser uma estratégia terapéutica promissora para tratamento do cancer de colo de

Utero.
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