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RESUMO

Introducio - O cancer de mama ¢ o mais comum entre as mulheres, e apresenta alta taxa
de mortalidade. O rapido crescimento tumoral dificulta a perfusdo de O,, principalmente na
regido central do tumor, assim condi¢des adversas no microambiente tumoral, como
hipoxia e acidose, podem exercer pressao seletiva no microambiente tumoral, selecionando
subpopulagdes de células tumorais com vantagens para sobrevivéncia em tal ambiente.
Neste contexto, agentes terapéuticos com potencial para serem utilizados no controle
destas condigdes precisam ser explorados. A melatonina, além de seus efeitos fisioldgicos
tem demonstrado importantes agdes antitumorais e, recentemente, tem sido associada ao
controle da hipdxia e do efeito Warburg em células tumorais. Objetivos — Avaliar a acdo
da melatonina na viabilidade celular, crescimento tumoral € no controle do metabolismo do
tumor, verificado através da expressio de marcadores relacionados a hipdxia e
metabolismo energético (HIF-1a, transportadores de glicose GLUT-1, GLUT-3 e anidrases
carbonicas IX e XII), em modelos in vitro e in vivo de cancer de mama triplo negativo.
Métodos - A viabilidade celular in vitro foi investigada pelo ensaio MTT (methyl-thiazol-
tetrazolium) e a expressdo génica e proteica por meio de PCR em tempo real e
imunocitoquimica, respectivamente. A a¢ao da melatonina foi verificada in vivo, utilizando
camundongos Balb/c nude atimicos inoculados com células MDA-MB-231 (modelo de
xenoenxerto). Crescimento tumoral e necrose foram avaliados por imagens obtidas por
tomografia por emissdo de positrons (PET/CT). Resultados - O tratamento com melatonina
reduziu a viabilidade das células MDA-MB-231 e controlou o crescimento tumoral e
necrose em camundongos Balb/c nude (p < 0,05). O tratamento também diminuiu a
expressdao génica e proteica de HIF-la concomitantemente com a expressao dos
marcadores do metabolismo energético (p < 0,05). Conclusao - Tomados em conjunto,
estes resultados mostram que a melatonina regula negativamente a expressdao de HIF-1a e
consequentemente, atua na regulacdo dos marcadores do metabolismo energético (GLUT-
1, GLUT-3, CA-IX and CA-XII) em células de tumor de mama, controlando a hipdxia e

progressao tumoral.

Palavras-chave: Cancer de mama. Hipoxia. Heterogeneidade intratumoral. Melatonina.

HIF-1a.
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ABSTRACT

Introduction - Breast cancer is the most common cancer among women and has a high
mortality rate. The rapid tumor growth hinders the infusion of O, mainly in the central
region of the tumor, thus, adverse conditions in the tumor microenvironment, such as
hypoxia and acidosis, may exert selective pressure on the tumor, selecting subpopulations
of tumor cells with advantages for survival in this environment. In this context, therapeutic
agents that can be used to control these conditions, and consequently the intratumoral
heterogeneity need to be explored. Melatonin, in addition to its physiological effects has
demonstrated important anti-tumor actions and recently has been associated with the
control of hypoxia and Warburg effect. Objetives - In this study, we evaluated the action
of melatonin on cell viability, tumor growth and tumor metabolism evaluated by different
markers of hypoxia and energy metabolism (HIF-la, glucose transporters GLUT1 and
GLUTS3 and carbonic anhydrases CA-IX and CA-XII) in triple negative breast cancer in
vitro and in vivo model. Methods - In vitro cell viability was investigated by the MTT
(methyl-thiazole-tetrazolium) assay and gene and protein expressions by quantitative real-
time PCR and immunocytochemistry, respectively. Melatonin effects were tested in vivo,
using athymic nude mice injected with MDA-MB-231 cells (xenograft model). Tumor
growth and necrosis were evaluated by images obtained by positron emission tomography
(PET / CT). Results - Results showed that melatonin treatment reduced the viability of
MDA-MB-231 cells and controls tumor growth and necrosis in Balb/c nude mice (p
<0.05). The treatment also decreased HIF-1a gene and protein expression, concomitantly
with the expression of energy metabolism markers (p <0.05). Conclusion - Taken together,
these results show that melatonin down-regulates HIF-1a expression and consequently, it
can regulates energy metabolism markers (GLUT-1, GLUT-3, CA-IX and CA-XII) in

breast tumor cells, controlling hypoxia and tumor progression.

Keywords: Breast cancer. Hypoxia. Intratumoral heterogeneity. Melatonin. HIF-1a.
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1. INTRODUCAO

O cancer de mama representa o segundo tipo de neoplasia maligna mais
frequente no mundo, e 0 mais comum entre as mulheres, sendo a quinta maior causa de
morte relacionada ao cancer '. A Organizacio Mundial da Saude estima que, por ano,
ocorram mais de 1.050.000 novos casos de cancer de mama em todo o mundo. No
Brasil, dados do Instituto Nacional do Cancer (INCA) estimaram a ocorréncia de 57.960
casos de cancer de mama para o ano de 2016 '. Esses dados sdo preocupantes visto que
o cancer de mama possui elevada taxa de mortalidade **, sendo o que mais causa mortes
entre as mulheres no Brasil desde 1979 '. As taxas de mortalidade por cincer de mama
continuam elevadas, principalmente porque a doenca ¢ frequentemente diagnosticada
em estdgios avancados e os tumores mamarios apresentam grande heterogeneidade,
tanto em nivel histopatolégico como molecular, ocasionando dificuldades na
compreensdo dos mecanismos de resisténcia a terapias e no desenvolvimento de novos
farmacos eficazes *°. Em um estudo em que foi possivel a identificacdo de varia¢des no
padrao de expressao de mais de 8.000 genes em 42 pacientes com cancer de mama,
Perou et al. (2000) classificaram os tumores mamadrios em 4 subtipos moleculares:
tumores triplo negativo (ou basal-like), luminal A, luminal B ¢ HER2-positivo °. As
diferengas moleculares encontradas nestes quatro grupos refletem em diferengas clinicas
relevantes e de resposta ao tratamento. O subtipo triplo negativo ¢ caracterizado como o
mais agressivo visto que além de possuir caracteristicas metastaticas, ndo expressa
receptores alvo de resposta a terapias .

Os tumores so6lidos sdo reconhecidos por um microambiente complexo que
envolve interagdes de diferentes componentes celulares e moleculares ™’; estando

.. i N . ~ - 10-13
sujeito a condi¢cdes de neovascularizagdo, oxigenacao e necrose tecidual . Cerca de



40% dos tumores mamarios apresentam regides de hipdxia, esta condi¢do tem sido
associada ao aumento da taxa de metastase, recorréncia ¢ diminui¢do na taxa de

- - 14-16
sobrevida dos pacientes .

Durante seu crescimento, o tumor pode alcancar
aproximadamente 1-2 mm® antes que suas demandas metabdlicas sejam restritas devido
ao limite de difusio de oxigénio e nutrientes no local '". A baixa oxigenagio é
caracterizada como hipoxia, resultante da proliferagdo celular descontrolada, rapido
crescimento tumoral e consequente perfusdo inadequada em parte do tecido,

principalmente, na regido central do tumor '**!

. Hipoxia intratumoral ¢ considerada
uma condicdo que remete a um prognodstico ruim em pacientes com cancer, sendo
associada com quimiorresisténcia, radiorresisténcia, promog¢ao da angiogénese, invasao
e metastase em diferentes tipos de tumores ****

Condigdes adversas no microambiente tumoral, como a hipdxia, podem exercer
uma pressao seletiva durante a evolugdo do tumor, criando e selecionando
subpopulagdes com adaptagdes vantajosas. Desta forma, sdo gerados grupos distintos de
células tumorais, isto ¢, células com comportamentos funcionais diferenciados e
organizados em diferentes locais sub-anatémicos dentro do tumor *>°.

O efeito da hipdxia sob as células tumorais ¢ multifacetado, podendo promover
apoptose e necrose, ou induzir a expressdo de um grande numero de genes, visando a
adaptagao e sobrevivéncia celular em condi¢des adversas que o microambiente tumoral
intrinsecamente proporciona. Hipdxia, acidose e estresse oxidativo sdo exemplos de
condi¢des que contribuem para a ativagdo de mecanismos adaptativos durante o
crescimento tumoral, fazendo a ‘“selecdo natural” de subpopulacdes com fendtipo

agressivo, proliferativo e metastatico dentro do proprio tumor "' Cada

subpopulagdo apresentard um perfil génico e proteico distinto, e que difere quanto a



agressividade e a sensibilidade ao tratamento, caracterizando a heterogeneidade
intratumoral ***°. Como relatado por Samanta e al. (2015) a expressido de fatores de
transcri¢do induzidos pela hipoxia (HIFs) e seus genes alvo, conduzem o aumento da
resisténcia a multiplos farmacos, podendo agravar o fendtipo tumoral e aumentar a
disseminacdo tumoral *’.

Inimeros sdo os mecanismos adaptativos de sobrevivéncia desenvolvidos pelas
células neoplasicas em condi¢des adversas no microambiente tumoral. Nesse contexto,
proteinas relacionadas a alteragdes no metabolismo energético e oxigenagao tecidual sdo
especialmente importantes.

As células tumorais sofrem adaptagdes a hipdxia, principalmente pela ativagao
do fator de transcricdo induzido por hipoxia (HIF-1) **°. O HIF-1 é o principal
componente na resposta celular a hipoxia, ¢ um fator de transcri¢ao heterodimero que
consiste de duas subunidades HIF-1a e HIF- 1B **. Em condi¢des fisiologicas normais,
o HIF-1p ¢ constitutivamente expresso ¢ o HIF-1a é mantido em baixos niveis *'. HIF-
la ¢ hidroxilado por enzimas prolil hidroxilase (PHDs), ap6s sua hidroxilagdo, este ¢
reconhecido pela proteina supressora de tumor pVHL (von Hippel-Lindau), e ¢
degradado pelo sistema ubiquitina-proteossoma. Em condi¢des de hipdxia, a ligacdo
HIF-1a-pVHL nao ocorre porque nao ha hidroxilacdo do HIF-1a por enzimas PHDs,
uma vez que estas ultimas sdo inibidas pelo acimulo de espécies reativas de oxigénio
(ROS), dessa forma, a degradacdo do HIF-1a ¢ bloqueada e seus niveis sdo aumentados
4245 Deste modo, em condigdes hipoxicas, os altos niveis de HIF-la sao

frequentemente descritos, sendo este responsavel pelo controle da expressao de diversos

genes envolvidos no metabolismo da glicose, angiogénese, entre outros “**’. Portanto, o



HIF-1a ¢é superexpresso em regides hipoxicas de uma variedade de neoplasias, sendo
utilizado como marcador para detecgio do nivel de oxigenagdo tecidual **.
Além do HIF-la, uma importante molécula utilizada para identificacdo de areas

hipoxicas é o pimonidazole *-*°

, um nitroimidazole, cuja forma reduzida se liga a
peptideos contendo o grupo tiol (-SH), como o presente na glutationa. A sua reducdo ¢é
dependente da pressdo parcial de oxigénio (pO;), pois o O, compete com o
pimonidazole pela adicdo de elétrons na propria molécula. Logo, regides de oxigenagdo
deficiente sdo favoraveis a reducdo do pimonidazole. Essa molécula é comercializada
como sonda de hipdxia (do inglés hypoxyprobe) padrao ouro e pode ser visualizada por
imuno-histoquimica ap6s horas a dias de sua administragao. O pimonidazole pode ser
injetado em modelos animais formando adutos com proteinas em regides hipoxicas, e,
apds a excisao tumoral, pode ser detectado por anticorpos especificos, resultando em
uma representacio visual do gradiente hipoxico **'.

Em d4reas intratumorais onde a oxigenagdo ¢ escassa, outro mecanismo
adaptativo consiste na alta expressdo do transportador de glicose GLUT-1, que leva a

. ~ . 38,39
maior captacdo de glicose *

, contribuindo com o aumento da glicolise anaerdbica em
detrimento da fosforilagio oxidativa *2. Mesmo quando o oxigénio é abundante, as
células tumorais optam pela glicolise ao invés da fosforilagdo oxidativa, (evento este
denominado de “efeito Warburg”) deste modo, ao contrario das células normais, as
células tumorais podem converter glicose em lactato mesmo na presenca de oxigénio
3334 Estudos sugerem que as células tumorais preferem a via metabolica ndo oxidativa,
o ciclo das pentoses, pois elas utilizam preferencialmente a glicose para processos

anabolicos, como sintese de nucleotideos ribose, necessarios para producao de DNA e

RNA .



Outro transportador de glicose, GLUT-3, também ¢é expresso em tecidos
tumorais, mas ndo com tanta frequéncia como GLUT-1 *°. Um estudo de Krzeslak et
al., (2012) demonstrou que o GLUT-3 apresenta maior expressao em tumores de mama
indiferenciados, em comparagdo com tumores diferenciados 7 Estudos mostram que a
alta expressdo de GLUT-1 e GLUT-3, relaciona-se com altas taxas de proliferacao
celular, baixa diferenciacdo, tumores mamarios com alto grau histologico e receptores

58-60

de estrogeno (RE) e progesterona (RP) negativos . Esses receptores de glicose estdo

sendo estudados em terapias antitumorais e sua baixa expressdo esta relacionada com

61,62
1°%

diminui¢do do crescimento tumora . Estudos sugerem que estes transportadores de

glicose sao positivamente regulados por HIF-1a e superexpressos em tumores hipoxicos
61

Com a baixa vasculariza¢cdo e tendo como metabolismo energético prevalente a
glicolise anaerobica, existe maior producao de lactato juntamente com ions de
hidrogénio, que sdo entdo exportados para fora da célula acidificando o microambiente

39,52,63
[ 27>

tumora . Naturalmente, o pH extracelular (pHe) baixo induz a apoptose em

64,65 ~ . .5 .
7> evento este que ndo ocorre em células tumorais °°, ao contrario, o

células normais
pHe 4cido parece conferir vantagens para as células tumorais, uma vez que estas
possuem diversas adaptagdes, responsaveis por promover sobrevivéncia e proliferagao
326668 Neste contexto, as anidrases carbonicas (CA) sio enzimas que tém papel
importante no transporte do CO; e no controle do pH intracelular (pHi) e do sangue. As
CA-IX e CA-XII sdo proteinas transportadoras de ions hidrogénio e que contribuem
para o transporte de lactato através de interacdes com transportadores de
monocarboxilato (MCTs), sendo componentes fundamentais na homeostase do pHi, e,

69-74

consequentemente, na acidificacio do meio extracelular . Em células normais



adultas o pHi ¢é geralmente ~7,2 ¢ o pHe ~7,4 ®*7. Entretanto, células tumorais possuem
Lo 76-78
um pHi maior que 7,4 € um pHe menor que 6, .
O estudo dessas enzimas no cancer ¢ promissor, pois pode auxiliar no
desenvolvimento de tratamentos mais eficazes para tumores agressivos, que apresentam

grande namero de 4reas hipoxicas "

. Estudos in vivo demonstraram que a inibicao
somente da CA-IX reduziu o volume tumoral em 40% e a inibigdo tanto da CA-IX
quanto da CA-XII reduziu o volume tumoral em 85% em tumores gerados por
diferentes linhagens celulares tumorais .

O pHi de células tumorais ¢ mantido na normalidade por uma série de
mecanismos. Dentre eles, podemos citar o aumento de proteinas de membrana
responsaveis por exportar acidos para fora da célula, como transportadores de lactato e
anidrases carbonicas **~>"°. Foi descrito também que o pHe pode tornar ineficiente o
tratamento com certos tipos de quimioterapicos, pois alguns farmacos tendem a se
acumular no meio 4acido por suas propriedades quimicas, ficando concentrados fora da
célula . Neste sentido, acredita-se que a acidose do microambiente é um fator
estratégico, contribuindo para a progressdo da malignidade do tumor e resisténcia a
terapias °°.

Além dos marcadores especificos citados anteriormente, areas intratumorais
hipéxicas podem ser identificadas por técnicas de imagem in vivo, como o PET/CT
(Positron Emission Tomography/Computed Tomography). O uso do PET/CT encontra-
se em grande expansdo, estabelecendo um lugar essencial e, muito importante no
diagnostico e avaliacio pré e pos-terapéutica °°. O radiofarmaco mais comumente

utilizado ¢ o ""F-Fluorodesoxiglicose (FDG), um anédlogo da glicose administrado por

via endovenosa. O "*F-FDG segue a distribui¢io do metabolismo da glicose, por esta ser



a principal fonte de energia para as células. Devido a estas propriedades, este
radiofarmaco ¢ frequentemente utilizado para identificagdo de tumores além de areas

intratumorais hipoxicas *'™

. Zhao et al. (2005) observaram distribui¢ao intratumoral
heterogénea de '"*F-FDG em tumores malignos, e associaram essa heterogeneidade com
a superexpressdo de transportadores de glicose em regides de hipoxia no tumor *'. O
PET/CT com 18F—FDG, ¢ uma técnica que permite avaliar, no mesmo exame,
metabolismo e anatomia. A captagio de '"F-FDG ¢é proporcional a taxa de atividade
metabolica das células tumorais *°. Além disso, como demonstrado por Folpe et al.
(2000) o PET/CT com "*F-FDG pode ser usado como uma técnica ndo-invasiva para
avaliar de forma confiavel a presenca de necrose em sarcomas **. Estudos sugerem que
a necrose metabolica diagnosticada por PET/CT com '*F-FDG pode servir como um
marcador de substituicao bastante confiavel para necrose patologicamente diagnosticada
% A presenca de necrose metabolicamente diagnosticada e um volume
significativamente maior de necrose intratumoral indicam tumores mais agressivos,
além de correlacionar-se com uma sobrevida global e sobrevida livre de doenga mais
pobres *.

De acordo com o exposto, nota-se que a heterogeneidade intratumoral, hipdxia e
acidose constituem um obstaculo a terapia, ja que um tratamento que tem como alvo
terapéutico uma populacdo celular com determinadas caracteristicas, como a
quimioterapia, pode ndo ser eficaz para eliminar as células tumorais na sua totalidade *'.

E nesse cenario que novos agentes terapéuticos como a melatonina (N-acetil-5-
metoxitriptamina), hormdnio naturalmente produzido e secretado na glandula pineal,

vem ganhando espaco como possivel tratamento contra o cancer de mama. A

melatonina ¢ o principal hormonio sintetizado pela glandula pineal, cuja produgdo ¢



inibida na presenga da luz . Sua produ¢io segue um padrio ritmico com pico
secretorio 4 noite e baixa producdo no periodo diurno . Fisiologicamente, esse
hormoénio tem um papel sobre eventos importantes na regulacdo de fendomenos
endocrinos independentes do eixo hipotdlamo-hipofise-gonadal, termorregulagdo,
regulagdo do sistema cardiovascular, ciclos de atividade-repouso e vigilia-sono, sistema
imunoldgico, crescimento e envelhecimento **

Os primeiros indicios de que a melatonina poderia ser util na terapéutica
oncologica surgiram no estudo do cancer de mama, quando em 1978, propuseram que a
diminui¢do da fun¢do da glandula pineal poderia aumentar o risco de desenvolvimento
do cancer de mama. A partir de entdo, foi constatado que a administracdo exogena da
melatonina tem sido eficaz na inibi¢do do crescimento tumoral in vitro ¢ in vivo em
diferentes tipos de cancer ***°.

Alguns trabalhos sugerem que a melatonina pode exercer efeito inibitorio na

9293 ho tecido mamario

atividade das enzimas aromatase °' ¢ da enzima telomerase
neoplasico. Outros verificam que a melatonina inibe a atividade invasiva e migratoria

’ A . ~ . 94 .
das células de cancer de mama, mediadas pela supressio do miR-24 ~. Demais

propriedades ja descritas incluem a indu¢do da diferenciagdo celular, efeitos

epigenéticos, imunomodulatorios, antioxidantes, pro-apoptoticos, antiproliferativos,

95-99 100

anti-invasivos, além dos efeitos antiangiogénicos e antimetastaticos
comprovados recentemente por nosso grupo de pesquisa '°>. A melatonina pode atuar
por meio de receptores de membrana acoplados a proteina G, denominados MT1 e
MT2, os quais sdo encontrados em diversos tecidos '®. O receptor MT1 é o principal

mediador de suas agdes anti-tumorais por diversas vias de sinalizagao 14 Em células de

cancer de mama RE-a positivas, a melatonina pode reduzir a expressdo génica do RE-a
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e a atividade transcricional de genes induzidos pelo estrogeno, por meio da via de
sinalizacdo ativada pelo receptor MT1 e redu¢do dos niveis de AMP ciclico (cAMP). A
melatonina também regula a atividade transcricional de receptores nucleares, enzimas
envolvidas no metabolismo do estrégeno, e genes relacionados ao ciclo circadiano
93,105,

Hill et al. (2009) demonstraram que a melatonina inibe de forma varidvel a
proliferacdo de linhagens REa-positivas e RE-o negativas, sendo que apenas
concentragdes mais elevadas de melatonina sdo eficazes em algumas linhagens REa-
negativas, evidenciando que parte de seu efeito anti-proliferativo ¢ mediado pela via de

104,107

sinalizagdo do estrogeno .Tanto linhagens REa-positivas como REa-negativas

108

expressam o receptor MT1 , no entanto, recentes pesquisas demonstraram que

tumores REa-positivos, apresentam maior expressao de MT1 em relagdo a tumores
triplo-receptor negativo, como a linhagem MDA-MB-231 %1%,

A utilizagdo de antagonistas dos receptores MT1 e MT2, revertem os efeitos
antiproliferativos da melatonina enquanto a superexpressdo do receptor MT1 em
linhagens celulares de cancer de mama aumenta sua resposta inibitoria °°.

Estudos demonstram que a melatonina também possui mecanismos
independentes de seus receptores de membrana, exibindo propriedades anti-

. (110
inflamatorias

e antioxidantes, diretamente pela neutralizagdo de efeitos deletérios
promovidos por radicais livres ', ¢ pelo aumento da expressio génica e/ou atividade de
enzimas antioxidantes ''>. Ainda, por ser lipossoliivel, a melatonina pode atravessar
diretamente qualquer membrana celular e interagir com proteinas intracelulares, como a
calmodulina, e com receptores nucleares RZR/ROR (receptor Z para retinoide / receptor

Z . . 11
orfao para retinoide) '
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Recentemente, estudos demonstram o impacto do desequilibrio do ciclo
circadiano sobre o efeito Warburg. Os autores demonstraram que durante a fase clara,
na qual os niveis de melatonina sdo baixos, o cAMP estimula a captagdo de acido
linoleico pelo tumor, e consequentemente a sinalizagdo mitogénica estimulada por 13-
HODE. O aumento de 13-HODE estimula a ativagao de AKT resultando no aumento da
glicolise anaerdbica, proliferagdo celular e crescimento tumoral. Durante a fase escura,
as altas concentragdes de melatonina, reduzem a formacdo de cAMP, bloqueando a
captagdo de acido linoleico e sua conversdo em 13-HODE, reduzindo a ativa¢do de
AKT, que leva a diminuicdo da glicolise anaerdbica, proliferacdo celular e crescimento
tumoral '+,

A acdo protetora da melatonina contra hipoxia ¢ sugerida principalmente pela
inibicio de HIF-la e alguns de seus genes alvo **''7'8 Além disso, este horménio
parece inativar HIF-1a e diminuir a glicolise ou o efeito Warburg em células altamente
dependentes desta via metabolica, tais como células de sarcoma de Ewing '

Dessa forma, este estudo investigou o efeito do tratamento com melatonina em
diferentes marcadores relacionados a hipdxia e metabolismo energético (pimonidazole,
HIF-1a, transportadores de glicose GLUT1 e GLUT3, e anidrases carbonicas CA-IX e

CA-XII) em modelo experimental de cancer de mama triplo negativo.
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1.1 Objetivo Geral
Avaliar a agdo da melatonina sobre o microambiente tumoral em condigdes

adversas em modelo experimental de cancer de mama triplo negativo.

1.2 Objetivos Especificos:

1.2.1 Estudo in vitro

Realizar o cultivo da linhagem de cancer de mama MDA-MB-231 e avaliar a

acdo da melatonina sobre a:

e Viabilidade celular;

e Expressdo proteica de marcadores relacionados a hipoxia e metabolismo

energético anaerobico (HIF-1a, GLUT1, GLUT3, CA-IX e CA-XII);

e Expressdo génica dos marcadores: HIF-1a, GLUT1 e CA-XII.

1.2.2 Estudo in vivo

Avaliar a acao da melatonina sobre o microambiente tumoral em modelo animal

de cancer de mama triplo negativo por meio da:

e Detecgdo de areas hipoxicas com predominio do metabolismo energético

anaerobico por meio da expressdo proteica dos marcadores HIF-1a,
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pimonidazole, transportadores de glicose GLUT-1 e GLUT-3 e anidrases

carbonicas CA-IX e CA-XII;

e Expressdo génica dos marcadores: HIF-1a, GLUT1 e CA-XII;

e Realizacdo da tomografia por emissdo de positrons (PET) com o radiofarmaco

18F-FDG para identificar o controle do crescimento e necrose tumoral.

Resultados
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2. RESULTADOS

Os objetivos desde estudo resultaram em 2 artigos. O artigo 1, intitulado: Melatonin
controls tumor hypoxia and metabolism inhibiting HIF-1a and markers of energy
metabolism in an experimental model of breast cancer submetido a publicacdo no
Journal of Pineal Research. O artigo 2, intitulado: “A melatonina controla o
crescimento e necrose tumoral verificada por PET/CT com 18F-FDG em modelo
experimental de cdncer de mama” sera submetido a publicacdo no: Molecular

Carcinogenesis Journal.
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Abstract

Breast cancer is the most common cancer among women and has a high mortality rate.
Adverse conditions in the tumor microenvironment, such as hypoxia and acidosis, may
exert selective pressure on the tumor, selecting subpopulations of tumor cells with
advantages for survival in this environment. In this context, therapeutic agents that can
be used to control these conditions, and consequently the intratumoral heterogeneity,
need to be explored. Melatonin, in addition to its physiological effects, has
demonstrated important anti-tumor actions and recently has been associated with the
control of hypoxia and the Warburg effect. In this study we evaluated the action of
melatonin on tumor growth and tumor metabolism, evaluated by different markers of
hypoxia and glucose metabolism (HIF-1a, glucose transporters GLUT1 and GLUT3 and
carbonic anhydrases CA-IX and CA-XII) in triple negative breast cancer model. /n vitro
cell viability was investigated by the MTT (methyl-thiazole-tetrazolium) assay and gene
and protein expressions, by quantitative real-time PCR and immunocytochemistry,
respectively. The effects of melatonin were tested in vivo, using athymic nude mice
injected with MDA-MB-231 cells (xenograft model). Results showed that melatonin
treatment reduced the viability of MDA-MB-231 cells and tumor growth in Balb/c nude
mice (p <0.05). The treatment also decreased HIF-la gene and protein expression
concomitantly with the expression of metabolism markers (GLUTI1, GLUT3, CA-IX
and CA-XII) (p <0.05). Taken together, these results show that melatonin down-
regulates HIF-la expression, and consequently it can regulate glucose metabolism

markers in breast tumor cells, controlling hypoxia and tumor progression.

Keywords: Breast cancer, Hypoxia, Intratumoral heterogeneity, Melatonin, HIF-1a.
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1 INTRODUCTION

Breast cancer is the second most incident neoplasia in the world, the most
common type of tumor among women, and the fifth largest cancer-related cause of
death'. About 40% of breast tumors have hypoxic regions, which have been associated
with an increased metastasis, higher relapse rate, and a reduced rate of survival**. When
tumors reach about 1-2 mm® its metabolic demands become restricted due to limited
diffusion of oxygen and nutrients’. The low O, levels characterize the hypoxia, which
results in uncontrolled cell proliferation, fast tumor growth and consequent inadequate
perfusion®.

Intratumoral hypoxia is considered a marker of poor prognosis in cancer patients
and is associated with resistance to chemotherapy and radiotherapy, promotion of
angiogenesis, tumor cells invasion and metastasis'’'%. Hypoxia effects under tumor
cells are multifaceted, which may promote apoptosis and necrosis, or induce the
expression of a large number of genes, promoting cellular adaptation and survival under
adverse conditions imposed by the tumor microenvironment. Hypoxia, acidosis and
oxidative stress are examples of conditions that may exert selective pressure during
tumor evolution, forcing "natural selection" of subpopulations within the tumor,
characterizing the intratumoral heterogeneity’'>. Each subpopulation of tumor cells can
have different phenotypes, presenting differences as to the aggressiveness and
sensitivity to treatment'®'%.

HIF-1 is the main component in the cellular response to hypoxia. It is a
heterodimeric transcription factor with two subunits, HIF-lo and HIF-1B". Under
physiological conditions, HIF-1f is constitutively expressed and HIF-1a is maintained

at low levels'. In hypoxia, tumor cells overexpress HIF-1a, which is responsible for the
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control of the expression of several genes, including those involved in glucose

metabolism and angiogenesis®”

. Therefore, HIF-1a is overexpressed in tumor hypoxic
regions and it can be used asa marker for detection of tissue oxygenation
level”. Another important molecule used for the identification of hypoxic areas is the

pimonidazole***

, a nitroimidazole drug whose reduced form binds to peptides
containing the thiol group (- SH), as present in glutathione. Its reduction is dependent
on pO2, since O2 competes with pimonidazole for the addition of electrons in the
molecule itself. Therefore, low O, regions are favorable for the reduction of

. . 23-25
pimonidazole™ .

In hypoxic intratumoral areas, an adaptive mechanism consists in the high
expression of the glucose transporter 1(GLUT-1), leading to increased glucose

uptake”®?’

, which contributes to increased anaerobic glycolysis rather than oxidative
phosphorylation (Warburg effect) by tumor cells*®. GLUT-3also has higher expression
in tumor tissues, especially in breast cancer. However, the increase of its expression is
less frequent when compared to GLUT-17°, Studies suggest that these transporters are
positively regulated by HIF-lo and overexpressed in hypoxic tumors'?'. The high
expression of GLUT-1 and GLUT-3 are related to high proliferation rates, low
differentiation, breast tumors with high histologic grade and estrogen receptor (ER) and
progesterone (PR) negative status’>>*. These glucose receptors are being studied in

antitumor therapies, and their low expression is associated with decreased tumor

growth®.

With the low vascularization and prevalence of Warburg effect, there is an

increase in the lactate production and hydrogen ions, which are then exported to the
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extracellular space, acidifying the tumor microenvironment>”***”. Naturally, the low pH

38,39

induces apoptosis in normal cells***°, which does not occur in tumor cells*.Instead, the

04 n this context, carbonic

acid pH seems to confer advantages to tumor cells
anhydrases (CA) are enzymes that play an important role in the CO, transport and in the
control of intracellular pH. The CA-IX and CA-XII are hydrogen ions carrier proteins
that contribute to the transport of lactate through interactions with monocarboxylate
transporter (MCT). The CA are fundamental components in the homeostasis of the

intracellular pH and therefore in the acidification of the extracellular space*****.

In this context, intratumoral heterogeneity, hypoxia and acidosis constitute an
obstacle to therapy, and agents that can be used to control the adverse condition in the

tumor microenvironment must be explored.

Melatonin (N-acetyl-5-methoxytryptamine) has been noted as a possible
treatment against breast cancer. Melatonin is the principal hormone synthetized mainly
by the pineal gland and its production is inhibited in the presence of
light™. Studies have reported that exogenous melatonin administration is effective in

inhibiting the tumor growth in vitro and in vivo in different types of cancer’

. Many
oncoprotective and oncostatic properties have been assigned to melatonin and recent
studies demonstrate the impact of circadian rhythm disruption on the Warburg effect™
% 1t was demonstrated that exposure to light at night induces a constant stimulation of
tumor growth, since melatonin production is discontinued. Exposure to light at night
deregulates the circadian rhythm, which consequently disrupts tumor balance in favor of

its constant growth®* .
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The protective effects of melatonin against hypoxia are mainly suggested by
inhibition of HIF-1o expression and some of its target genes®®. This molecule appears
to inactivate the HIF-1a and to reduce the glycolysis or Warburg effect on cells highly

dependent on this pathway, such as Ewing's sarcoma cells®.

Thus, this study investigated the effect of melatonin treatment on different
markers of hypoxia and glucose metabolism(pimonidazole, HIF-1o, GLUT1, GLUT3
and carbonic anhydrases IX and XII) in an experimental model of triple-negative breast

cancer.

2 METHODS
Ethical Considerations

This study was approved by the Ethics Committee on the Use of Animals of the
Faculdade de Medicina de Sao José do Rio Preto (Prot. 001-003336 / 2014 - License
CEUA 06/2014). The study was carried out following the national and international

standards of ethics in animal experimentation.
In vitro study
2.1 Cell culture

Triple negative human breast cancer cell line (MDA-MB-231) (ATCC,
Manassas, VA, USA) was cultured with Dulbecco’s modified Eagle’s medium
(DMEM) (GIBCO, Grand Island, NY, USA) supplemented with 10% of fetal bovine

serum (FBS) (GIBCO, Grand Island, NY, USA), penicillin (100 [U/mL) and
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streptomycin (100 mg/mL) (GIBCO, Grand Island, NY, USA) until cells reached 80—
90% confluent. For the in vitro study, the cells were divided into two groups: Melatonin

treated group (1 mM) and control group treated with vehicle (0.5% ethanol).

2.2 Cell viability

MDA-MB-231 cells were grown on a 96 well plate (Sarstedt, Niimbrecht,
Germany) with 100 pL of medium containing 0.05x106 cells/well. The cells were
incubated under the different experimental conditions described above. Then the cells
were washed and pulsed with 10uL of MTT at 0.5 mg/mL (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) (Life Technologies, Carlsbad, CA, EUA) to each
well and the plate was incubated at 37 °C for 4 hours. The solubilization of the MTT
formazan crystals was made adding 10mM SDS-HCI (Life Technologies, Carlsbad, CA,
EUA) for 4 hours at 37°C. Measurement of the absorbance was carried out on ELISA
reader (Thermo Fisher, Waltham, MA, EUA) at 570 nm and the results were expressed
as percentage of viable cells compared to the control group. All treatments were

performed in triplicate.

2.3 Imunocytochemistry

The immunocytochemical procedure was performed to evaluate the protein
expression of HIF-1a, GLUT-1, GLUT-3,CA-IX and CA-XII markers after treatment

with melatonin. The information and dilutions for each antibody are shown in Table 1.
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Table 1: Antibodies information and different dilutions used for immunostaining.

Antibody Company Clone Dilution
HIF-1a Santa Cruz Hlalpha 67 1:50
GLUT-1 Abcam ab115830 1:1200
GLUT-3 Sigma 6515 1:400

CAIX Sigma 2D3 1:1000
CA XII Sigma CLO280 1:400

Cells were trypsinized, re-suspended and seeded in silicone-plates adhered to
silanized slides at 00.6 x 10° cells per well. After treatment, the medium was removed
and cells were washed with phosphate buffered saline (PBS). Slides were incubated
with 1 ml of 4% formaldehyde (Sigma-Aldrich) for 20 min to fixation. Subsequently,
the silicones were uncoupled from the slides, which were incubated with 10% of H,O,
for 30 minutes to block endogenous peroxidase activity. Antigen exposure was
performed in Triton solution (0.3%). Cells were washed with PBS between each step.
Slides were incubated with the specific primary antibody in a dark wet chamber for 18
hours at 4°C. Subsequently they were washed with PBS for 15 minutes and incubated
with the REVEAL - Biotin - Free Polyvalent DAB-HRP Kit (Spring Bioscience, USA),
which consisted of the secondary biotinylated antibody anti-mouse, rabbit, and goat
immunoglobulins for 20 min and streptavidin -peroxidase complex for 10 min. Slides
were revealed using DAB chromogen at 0.5 % for 2-5 minutes (DAB, Signet® Covance
Laboratories, Dedham, MA, USA). The slides were counterstained with hematoxylin
for 40 seconds. The reactions were accompanied by a positive control for the primary

antibody and negative control.
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Slides were observed on the 40X objective of the Nikon Eclipse E200
microscope and analyzed by optical densitometry. For each sample, three different
fields were photographed only in immunoreactive areas, quantified 20 points
using ImageJ Software (NIH, Bethesda, MD, USA), totaling 60 points quantified for
each slide. The values were obtained as arbitrary units (au) and the mean optical density

(MOD) showed the staining intensity specifically in the immunoreactive areas.
2.4 Gene expression by quantitative real-Time PCR (qPCR)

gPCRwas performed to evaluate the gene expression of HIF-1a, GLUT-1 and
CA-XII after treatment with melatonin (1 mM). Cells were seeded into 6-wells plate
(10-cm2 each) at 0.5 x 10° cells per well and separated into treated and control groups.
The treatments were performed for 24 hours. Total RNA was extracted from the cells
using Trizol reagent (Invitrogen Life Technologies — Eugene, OR, USA), as the
manufacturer recommends. The RNA concentration of each sample was determined
with NanoDrop2000 (Thermo Fisher Scientific, Rockford, IL, USA). The RNA from
each sample was reverse-transcribed to complementary DNA (cDNA) using a High
Capacity cDNA kit (Applied Biosystems, Foster City, CA, USA). First, the standard
curve was calculated, and analyses for the differential expression of HIF-1oor GLUT-1
or CA-XII and endogenous control ACTB were performed using SystemStepOnePlus
(Applied Biosystems, Foster City, CA, USA) and TaqMan Universal Master Mix
(Applied Biosystems, Foster City, CA, USA). The assays used were: HIF-la
(Hs00153153 ml), GLUT-1 (Hs00892681 ml), CA-XII (Hs01080902 m1) and ACTB
(Hs99999903 ml1) (Applied Biosystems, Foster City, CA, USA). Each reaction

consisted of 10 uL of Master Mix, 1 uL of TagMan, 8 pL of DEPC water and 1 pL of



24

cDNA (100 ng/mL). The qPCR conditions were 95°C for 10 minutes followed by 40
cycles of 95°C for 15 seconds and 60°C for 1 minute. The expression of each gene was
calculated relative to the normalized expression of gene used as endogenous control
(AACY). The samples were tested in triplicate, and all experiments included the negative

control.
In vivo study
2.5 Animal model

Female Balb/c nude athymic mice were purchased from Sdo Paulo University
Medical School (USP-SP) and were transported to Faculdade de Medicina de Sao José
do Rio Preto (FAMERP). Mice were housed in pathogen free conditions at room
temperature (21°C at 25°C), in light exposure for 12 hours and 12 hours in the
dark. Food and water were offered ad /ibitum. MDA-MB-231 cells were injected in the

right flank at 5x10° in 50pL of FBS-free medium.
2.6 Melatonin administration

Mice were randomly assigned to either melatonin administration (n = 7) or
control group (vehicle treated, n = 7). Vehicle solution was prepared with 8§ ml of
phosphate buffered saline (PBS), 1 ml of dimethyl sulfoxide (DMSO) and 1 ml of
Cremophor (Sigma, St. Louise, MO, USA) and given in 100 pL of solution by
intraperitoneal injection (IP). Melatonin (Sigma, St. Louise, MO, USA) was diluted in
vehicle, and mice received IP of 100 puL of melatonin (at dose of 40 mg/kg of body

weight as performed in a previous study® ). Melatonin was administered 1 hour before
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room lighting was switched off. Treatment started 10 days after tumor cells injection

and continued for 14 days, with treatment given 5 days a week.

During treatment, tumor size was measured weekly with caliper. Length and
width values were recorded and tumor volume was calculated using the formula: Length

x (Width)* x 0.52.
2.7 Immunohistochemistry

The immunohistochemical procedure was performed on the tumor tissue to
evaluate the expression of the HIF-1a, pimonidazole, glucose transportersGLUT-1 and

GLUT-3 and carbonic anhydrases CA-IX and CA-XII.

The standard dilutions for each antibody were described in the Table 1. The kit
for detection of pimonidazole (Hypoxyprobe ™-1 Omni Kit Inc., USA) was kindly
provided by Dr. Alessandra Gambero from University of Sao Francisco
(USF). Pimonidazole was injected intraperitoneally at 60 mg/kg, 1 hour before the mice

were euthanized.

After euthanasia, tumor was extracted and cut longitudinally, and tissue was
histologically processed. Histological sections of 4um were obtained from the paraffin
embedded material. Subsequently, deparaffinization of the slides was performed,
initially in an oven at 60°C, followed by xylol and hydration with decreasing ethanol
concentrations. Antigen retrieval was done in a cooker pan (ARNO, Sao Paulo, SP,
Brazil) at 95°C with citrate buffer (pH 6.0) for 30 min. After cooling, the slides were
incubated with 3% hydrogen peroxidase for 30 min to block endogenous peroxidase

activity. Subsequently, the HRP (horseradish peroxidase) enzyme method in the
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presence of primary antibody, secondary antibody and peroxidase-biotin-streptavidin
revealed with DAB Chromogen,wasperformed as described above in Item 2.2. Note:
for pimonidazole, antigen exposure was performed in Triton solution (0.3%) diluted in
distilled water. Endogenous peroxidase blockade was performed in solution of methanol

and hydrogen peroxide for 30 minutes.

After the immunohistochemical procedure, slides were analyzed by optical

densitometry as described in item Item 2.3.

2.8 Gene expression by quantitative Real-Time PCR for tumor tissues

Total RNA was extracted from the tumor fragments following the Trizol reagent
protocol (Invitrogen®). Initially, tumor fragments were stored in polypropylene falcon
tubes containing RNA stabilization solution (RNA later). Tumors were cut manually
with the aid of a razor. Each fragment, weighting 100 mg, was inserted into a falcon
tube already containing 1 mL of the Trizol reagent. The fragments were macerated with
the aid of the macerator (Politron®), and another 1 ml of Trizol was added to the tube
resulting in 2 ml of the Trizol reagent for each 100 mg of tumor fragment, divided into
2 eppendorf tubes (1 ml each tube). Subsequently, 200 pL of chloroform was added to
each 1 mL of Trizol, and kept at room temperature for 3 minutes. The tubes were
centrifuged at 14,000 rcf for 20 minutes at 4°C. The resulting aqueous phase was
transferred to a new tube, and 400 pL of isopropyl alcohol was added for precipitation
of the RNA followed by incubation at room temperature for 15 minutes. Then, it was
centrifuged at 14,000 rcf for 20 minutes at 4°C, and RNA pellet was washed with 1 ml

of 75% ethanol and centrifuged again at 7,500 rcf for 7 minutes at 4°C. The supernatant
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was discarded and the pellet diluted in 30 uL. of DEPC (diethyl pyrocarbonate) water

(Invitrogen®).

To analyze the expression of HIF-lo gene, GLUT1 and CA-XII, cDNA
synthesis with the reverse transcriptase enzyme and real time PCR were performed as

described above in Item 2.4.

2.9 Statistical analysis

For normal distribution samples, the comparison of two parameters was
performed by Student ¢ test. For comparison of more than two parameters, we used the
analysis of variance (ANOVA) followed by Bonferroni's test. P values <0.05 were
considered significant and all analyses were performed using Prism 6.0

software (GraphPad, La Jolla, CA, USA).

3 RESULTS

3.1 Melatonin inhibits cell viability in vitro

MTT assay was performed to verify whether melatonin treatment (1mM) has an
effect on cell viability of MDA-MB-231 cell line. As shown in Figure 1, melatonin
treatment significantly decreased the cell viability compared to control cells (p < 0.05

Figure 1).
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Fig. 1: Inhibitory effect of melatonin on viability of MDA-MB-231 cell line. The cell
viability was measured by MTT assay. Data are shown as mean + standard deviation.

*p<0.05, 1 mM of melatonin vs. Control.

3.2 Melatonin controls tumor growth in vivo

The weight of the mice was monitored during the experiment, and neither

melatonin therapy nor vehicle had any effect on the animal weights.

Treatments started 10 days after cell injection, and tumor volumes were
measured weekly. Tumors reached large volume, especially in control group, with
ulceration 24 days after tumor cell injection. Results showed that tumor growth was
slower in the treated group when compared with the control-group (p < 0.05; Figure
2A). Figure 2B shows an animal from the control group with tumor volume of 878,8
mm?® and an animal from the treated group with tumor volume of 41,6 mm? (Figure
2C). One melatonin-treated mouse had tumor remission, showing a tumor of 18.72 mm?
on day 7 which was not detected after 7 days of treatment. Tumor absence was

confirmed in necropsy.
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Fig. 2: (A) Tumor volume measured 5 and 10 days after tumor cell injection in control
and treated groups. And tumor volume measured 7 and 14 days after the start of
melatonin treatment. *p < 0.05, melatonin vs. Control group after 7 days under
treatment; #p < 0.05, melatonin vs. Control after 14 days under treatment. The red arrow
indicates the tumors of one mouse control and one mouse treated with melatonin are

showed in (B) and (C) respectively.

3.3 Melatonin controls tumor hypoxia inhibiting HIF-1a at gene and protein
levels

In vitro study

gPCR was performed to analyze HIF1A gene expression in MDA-MB-231 cells

treated with melatonin or vehicle (control). Results showed that melatonin treatment for
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24 hours was able to decrease the HIF1A gene expression compared with the control

group (p = 0.0311; Figure 3A).

HIF-1a protein expression was also reduced by melatonin as verified by
immunocytochemistry. However, the statistical significance level was not reached (p >

0,05; Figure 3B). The immunostaining for HIF-1a is shown in Figure 3C.
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Fig. 3: (A) Statistical analysis of HIF1A gene expression (log 10). *p < 0.05; 1 mM of
melatonin vs. Control. (B) Statistical analysis of HIF-la protein expression in the
control and treated cells. Data are showed as M.O.D. + standard error. Melatonin-
treated vs. control cells group. (C) Representative images of immunostaining for HIF-1a

in control and treated cells (40X magnification).

In vivo study:

Figure 4A shows the results of HIFIA gene expression in tumor samples. In

accordance with in vitro study, a reduction of HIFIA gene expression was also
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observed in vivo in melatonin-treated mice (p = 0,03; Figure 4A) and its reduction was
more evident at protein levels (p < 0,0001; Figure 4B). The immunohistochemistry of

HIF-1a in tumor samples is shown in Figure 4C.
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Fig. 4: (A) Statistical analysis of HIF1A gene expression (log 10). *p < 0.05, 1 mM of
melatonin vs. Control. (B) Statistical analysis of HIF-1a protein expression. Data are
showed as M.O.D =+ standard error. *p < 0.05; melatonin-treated vs.control group. (C)
Representative images of immunostaining for HIF-la in control and treated tumors

(40X magnification).

3.4 Melatonin controls tumor hypoxia

Pimonidazole was used to analyze tumor hypoxia. The immunostaining was
observed predominantly in cytoplasm of tumor cells (Figure 5B). Results showed that
melatonin was able to control tumor hypoxia as the quantitative (Figure SA). The

quantitative analyze by densitometry showed that intensity of pimonidazole was
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significantly lower in melatonin-treated tumors (p = 0,0033; Figure S5A) than in the

control tumors.
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Fig. 5: (A) Statistical analysis of pimonidazole immunostaining. Data are showed as
M.O.D + standard error. *p < 0.05; melatonin-treated vs.control group. (B)
Representative images of immunostaining for pimonidazole in control and treated

tumors (40X magnification).

3.5 Melatonin inhibits glucose transporters (GLUT-1 and GLUT-3) and

carbonic anhydrases (CA-IX and CA-XII) through its action in HIF-1a

Because HIF-1a can induce the expression of several genes under hypoxia, we

tested the effect of melatonin on the HIF-1a targets genes, GLUTs and CAs.
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In vitro study

Melatonin significantly reduced gene expression of GLUT-1 (p = 0,0075;

Figure 6A) and CA-XII (p = 0,0117; Figure 6B) in vitro.
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Fig. 6: (A) Statistical analysis of GLUT1 gene expression (log 10). B) Statistical
analysis of CAXII gene expression (log 10). *p < 0.05; 1 mM of melatonin vs.Control.

Quantifications of protein expression by densitometry for GLUT-1, GLUT-3,
CA-IX and CA-XII in MDA-MB-231 cell line are shown in Figure 7. Melatonin-
treated groups showed lower values of M.O.D for all markers evaluated, although
statistical analysis did not show a significant difference between melatonin and control-
groups (p > 0.05; Figure 7A). The immunostaining of the different markers are
represented respectively: GLUT-1 (Figure 7B), GLUT-3 (Figure 7C), CA-IX (Figure

7D) and CA-XII (Figure 7E).
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Fig. 7: (A) Statistical analysis of GLUT-1, GLUT-3, CA-IX and CA-XII protein
expression in the in vitro study. Data are showed as M.O.D. + standard error.
Representative images showing the immunostaining for (B) GLUT-1, (C) GLUT-3, (D)
CA-IX and (E) CA-XII in control and treated groups, respectively (40X magnification).

In vivo study

In accordance with in vitro results, melatonin-treated tumors showed low gene
expression of GLUT1 (p = 0.009) and CAXII (p = 0.008) when compared with tumors

treated with vehicle (p < 0,05; Figure 8A-B).
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Fig. 8: Statistical analysis of GLUT1 (A) and CAXII (B) gene expression (log 10) in

the in vivo study. *p < 0.05, 1 mM of melatonin vs Control.

Quantifications of protein expression by densitometry for GLUT-1, GLUT-3,
CA-IX and CA-XII in tumor samples are shown in Figure 9. Optical densitometry
analysis revealed that all markers evaluated showed significantly lower M.O.D values in
the melatonin-treated group when compared with the control group (p < 0.05; Figure
9A). The statistical analysis (Figure 9A) showed respectively: GLUT-1: (p < 0.0001),
GLUT-3: (p < 0.0001), CA-IX: (p < 0.0001) and CA-XIL: (p = 0.0002).
Immunohistochemistry staining is shown in Figure 9. It is observed that GLUT-1 and
GLUT-3 (Figure 9B and 9C), as well as CA-IX and CA-XII (Figure 9D and 9E) were

strongly expressed in cytoplasm. In addition, GLUT-1 and CA-XII were also expressed

in membrane.
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Fig. 9: (A) Statistical analysis of GLUT-1, GLUT-3, CA-IX and CA-XII protein

expression in the in vivo study. Data are showed as M.O.D. (p < 0.05) + standard error.

Representative images showing the immunostaining for (B) GLUT-1, (C) GLUT-3, (D)

CA-IX and (E) CA-XII in control and treated tumors, respectively (40X magnification).

4 DISCUSSION

This study revealed that melatonin has an important effect, reducing the cell

viability in vitro. Some studies report that melatonin can act in ERa-negative cell

. 70,71
line’®’

. However, melatonin's anti-proliferation effect in ERa-positive cell lines has
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mainly been studied’””. In agreement with in vitro cell viability reduction, our study
showed that melatonin treatment in vivo was able to control the tumor growth in a
xenografit breast cancer model. This study is in agreement with other studies that

demonstrate melatonin effectiveness in tumor growth of different types of cancer®’>"*,

It is known that the anti-proliferation effect of melatonin is mediated by MT1
receptor’”. However, melatonin also shows important receptor-independent actions’®.
Melatonin is a lipophilic molecule able to cross the cellular membrane without
transporter, and exhibits antioxidant properties by neutralizing the deleterious effect of
reactive oxygen species’’, and increasing antioxidant enzymes’®. Recently, Burattini et
al. (2016) showed that melatonin was able to activate apoptotic pathway and therefore

promote tumor cell death in rhabdomyosarcoma with or without the use of MT1 or MT2

receptors’ .

Besides its anti-proliferation action, this study shows that melatonin treatment
can control tumor hypoxia, reducing HIF-1a at both gene and protein levels, in mouse
models of breast cancer. The inhibition of HIF-lagene expression after melatonin
treatment was also confirmed in vitro. These results confirm other studies, which
showed the ability of melatonin to inhibit the HIF-1a expression in different tumors®”"*"
#1 In normoxia, HIF-1a is hydroxylated by prolyl hydroxylase domain (PHD) enzymes,
and after hydroxylation HIF-1a is identified by von Hippel-Lindau protein (pVHL) and
degraded by ubiquitin-proteasome system. In hypoxic conditions, HIF-1oa-pVHL
binding does not occur because HIF-1a is not hydroxylated by PHDs, as these enzymes

are inhibited by ROS. Thus HIF-la degradation is blocked and its levels are

increased®*** Park et al. (2010) suggested that melatonin is able to restore HIF-1o-
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pVHL binding under hypoxia in tumor cells, normalizing HIF-1a levels, through its
antioxidant action®. Thus, melatonin contributes to normalizing high levels of HIF-1a
in hypoxia. Studies demonstrated the ability of melatonin to inhibit HIF-1a protein

6798288 park et al. (2009) showed that melatonin can reduce

expression in hypoxia
HIF-1a protein expression but does not affect its gene levels”. However, corroborating
with our results, Sohn et al. (2015) showed the inhibitory effect of melatonin on HIF-1a
is not only limited to protein levels, as melatonin inhibited HIF-1a expression in RNAm

levels. In addition, authors revealed that melatonin is able to enhance miRNA3195 and

miRNA374b expression, which inhibits HIF-1a gene expression®’.

Our study showed lower staining takes in a hypoxia marker, pimonidazole in the
melatonin-treated group, which can be associated with the decrease of HIF-1la
expression. Thus, our results suggested that melatonin can reduce intratumor hypoxia.
Sorace et al. (2017) showed a decreased in pimonidazole staining in hypoxic BT474

tumors treated with trastuzumab® .

In hypoxic conditions, HIF-1a regulates several genes in order to promote the
cellular adaptation to adverse conditions. The high expression of glucose transporters
regulated by HIF-la, in special GLUT-1 and GLUT-3, increase the glucose
uptake”®?"**! Consequently, it can enhance the glycolysis, which is predominant in
hypoxia tumor cells®®. HIF-la inhibition is responsible for glycolytic activity
downregulation in the majority of cancers, affecting in tumor adaptive mechanisms,
once glycolysis is the alternative pathway to generate energy under hypoxic
conditions®”*®. Park et al. (2016) demonstrated that the pharmacological inhibition of

HIF-1a intracellular pathways reduced the expression of GLUT-1 and GLUT-3
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hypoxia-induced in adipose-derived stem cells (ASCs)’'. Our results showed that
melatonin treatment reduced GLUT-3 protein expression and GLUT-1 at gene and
protein levels in mammary tumors. In addition, inhibition of GLUT-1 was also verified
in in vitro after melatonin treatment. Thus, we suggest that melatonin, through its
action in HIF-lo, can regulated GLUT-1 and GLUT-3 in intratumoral hypoxia,

contributing to decreased glycolytic activity in tumor cells.

The effects of melatonin in GLUTs expression are not well established. Hevia et
al. (2015) showed that melatonin competes with glucose to bind the receptor GLUT-1
decreasing the glucose uptake and GLUT-1 expression in prostate cancer cells. The
authors suggested that melatonin can be transported by GLUT-1, increasing its

intracellular levels®’.

Our results demonstrated that the reduction of GLUT-1 in mice treated with
melatonin is more evident than GLUT-3 reduction. GLUT-3 is expressed in tumor
tissue, but is less extensive than GLUT-1*. Many studies showed that GLUT-3
expression is associated with aggressiveness and poor prognosis in gastric tumors,

- - 88-90
squamous oropharyngeal carcinoma and gliomas

. Thus results of this study
indicated that melatonin is able to control tumor microenvironment by regulating HIF-
la, and reducing GLUT-1 and GLUT-3 expression, which are associated with
tumorigenesis, cellular proliferation and lower survival rates in different types of

cancer29’30’32.

In hypoxia intratumoral areas, CA-IX and CA-XII contribute to intracellular pH
homeostasis through transport of hydrogen ions and transport of lactate to extracellular

environment. Thus, these enzymes provide adaptive and survival mechanisms to tumor
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4891
cells*®’

. Recent studies involving CA-IX knockdown showed that this enzyme
contributes to tumor cell proliferation in vitro and in vivo, which has been associated
with its role in regulating the intracellular pH****. CA-IX knockdown induces the
increase of CA-XII levels in colon tumor cells, showing a potential mechanism to
compensate the absence of pH-regulatory enzymes in order to preserve the cell
proliferation and survival®. Sowa et al (2017) demonstrated that high HIF-1o and CA-
IX expression induced chemoresistance under hypoxia, and its inhibition re-established

chemo sensibility in lung carcinoma cells, suggesting that HIF-1a and CA-IX inhibition

can improve prognosis in lung cancer patients after chemotherapy94.

In our study, in accordance with results observed with others markers, melatonin
inhibited CA-IX and CA-XII protein expression in mammary tumors in addition to the
inhibition of CA-XII gene expression in vivo and in vitro. In the literature there is little

information about the relation of CA-IX and CA-XII expression and melatonin®

, and
the effects are not established yet. As already known, in hypoxic conditions CA-IX
expression is induced by HIF-1a while the molecular mechanisms that enhance CA-XII

expression are still unknown**%®

. Here we suggest that melatonin modulates HIF-1a and
consequently controls CA-IX and CA-XII expression in triple negative breast cancer
model. In addition, our in vivo results showed that the reduction of CA-XII protein
expression by melatonin was more evident than CA-IX reduction. Enhancement of CA-
XII expression in hypoxia conditions is described in MCF-10A breast cell line’, and
high CA-IX and CA-XII expression was observed concomitant with pimonidazole in
hypoxia tumor areas subjacent to necrosis in MDA-MB-231 xenograft tumors’®. Recent

studies showed that the inhibition of CA-IX can reduce significantly the invasive

capacity in MDA-MB-231 cell line in hypoxic conditions’’and show that CA-IX is an
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independent prognosis marker, which can be clinically useful in predicting tumor

progression, invasion and metastasis in breast cancer .

98

This study verified that melatonin was able to control tumor hypoxia by

reducing HIF-1a gene and proteic expression. And we suggest that through its action in

HIF-1a, melatonin has an effect in glucose metabolism by inhibiting GLUT-1 and

GLUT-3 and CA-IX and CA-XII. Taken together, our results suggest that melatonin can

reverse adverse conditions in tumor microenvironment, controlling hypoxia and tumor

progression.
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Resumo

Durante seu crescimento, o tumor pode alcancar aproximadamente 1-2 mm® antes que
suas demandas de oxigénio e nutrientes sejam restritas. A baixa oxigenagdo ¢
caracterizada como hipoxia, resultante da proliferacdo celular descontrolada, rapido
crescimento tumoral e consequente perfusdo inadequada em parte do tecido. Em areas
intratumorais, onde ha escassez de oxigénio, as células podem sucumbir, evoluindo para
apoptose ou necrose. A necrose central ¢ uma caracteristica comum no cancer de mama
invasivo e estd associada a agressividade tumoral, capacidade metastatica e pior
prognostico. A melatonina, além de seus efeitos fisiologicos tem demonstrado
importantes agdes oncostaticas e oncoprotetoras caracterizadas como antioxidantes, pro-
apoptdticas, anti-angiogénicas e controladoras da hipdxia e volume tumoral. Neste
estudo avaliamos a a¢do da melatonina no controle do crescimento € necrose tumoral,
verificados por imagens obtidas pela tomografia por emissdo de pésitrons (PET) com o
radiofarmaco '*F-FDG, em modelo in-vivo de céncer de mama triplo negativo. Os
efeitos da melatonina foram avaliados in vivo utilizando camundongos nude atimicos
injetados com as células MDA-MB-231 (modelo de xenoenxerto). Os resultados
mostraram que o tratamento com melatonina controlou o crescimento tumoral e,

consequentemente, a extensao das areas de necrose intratumoral.

Palavras-chave: Cancer de mama; Hipodxia; Crescimento tumoral; Necrose;

Melatonina.
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1 INTRODUCAO

Como resultado da proliferacdo celular descontrolada e do rapido crescimento
tumoral, areas intratumorais com menor aporte vascular sdo frequentemente relatadas,
principalmente na regido central dos tumores '. A baixa oxigenagdo tecidual &
caracterizada como hipdxia, resultante da menor vascularizagdo e perfusdo inadequada
em regides intratumorais . Recentemente, 4reas hipoxicas intratumorais foram
identificadas como marcadores de progndstico ruim em pacientes com cancer, estando
associadas a malignidade tumoral e alta capacidade metastatica **

Em 4reas intratumorais, onde ha escassez de oxigénio, as células podem sofrer
apoptose ou necrose. A necrose central ¢ uma caracteristica comum no cancer de mama
invasivo e estd associada a agressividade tumoral e pior prognostico °. No céncer de
mama, a necrose tumoral mostra-se correlacionada com o aumento do tamanho do
tumor, alto grau histologico, status negativo do receptor de estrogénio, alta densidade de
microvasos e infiltragdes de macrofagos responsaveis pela expressdo do fator de

crescimento endotelial vascular (VEGF) ®7~

. Esses achados sugerem que as células
tumorais com elevada taxa de proliferagdo poderiam levar a um crescimento tumoral
além da sua capacidade nutritiva e de oxigenacdo. Deste modo, em tumores de grande
volume e que possuem rapido crescimento, a hipdxia severa pode predispor ao
aparecimento de necrose intratumoral °. Neste contexto, estudos clinicos indicam que,
de todas as caracteristicas clinicas, de neuroimagem e histopatolédgicas, a necrose visivel
em imagens de ressonancia magnética tem o maior valor prognodstico e esta
inversamente relacionada a sobrevida de pacientes com glioblastoma *°.

Areas intratumorais hipdxicas podem ser identificadas por técnicas de imagem

in vivo, como o PET/CT (Positron Emission Tomography/Computed Tomography). O
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uso do PET/CT encontra-se em grande expansao, estabelecendo um valor essencial e,
muito importante no diagnéstico e avaliagdo pré e pos-terapéutica '°. O radiofarmaco
mais comumente utilizado é o "*F-Fluorodesoxiglicose (FDG), um analogo da glicose
administrado por via endovenosa. O '"F-FDG segue a distribui¢do do metabolismo da
glicose, por esta ser a principal fonte de energia para as células. Dessa forma, o 1S
FDG ¢ captado por células que t€ém grande consumo de glicose, com maior atividade
metabolica como as células tumorais '°. Devido a estas propriedades, este radiofarmaco
¢ frequentemente utilizado para identificacdo de tumores além de areas intratumorais
hipoxicas "', Zhao er al. (2005) observaram uma distribui¢io intratumoral
heterogénea de '*F-FDG em tumores malignos, e associaram essa heterogeneidade com
a superexpressdo de transportadores de glicose em regides de hipoxia no tumor ''. O
PET/CT com 18F-FDG, ¢ uma técnica que permite avaliar, no mesmo exame, O
metabolismo e a anatomia. Permite a identificacao de alteracdes metabodlicas em células
neoplasicas e melhora a capacidade de detecgdo tumoral. A captagio de '*F-FDG é
proporcional a taxa de atividade metabolica das células tumorais '°. Além disso, como
demonstrado por Folpe et al. (2000) o PET/CT com "*F-FDG pode ser usado como uma
técnica nao-invasiva para avaliar de forma confiavel a presenca de necrose em sarcomas
' Estudos sugerem que a necrose metabdlica diagnosticada por PET/CT com '*F-FDG
pode servir como um marcador de substituicdo bastante confiavel para necrose

patologicamente ~ diagnosticada .

A presenca de necrose metabolicamente
diagnosticada e um volume significativamente maior de necrose intratumoral indicam

tumores mais agressivos, além de correlaciona-las a uma menor sobrevida global e

menor tempo livre de doenca .
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De acordo com o exposto acima nota-se que o rapido crescimento tumoral,
hipdxia e necrose constituem importantes obstaculos correlacionados com o alto grau
histologico, capacidade metastatica e pior prognostico.

E nesse cenario que novos agentes terapéuticos como a melatonina (N-acetil-5-
metoxitriptamina), vem ganhando espaco como possivel tratamento contra o cancer de
mama. A melatonina ¢ o principal hormoénio sintetizado pela glandula pineal, cuja producao
¢ inibida na presenca da luz '. Estudos relatam que a administracdo exogena da melatonina
tem sido eficaz na inibi¢do do crescimento tumoral in vitro e in vivo em diferentes tipos de
cancer '"'®, Além disso, inimeras propriedades oncoprotetoras e oncostaticas vém sendo
atribuidas a melatonina "

Estudos in vivo (xenograft model) demonstram que a melatonina ¢ capaz de
diminuir o crescimento tumoral em tumores de mama, RE positivos ** ou RE negativos *°.
Para JARDIM-PERASSI et al. (2014) a melatonina diminuiu o crescimento tumoral e inibiu
a proliferagio celular verificada pelo marcador Ki-67 *°. Além de seus efeitos na diminuigio
do crescimento tumoral, um grande nimero de estudos demonstram que este homonimo
controla a hipdxia tumoral. A acdo protetora da melatonina contra hipdxia ¢ sugerida
principalmente pela inibi¢ao da expressdo do fator de transcri¢cdo induzido por hipoxia (HIF-
la) e alguns de seus genes alvo ="

Dessa forma, este estudo investigou o efeito do tratamento com melatonina no

controle do crescimento tumoral e de areas de necrose intratumorais por meio de PET/CT

com '®F-FDG em modelo experimental de cancer de mama triplo negativo.
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2 MATERIAS E METODOS

Consideracoes éticas
Este estudo foi aprovado pela Comissdo de Etica no Uso de Animais da Faculdade
de Medicina de Sao José do Rio Preto (Prot. 001-003336/2014 — Licengca CEUA 06/2014 -
referente ao Projeto Temadtico no qual o presente estudo esteve inserido, intitulado
“Melatonina no cancer de mama: Estudo experimental e translacional”). O estudo foi

realizado seguindo os padrdes nacionais e internacionais de ética em experimentacao animal.

2.1 Cultivo celular
A linhagem celular de cancer de mama triplo negativa MDA-MB-231 (ATCC,
Manassas, VA, USA) foi cultivada em estufa a 37 °C e 5 % de CO,, em frascos de cultura de
75 em” com meio de cultura DMEM alta glicose (Dulbecco'sModifiedEagle'sMedium-High
Glucose) (GIBCO, Grand Island, NY, USA) suplementado com 10 % de soro fetal bovino
(FBS) (GIBCO, Grand Island, NY, USA) e 1 % de penicilina e estreptomicina (GIBCO,

Grand Island, NY, USA).

2.2 Desenvolvimento do modelo animal

Os camundongos Balb/c nude atimicos (fémeas) foram adquiridos no Biotério da
Faculdade de Medicina da Universidade de Sao Paulo (USP-SP) e ao chegarem ao
Biotério da Faculdade de Medicina de Sdo José¢ do Rio Preto (FAMERP) foram
mantidos em condigdes livres de patogenos, a temperatura ambiente (21 °C a 25 °C), em
exposicao a luz por 12 horas e 12 horas no escuro. A ragdo e agua foram oferecidas ad

libitum. A linhagem MDA-MB-231cultivada in vitro foi tripsinizada, centrifugada e
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ressuspendida em meio de cultura livre de soro. Os camundongos receberam uma

injegdo com 50 pL de meio de cultura contendo 5 x 10° células viaveis no flanco.

2.3 Tratamento com melatonina

Os animais foram separados aleatoriamente entre os grupos controle (n = 5) e
tratado com melatonina (n = 5). A solu¢do veiculo foi preparada utilizando 8ml de
Solucdo salina com tampao fosfatos (PBS), 1 ml de dimetilsulféxido (DMSO) e 1 ml de
Cremophor (Sigma, St. Louise, MO, EUA). Os animais do grupo controle receberam
100 pL de solucdo veiculo por inje¢do intraperitoneal (IP). A melatonina (Sigma, St.
Louise, MO, EUA) foi diluida na solucdo veiculo e os animais do grupo tratado
receberam IP de 100 pL de melatonina (a uma dose de 40 mg/kg) durante cinco dias por
semana. A melatonina foi administrada 1 hora antes que a iluminagdo da sala fosse
desligada. O tratamento foi iniciado 10 dias apds o implante do tumor e teve duragdo de

14 dias.

2.4 Micro-PET/CT

A técnica de imagem molecular foi realizada utilizando o equipamento de
imageamento Albira uPET/SPECT/CT no Instituto de Pesquisas Energéticas e
Nucleares (IPEN). O radiofarmaco '*F-FDG ¢ usualmente sintetizado de forma
automatizada no IPEN, e, portanto, ¢ facilmente obtido.

Os camundongos foram mantidos em jejum durante 4 horas antes da realizagao
do procedimento. O radiofarmaco '*F-FDG foi injetado via retro-orbital (Figura 1). As

inje¢des de "*F-FDG foram realizadas contendo de 15.0 a 20.0 MBq diluidos em 100 pL
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de solucdo fisiologica estéril. Seguindo outros estudos, as imagens do radiofarmaco '°F-

FDG foram obtidas 1 hora apds sua aplicacdo **

Figura 1: Injecdo retro-orbital realizada nos camundongos para analise da capta¢do do

radiofarmaco no tecido tumoral.

Apods a injecdo do radiofarmaco '*F-FDG e do tempo de captacdo (lhora), os
animais foram submetidos a anestesia inalatdria com isoflurano a 2 % sob O, a 100 %
(1L/min), e posicionados no equipamento Albira PPET/SPECT/CT Carestream
Molecular Imaging para aquisi¢do das imagens (Figura 2) seguindo o protocolo de 5
minutos PET simples — 60mm offset 55mm e CT Best 35kv 400uA offset 55mm
(aproximadamente 15 minutos). Durante a realizagdo da imagem, a temperatura dos
animais foi mantida em 37 °C. A reconstru¢do e a exportacdo das imagens foram
realizadas no proprio software do equipamento e no software Amide.

Para a andlise das imagens obtidas com o pPPET/SPECT/CT, inicialmente a
regido tumoral de interesse foi delimitada e o volume tumoral obtido. O volume de
necrose foi delimitado apds aplicagdo de um “threshold”, no qual valores abaixo de 50

pixeis foram considerados negativos (sem captacio de FDG) e portanto,
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correspondentes ao volume de necrose. A correlacio entre o volume total dos tumores e
o volume correspondente as areas de necrose foi realizada utilizando-se o software

PMOD (PMOD Technologies 1.td, Zurich, Switzerland).

Figura 2: Equipamento de micro-PET/CT do IPEN e detalhe do local onde o
camundongo ¢ posicionado e mantido sob anestesia inalatoria para aquisi¢do das

imagens.

Analise Estatistica

Os resultados foram submetidos a andlise descritiva para determinagdao da
normalidade. Para a comparagao de dois parametros foi realizado o Teste ¢ de Student.
Valores de p < 0,05 foram considerados significantes e todas as andlises foram

realizadas utilizando o software Prism 6.0 (GraphPad, La Jolla, CA, USA).

3 RESULTADOS

A melatonina controla o crescimento e necrose tumoral

As delimitacdes das areas tumorais e de necrose estdo representadas nas Figuras
3 e 4. Como & possivel observar nas imagens obtidas com o radiofarmaco '*F-FDG, os
animais do grupo controle (Figuras 3A e 3B) apresentam grande volume tumoral

acompanhado de extensas areas de necrose identificadas pela baixa captacao do
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radiofdrmaco. As areas de necrose no grupo controle podem ser predominantemente
identificadas nas regides centrais dos tumores.

O grupo de animais tratados com melatonina (Figuras 4A e 4B) apresentou
tumores nitidamente menores, com pequenas areas de necrose. Neste grupo, a captacao

de '"®F-FDG foi mais homogénea em toda a regido tumoral.

,  ——
0 1040

Figura 3: Imagens representativas da captacdo do radiofarmaco '“F-FDG (regido
tumoral e areas de necrose delimitadas) em dois animais do grupo controle,
representadas nos cortes transversal, coronal e sagital. O local indicado pelas setas
indica a regido onde o tumor foi implantado no flanco direito dos comundongos.
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Figura 4: Imagens representativas da captacdo do radiofarmaco '“F-FDG (regido
tumoral e areas de necrose delimitadas) em dois animais do grupo tratado com
melatonina, representadas nos cortes transversal, coronal e sagital. O local indicado
pelas setas indica a regido onde o tumor foi implantado no flanco direito dos
comundongos.

A Figura 5A revela média do volume tumoral em animais do grupo controle e
tratado com melatonina. A anélise estatistica mostrou que o grupo controle apresentou
um maior volume tumoral quando comparado ao grupo tratado (p = 0.0498; Figura
5A). A média do volume correspondente a area de necrose esta representada na Figura
5B. A comparacao do volume de necrose entre os grupos controle e tratado com
melatonina demonstrou que apesar de o volume ser graficamente maior no grupo
controle, a significancia estatistica ndo foi alcangada (p > 0,05; Figura 5B),

provavelmente porque o grupo controle apresentou um grande desvio padrdo, uma vez

que as areas de necrose foram muito extensas em alguns animais deste mesmo grupo.
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Figura 5: Representacdo grafica do volume tumoral e de necrose nos grupos controle e
tratado com melatonina. O grafico A mostra a média do volume tumoral nos grupos
controle e tratado. O grafico B representa a média do volume correspondente a area de
necrose para os dois grupos (grupo controle versus grupo tratado com melatonina).

A Figura 6 mostra a percentagem de volume necrético em relagao ao volume total do
tumor entre os grupos controle e tratado com melatonina. Nao houve diferenca
estatisticamente significante entre os dois grupos (p > 0,05; Figura 5), provavelmente
devido ao alto desvio padrao encontrado nos mesmos. No entanto, graficamente, o
grupo controle apresenta uma percentagem notadamente superior quando comparado ao

grupo tratado.
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Figura 6: Representagdo grafica da percentagem de volume necroético em relagdo ao
volume total do tumor entre os grupos controle e tratado com melatonina.
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4 DISCUSSAO

Inimeros estudos relatam as propriedades oncoprotetoras e oncostaticas
atribuidas 4 melatonina, em especial no cancer de mama **»*!921:24:2327
Em nosso estudo, o tratamento com melatonina in vivo (40 mg/kg) foi capaz de
controlar o crescimento tumoral em modelo xenografico de cancer de mama triplo
negativo. Esses resultados estdo de acordo com outros estudos que demonstram a agao
, ) . . 28,3526
da melatonina no controle do crescimento de diferentes tipos de tumores .
Sabe-se que um dos mecanismos que garantem a acdo anti-proliferativa da

136

melatonina ¢ mediado pela ativagao de seu receptor MT1 °°. No entanto, a melatonina

também pode atuar por mecanismos independentes de seus receptores de membrana >
A melatonina consegue atravessar a membrana celular por ser lipofilica e exibir
propriedades antioxidantes pela neutralizacdo de efeitos deletérios promovidos por
radicais livres *%, e pelo aumento da expressio génica e/ou atividade de enzimas
antioxidantes *°. Recentemente, Burattini et al. (2016) concluiu que a melatonina foi
capaz de ativar a via apoptotica e, portanto, promover a morte de células tumorais de
rabdomiosarcoma, mediada ou ndo pelos receptores MT1 ou MT2 /.

Além de sua acdo no controle do crescimento tumoral, nossos resultados in vivo
demonstram que o tratamento com melatonina foi capaz de diminuir areas de necrose
intratumorais. As areas de necrose foram observadas principalmente na regido central
dos tumores, as quais possuem menor vascularizagdo, e dessa forma a captacdo do
radiofarmaco pode ser observada de forma mais acentuada apenas na periferia dos
tumores. De acordo com nossos resultados, um recente estudo avaliou a captacdo de

18 ,
F-FDG em tumores de vesicula com grande percentual de necrose central, observando

. ~ . , . . 40 r .
maior captacdo do radiofarmaco na periferia dos tumores . Além disso, sabe-se que a
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captagdo de radiofairmacos depende do fluxo sanguineo, perfusdo tecidual,
permeabilidade capilar e capacidade de difusdo, dentre outros fatores como depuragdo

40,41
', Neste estudo, os tumores tratados com

plasmatica, afinidade e estabilidade in vivo
melatonina apresentaram volume tumoral inferior aos tumores do grupo controle, o que
pode ter contribuido com um menor percentual de areas necroticas e consequentemente,
uma captac¢do mais homogénea dos radiofarmacos no grupo tratado.

As éreas de necrose tumoral apresentam um acimulo diminuido de "F-FDG,
isso geralmente ¢ visto como a auséncia de atividade metabolica, principalmente na
regido central de massas com extenso volume *'. Estudos revelam que a técnica de
PET/CT com "*F-FDG constitui uma importante ferramenta que pode ser empregada
para avaliar de forma confiavel a presenca de necrose em sarcomas '+

A acdo da melatonina no controle da necrose tumoral ainda ¢ pouco descrita na
literatura. Em discordancia com nossos resultados, Xu et al. (2013) relatou que a
melatonina pode ser um agente pro-apoptotico e pro-necrético em células de cancer de
pancreas por meio da modulagio do equilibrio Bcl-2 / Bax **.

Nossos resultados mostram que o tratamento com melatonina foi capaz de
controlar o crescimento e necrose tumoral. Dessa forma, sugere-se que a melatonina, ao
controlar o crescimento dos tumores, controla também a formac¢ao de areas necroéticas
frequentemente relacionadas com o alto grau histologico, status negativo do receptor de
estrogénio, alta densidade de microvasos, aumento da expressao de VEGF e sobrevida
livre de doenga mais pobre *7>

Tomados em conjunto, nossos resultados sugerem que a melatonina pode

controlar o crescimento tumoral e consequentemente a formacgao de areas de necrose.
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3. CONCLUSAO

1. A melatonina ¢ capaz de reduzir a viabilidade da linhagem tumoral

triplo-receptor negativo (MDA-MB-231) e controlar o crescimento tumoral in-vivo.

2. A melatonina ¢ capaz de controlar a hipoxia tumoral reduzindo os niveis
génicos e proteicos de HIF-1a. Além disso, sugerimos que, através de sua ag¢do sobre
HIF-1a, a melatonina pode controlar o metabolismo energético por meio da inibi¢ao dos
transportadores de glicose (GLUT-1 e GLUT-3) e anidrases carbonicas (CA-IX e CA-
XII) verificada neste estudo.

3. A melatonina controla o crescimento e necrose tumoral verificada por

PET/CT com 18F-FDG em modelo experimental de cancer de mama.

Tomados em conjunto, nossos resultados sugerem que a melatonina consegue
reverter as condi¢gdes adversas proporcionadas pelo microambiente tumoral, controlando
o metabolismo em resposta a hipoxia e o crescimento tumoral verificado pelo volume e

necrose dos tumores.
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