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Resumo

Dentre os efeitos decorrentes do diabetes na prostata de roedores estdo a atrofia prostatica,
comprometimento da capacidade secretora, desequilibrio na cinética epitelial, remodelacdo da
matriz extracelular e mudangas morfofuncionais nas células estromais. Essas alteracfes tém sido
associadas em grande parte & queda androgénica e a escassez insulinica. Entretanto, ndo se
podem negligenciar os efeitos da hiperglicemia prolongada que ocasiona estresse oxidativo. A
melatonina (MLT) possui propriedades antitumorais e € um potente antioxidante. Os individuos
diabéticos apresentam comprometimento da sintese de MLT. Este estudo visou examinar se 0
tratamento de ratos com MLT desde o periodo pré-pubere até a idade adulta afeta a maturacao
da prostata ventral e os efeitos da administracdo prolongada de MLT na glandula. Também foi
analisado o papel protetor da MLT nas alteragOes decorrentes do diabetes experimental em curto
e longo prazo. A MLT foi administrada na 4gua de beber (10pg/Kg peso corporeo/dia) a partir
da 5% semana de idade até o final do experimento. Na 132 semana de idade o diabetes foi
induzido pela estreptozotocina (STZ, 40mg/Kg de peso corpéreo, ip). Os ratos foram
eutanasiados na 142 semana (1 semana de diabetes) e na 21% semana de idade (2 meses de
diabetes). Os resultados desse delineamento experimental (8 grupos/N = 10) resultaram em 3
capitulos. No 1° capitulo foram quantificados a atividade de catalase (CAT), glutationa S-
tranferase (GST) e glutationa peroxidase (GPx) e peroxidacao lipidica na préstata, testiculo e
epididimo. O sistema antioxidante prostatico foi 0 mais vulneravel ao diabetes, no qual houve

aumento em curto prazo da GPx e da GST (p = 0.0186) e em longo termo da CAT ¢ GST (p <

0.001). A ingestdo de MLT por ratos saudaveis aumentou em 47% a atividade da GPx
epididimal. A MLT normalizou as desordens enzimaticas na prostata demonstrando a sua agao
antioxidante mesmo em baixa dosagem. No 2° capitulo foram analisados os efeitos da MLT na
maturagdo prostatica e nas injarias causadas pelo diabetes com énfase na proliferacdo celular,
apoptose e expressdo do receptor de androgeno (AR). Esse neurchorménio diminuiu em 10% a
frequéncia de células AR-positivas epiteliais em ratos saudaveis no inicio da vida adulta. O
tratamento com MLT a ratos diabéticos de longo prazo diminuiu os indices apoptdticos e
aumentou a proliferacdo celular, devido & normalizagdo da testosterona circulante encontrada
nesses animais. A influéncia in vitro da MLT em células tumorais andrégeno-dependentes
(22Rv1), independentes (PC3) e células epiteliais humanas (PNTA1) em condi¢Ges normais
(NC) e hiperglicémicas (HG) foram avaliadas. As celulas 22Rv1 foram as mais sensiveis a
MLT. Esse hormonio diminuiu os indices mitéticos das linhagens 22Rv1 e PNTAL apds curta
pré-incubagdo em meio hiperglicémico. Porém, os niveis proliferativos das células PC3 foram
favorecidos pela MLT em condi¢Ges HG. Assim como nos animais diabéticos de longo prazo, a
MLT favoreceu a sobrevivéncia das células PC3 em condigdes hiperglicémicas. No 3° capitulo

foi analisado se o diabetes induzido por STZ favorece o estabelecimento de lesGes malignas e



pré-malignas na prostata. Também foi avaliado se a MLT evita o desenvolvimento dessas
alteracdes histopatoldgicas nos animais diabéticos e se ingestdo desse hormdnio afeta o
componente epitelial e estromal de animais sadios. A MLT foi mais influente na histologia
prostatica quando administrada durante a puberdade. Esse tratamento atenuou a atrofia epitelial
e das células musculares lisas, restaurou a distribuicdo colagénica e reduziu a incidéncia de
neoplasias intraepiteliais (PIN) de alto grau, prostatite e atrofia proliferativa inflamatoria (P1A)
nos ratos diabéticos. Entretanto, a baixa dosagem MLT n&o impediu a ocorréncia do carcinoma
microinvasivo. O diabetes induzido por STZ permite o0 estudo da incidéncia e progressdo
tumoral em condicdes de hiperglicemia, porém ndo se podem descartar os efeitos especificos da

droga tais como 0 aumento da metilacdo que ocorreu nos animais diabéticos.



Abstract

The prostate response to diabetes in rodents includes atrophy, impairment of secretory activity,
imbalance in epithelial kinetics, extracellular matrix remodeling and morphofuncional changes
of stromal cells. These alterations are associated to the drop in androgen levels and insulin
scarcity. However, the effects of prolonged hyperglycemia, which leads to oxidative stress,
cannot be neglected. Melatonin (MLT) has antitumor and antioxidant actions. Diabetic
individuals have a malfunction of MLT synthesis. This investigation aimed to examine if MLT
treatment to rats since prepubertal period until adulthood affects ventral prostate maturation and
the effects of prolonged administration of this hormone in the gland. The protective action of
MLT on alterations caused by short- and long-term diabetes was also analyzed. MLT was
provided in drinking water (10 pg/kg b.w./day) since 5th week of age until the end of
experiment. Diabetes was induced by streptozotocin (STZ, 40mg/kg b.w., ip) in 13 weeks old
rats. The rats were euthanized with 14 (one-week diabetes) or 21 weeks old (two months
diabetes). The results of the above experimental design (8 groups/N=10) were divided in 3
chapters. In the first chapter, the activity of catalase (CAT), gluthatione S-transferase (GST) and
glutathione peroxidase (GPx) and lipid peroxidation levels were assessed in prostate, testis and
epidydimis. Prostate antioxidant system was the most vulnerable to diabetic condition, in which
there was an increase of GPx and GST (p = 0.0186) activities at short-term, and CAT and GST

(p < 0.001) at long-term. MLT normalized the enzymatic disorders in prostate, proving its
antioxidant property even at low dosage. In the second chapter, the effects of MLT in prostate
maturation and injuries caused by experimental diabetes were studied regarding cell
proliferation, apoptosis and androgen receptor expression (AR). This neurohormone decreased
by 10% frequency of the epithelial AR-positive cells in healthy rats at early adult life. The
treatment with MLT to long-term diabetic rats decreased the apoptotic index and increased the
cell proliferation, and this was due to the normalization of circulating testosterone levels found
in these animals. The in vitro effect of MLT on androgen-dependent (22Rv1), independent
(PC3) tumor cells and human epithelial cells (PNTA1) under normal (NC) and hyperglycemic
(HG) conditions were evaluated. 22Rv1 cells were the most sensitive to MLT. This hormone
diminished the mitosis of 22Rvl and PNTAL after short pre-incubation in hyperglycemic
medium. Similar to the long-term diabetic animals, MLT favored the survival of PC3 cells under
hyperglycemic condition. In the third chapter, we investigated if STZ-induced diabetes favors
the establishment of malignant and pre-malignant lesions in prostate. The effectiveness of MLT
in avoiding these histopathological alterations in diabetic animals and if its ingestion by healthy
rats affects the epithelial and stromal compartiments were evaluated. MLT was more influent in
prostatic histology when administered during puberty. This treatment attenuated the atrophy of

epithelium and smooth muscle cells, restored the collagen distribution and reduced



the incidence of high-grade intraepithelial neoplasia (PIN), prostatitis and proliferative
inflammatory atrophy (PIA). Meanwhile, low doses of MLT did not preclude the occurrence of
microinvasive carcinoma. The STZ-induced diabetes allows the assessment of tumor incidence
and progression under hyperglycemic conditions, but the secondary effects of STZ cannot be
discarded, as the increase of DNA methylation found in diabetic animals.
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INTRODUCAO

1. Consideracdes gerais sobre a prostata

A prostata é uma glandula do sistema genital masculino que juntamente com a
vesicula seminal contribui com a producdo de nutrientes para o fluido seminal e
promove manutencdo do gradiente i6nico e pH adequado para sobrevivéncia dos
espermatozoides (McNeal, 1983; Untergasser et al., 2005). E formada por unidades
secretoras tubulo-alveolares ramificadas com epitélio secretor pseudo-estratificado
colunar (McNeal, 1983; Schaklen e Van Leenders, 2003). Em humanos, ela exibe uma
morfologia compacta sendo diferenciada em trés zonas: central, de transicdo e periférica
(McNeal, 1983). Nos roedores, a glandula forma um complexo composto por quatro
lobos distintos: anterior ou glandula coaguladora, dorsal, lateral e ventral (Hayashi et al.,
1991). Os lobos dispdem-se ao redor da base da bexiga exibindo particularidades quanto

a ramificacdo de ductos e producdo de secrecOes proteicas (Sugimura et al., 1986).

O epitélio secretor da prostata é composto por varios tipos celulares inter-
relacionados como as células-tronco, as células basais, as células de amplificacdo
transitoria (“transit-amplifying cells” - TAC), as células intermediarias e as células
luminais secretoras (De Marzo et al., 1998; Isaacs e Coffey, 1989; Schaklen e Van
Leenders, 2003). Esses representam estagios progressivos de diferenciacdo, sendo
distinguidos ndo apenas quanto a morfologia e localizacdo, mas também quanto ao
padrdo de expressdo génica, respostas a estimulos fisiologicos e plasticidade celular. As
células luminais secretoras sdo dependentes de andrgenos e representam a maioria das
células epiteliais da prostata normal e hiperplasica (Liu et al., 1997). Portanto, a
involucdo prostatica causada por ablacdo androgénica € devida em grande parte a perda
das células luminais secretoras por apoptose (Banerjee et al., 2000; lIsaacs e Coffey,
1989; Kerr e Seale, 1973, Kyprianou et al., 1988, Staack et al., 2003). Outra linhagem
de células do epitélio acinar corresponde as células neuroenddcrinas, as quais nao estdo
sujeitas a acdo androgénica (Schaklen e Van Leenders, 2003). A populacdo de células
basais representa um pool de células-tronco essenciais para a renovacgdo epitelial
(Garcia-Florez e Carvalho, 2005).

Entremeando as porgdes glandulares ha um estroma vascularizado, com

moléculas reguladoras, enzimas de remodelamento, células do sistema imune, nervos,
fatores de crescimento, alem de fibras colagenas, elasticas, fibroblastos e células
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musculares lisas (cml) (Carvalho e Line, 1996; McNeal, 1983). O colageno € secretado
pelos fibroblastos e cml e tem papel estrutural, promovendo adesdo celular, resisténcia e
integridade do tecido. Ja as fibras elasticas estdo relacionadas a extensibilidade e a
deformacéo prostatica (Carvalho et al., 1997; Montes, 1992). Juntos, esses elementos
microfibrilares tém importante funcdo, fornecendo a plasticidade celular necessaria
durante a contracdo da cml, que envolvem os ductos-acinares, e restauragdo elastica no
retorno da contragdo (Carvalho et al., 1997).

Em todas as espécies, a prostata desenvolve-se a partir do seio urogenital
endodermal (UGS). O desenvolvimento da prostata, assim como o de outros 0rgaos
formados pela associacdo de um parénquima epitelial com um estroma fibromuscular,
depende de interacdes reciprocas entre o epitélio em diferenciacdo e 0 mesénquima
subjacente (Marker et al., 2003). A acdo androgénica é fundamental ao desenvolvimento
e manutencdo da homeostasia prostatica (Fig. 1) e os processos de proliferacdo e morte
celular sdo direta ou indiretamente regulados por andrégenos. A testosterona entra nas
células prostaticas e € convertida em di-hidrotestosterona (DHT) pela enzima 5-a-
redutase (Jena e Ramardo, 2010). O efeito dos andrdgenos é mediado pelo seu receptor
(AR), cuja ativacdo leva a expressao de genes relacionados com a atividade secretdria
ou genes regulatérios de fatores de crescimento (Doncajour e Cunha, 1973). Sabe-se
que, durante o desenvolvimento, as células mesenquimais sdo as primeiras a
expressarem tais receptores (Cooke et al., 1991). A estimulacdo paracrina das cml sobre
0 epitélio, além de induzir a diferenciacdo e aquisicdo de morfogénese ductal, é
essencial para a sua manutencdo. Varios estudos indicam que os sinais paracrinos de
origem epitelial, aliados aos andrégenos também influenciam o padréo de diferenciacdo
das cml (Marker et al., 2003). Vale ressaltar que o desequilibrio nessas interacdes é
decisivo na instalacdo e progressdo das doencas que acometem esse O6rgdo como a
hiperplasia benigna (HPB) e o carcinoma de prostata (Cunha et al., 1996; Hayward et
al., 1996; Tuxhorn et al., 2002).
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Préstata Fetal em Desenvolvimento Préstata no Adulto
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Figura 1 - |Interacbes entre o epitélio e o0s componentes do
estroma/mesénquima na prostata, durante o desenvolvimento e no adulto. No
desenvolvimento fetal (esquerda), baixos niveis de andrdgenos séricos agem
através de AR mesenquimais, estimulando a proliferacdo e diferenciacdo do
epitélio prostatico. Concomitantemente, o epitélio induz a diferenciacdo do
mesénquima em c¢cml. No adulto (direita), altos niveis de testosterona sérica,
agem via AR localizados nas cml, mantendo a morfologia do epitélio. A
diferenciacdo das cml e do epitélio é mantida por fatores paracrinos que agem
homeostaticamente. (Modificado de Cunha et al., 2003).

2. Diabetes: generalidades

O diabetes mellitus ¢ um conjunto de desordens metabdlicas, de origem genética
ou ambiental, caracterizado pela hiperglicemia resultante de defeitos na secrecéo e/ou
acao da insulina. Entre os sintomas caracteristicos do diabetes destacam-se a polidria
(alto volume de urina), a polidipsia (sede), a cetoacidose e a perda de peso. Esses
disturbios acarretam inimeras complicacdes sistémicas envolvendo principalmente o
sistema cardiovascular, excretor, nervoso e ocular podendo levar ao severo
comprometimento na qualidade de vida dos individuos (Avedano et al., 1999; Sanai et
al., 2000; Stefan, 1996). O diabetes mellitus afeta 8.3% da populacéo (~387 milhdes de
pessoas) e aproximadamente 5.1 milhdes de pessoas entre 20 e 80 anos morreram em
decorréncia do diabetes em 2014 (Internacional Diabetes Federation, Diabetes Atlas,
2014). Sao estimados que existam 13 milhdes de diabéticos no Brasil (Internacional
Diabetes Federation, Diabetes Atlas, 2013).

Dois quadros clinicos sdo classicamente descritos de acordo com a etiologia: 0
diabetes mellitus tipo 1 (DM1), caracterizado por uma total deficiéncia de insulina e o
diabetes mellitus tipo 2 (DM2), que se instala por uma agéo ineficiente da insulina nos
tecidos periféricos (Oztirk et al., 1996). Os individuos portadores de DM1 se tornam

dependentes de insulina para a sua sobrevivéncia (Ordofiez et al., 2007). Por sua vez, 0
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DM2, esta relacionado a obesidade que leva a situacdo de resisténcia periférica a
insulina, culminando com essa desordem metabolica (Suthagar et al., 2009). No mesmo
ambito de definicdo de diabetes pertencem ainda o diabetes gestacional e outras
alteracbes de origens diversas no metabolismo e homeostase da glicose, como a
resisténcia periférica a insulina (McCance et al., 1997; Schinner et al., 2005).

A maioria dos casos de diabetes mellitus do tipo | tem origem genética na qual
uma resposta imune anormal é desencadeada e ocasiona o desenvolvimento de
anticorpos pelos linfocitos T contra as proteinas das células B-pancreéticas (Simmons et
al., 2015). Este tipo de diabetes € mais comum em criancas e adolescentes e possui
maior incidéncia entre os homens (Harjutsalo et al., 2008) com prevaléncia média de
13/100000 (Simmons et al., 2015).

A utilizacdo de modelos experimentais tem possibilitado avaliar o prejuizo do
diabetes em vérios 6rgdos (Cagnon et al., 2000; Leiter et al., 2013; Gobbo et al.,
2012a,b; Ribeiro et al., 2009). Dentre esses modelos, sdo utilizados animais
espontaneamente diabéticos tais como os camundongos diabéticos ndo obesos (non
obese diabetic - NOD), portadores de mutacGes que acarretam apoptose das células p-
pancredticas (Akita Mouse) e knockouts para genes funcionais das células B (Terauchi et
al., 1995). Drogas diabetogéncias que causam a deple¢do das células f pancreéticas, tais
como estreptozotocina e aloxana sdo usadas na inducdo do diabetes (Lenzen, 2008). Ha
também modelos de inducdo de diabetes por inoculacdo do virus linfocitico da
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Figura 2 - Férmula estrutural da estreptozotocina (A). Fases da resposta glicémica as drogas
diabetogénicas (B); aloxana (1-1V), estreptozotocina (I1-1V). (Modificado de Lenzen, 2008).

coriomeningite (LCMV) que provoca uma resposta mediada dos linfécitos T contra
células B transgénicas (Oldstone et al., 1984).

A estreptozotocina é um antibidtico fungico (Fig. 2), utilizada no tratamento do
cancer de pancreas, ¢ ¢ seletivamente acumulada nas células B pancreaticas pelo

transportador de glicose do tipo 2 (GLUT2). Esse composto promove a alquilagéo das
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células B que resulta na ruptura das fitas de DNA (Wilson e Leiter, 1990) Este dano ao
DNA aumenta a atividade da poli-ADP ribose polimerase (PARP) que por sua vez
limita os niveis de NADH intracelulares e ocasiona apoptose das células  (Lenzen,

2008). Os niveis hiperglicémicos nestes modelos experimentais sdo alcancados cerca de
10 a 12 horas (Fig. 2B) apds um curto periodo hipoglicémico (Lenzen, 2008).

3. Hiperglicemia e o estresse oxidativo

Muitos estudos tém demonstrado que o diabetes mellitus aumenta a producéo de
espécies reativas de oxigénio (ROS) e consequentemente desencadeia um desequilibrio
no status oxidativo (Martin-Galan et al., 2002; Seghrouchni et al., 2002; VVarvarovska et
al.,, 2003). A condicdo hiperglicémica € associada a alteraces de varias vias
metabolicas e de sinalizacdo, tais como:

1) Oxidacdo da glicose
A oxidacdo da glicose aumenta no citoplasma incrementando a producéo de

NADH e FADH; os quais fazem com que a cadeia respiratoria mitocondrial atinja sua

capacidade méxima e os elétrons sdo direcionados de volta ao complexo IlI,
aumentando a producdo das ROS devido ao maior fluxo de elétrons (Bonnefont-
Rousselot, 2002).

2) Via dos polidis

Os altos niveis glicémicos ativam a via dos polidis que converte a glicose em

sorbitol através da aldose redutase. O sorbitol, em seguida, é oxidado a frutose
concomitante com a superproducdo de NADPH, gerando também sobrecarga do fluxo
de elétrons na cadeia respiratoria mitocondrial (Morré et al., 2000).

3) Aumento na producéo do diacilglicerol

O aumento do fluxo glicolitico resulta em aumento da sintese de diacilglicerol
que ativa a proteina quinase C (PKC) a qual esta envolvida em diversos eventos de
transducéo de sinais (Tangvarasittichai et al., 2015).

4) Via das hexosaminas

O aumento da glicose intracelular tem como consequéncia a metabolizagdo final
de frutose-6-fosfato a uridina difosfato-N-acetil glucosamina (UDPGIcNAC), resultando
em alteragbes patologicas na expressdo génica, aumentando a producdo de citocinas
inflamatdrias e fatores de transcrigdo (Du et al., 2000).
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5) Produtos finais de glicagdo ndo-enzimatica

O aumento de glicose e de outros acglcares no plasma leva a glicacdo nédo
enzimatica de proteinas, lipidios ou DNA e a posterior formacdo de produtos finais de
glicacdo ndo-enzimatica (AGE) (Baynes et al., 1989; Stiit et al, 1997). Uma das
principais reacGes ndo enzimaticas € ligagdo que ocorre entre 0 oxi-grupo do agucar e 0
amino grupo das proteinas (Deyl & Miksik, 1997; Monnier et al, 1992). Os produtos de
Amadori sdo o resultado do primeiro passo irreversivel na cascata de reacdes entre 0s
acucares e as proteinas. J4 os AGE, como a Ne-(carboximetil) lisina (CML) e Ne-
(carboxietil) lisina (CEL), sdo as estruturas quimicas finais derivadas de rearranjos dos
produtos de Amadori (Denis et al., 2002). A renovacdo de moléculas modificadas por
AGE ocorre via receptores de AGE (RAGE) presentes na superficie celular, mediando a
endocitose e subsequente degradacdo, tendo importante funcdo no catabolismo dos
AGE. Os RAGE sdo compostos de 3 dominios extracelulares e um dominio
transmembrana, o qual esta conectado a um dominio intracelular (Bierhaus et al., 2009).
A meia-vida de proteinas, duracdo das condicBes e os niveis hiperglicemia sdo fatores
cruciais na formagéo dos AGE (Prasad et al., 2014).

Tem sido constatado que a formacgdo de ROS pelos AGE depende ligagdo com
seus receptores (RAGE) e subsequente ativacdo de NADPH oxidase (Walter et al.,
2001; Yan et al., 1994). A ativacdo dos RAGE pode também alterar a transducdo de
sinais e processos genomicos através do fator nuclear 3 (NF-K[), ocasionando a
expressao de genes pro-inflamatorios (Bierhaus et al., 2009; Du et al., 1998; Waltier et
al., 2001) e a inducdo de apoptose (Denis et al., 2002; Naruse et al., 2000). A interacdo
AGE-RAGE tem sido correlacionada a formacgdo e progressdo de tumores, visto que
acentua também a sintese de fatores de crescimento e citocinas importantes para o
crescimento celular, bem como de (como MMP-2 e MMP-9) e da proteina quinase
ativada por mitégeno (MAPK) envolvidas na invasdo e metastase de células cancerosas.
(Kuniyasu et al., 2002; Singh et al., 2001). Estudos mostraram que o bloqueio do sinal
de RAGE inibe o crescimento e a metéstase de células de glioma (Taguchi et al., 2000).

A producédo de ROS tais como peroxila (LO>2), radicais hidroxila (OH), peréxido

de hidrogénio (H205), superdxido (O ), oxigénio singlet (102) entre outros, culmina no
aumento da peroxidacdo lipidica, danos no DNA como a formag&o de aductos tais como
a 8-oxo-guanina, ruptura das fitas e inativacdo de enzimas de reparo (Gupta et al., 2004;
Koyu et al., 2006; Koyuturk et al., 2006) alterando a expressdo génica. As células com
comprometimento do DNA que ndo ativam mecanismos de apoptose podem iniciar
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processos de carcinogénese. O aumento na producdo de ROS esta envolvido em vérios
estagios da progressdo tumoral incluindo a inducdo, proliferagdo, adeséao e invasao (Pani
et al., 2010). Vale ressaltar que tem sido cada vez mais constatado a influéncia dos ROS
na carcinogénese em diversos tecidos (Gago-Domingues et al., 2005; Kotrikadze et al.,

2008; Spector, 2000; Thanan et al., 2014), inclusive na préstata (Pande et al., 2013;
Paschos et al., 2013).

4. Terapia com antioxidantes: melatonina

A fim de auxiliar nos sistemas antioxidantes enddgenos tém sido utilizados
varios tipos de antioxidantes, como as vitaminas A, C e E, &cido lipbico, flavonoides,
carnitina, licopeno e 6mega 3. Os antioxidantes atenuam as alteracdes bioldgicas
relacionadas a hiperglicemia tais como a expressao de citocinas e a renovagédo celular,
em diferentes sistemas organicos (Abdali et al., in press; Cameron e Cotter, 1999;
Fernandes et al., 2011, Gobbo et al., 2012b; Muralidhara, 2007a,b; Oyenihi et al., 2015;
Rahimi et al., 2005).

A melatonina (MLT, N-acetil-5-metoxitriptamina) ¢ um horménio sintetizado
principalmente pela glandula pineal e foi inicialmente descrito por modular hormonios e
0 ritmo de varios processos fisiolégicos em resposta as variagdes no foto periodo
(Macchi e Bruce, 2004; Peschke et al., 2007). Este hormdnio é amplamente conhecido
como um regulador da fisiologia reprodutiva a luz ambiental em mamiferos sazonais
(Reiter et al., 2010). Sua sintese (Fig. 3) ocorre a partir do triptofano o qual é convertido
a serotonina, esta por sua vez, € acetilada e posteriormente convertida a melatonina
(Pandi-Perumal et al., 2006). Ha dois grandes declives nos niveis de melatonina, durante
a puberdade e na transicdo da fase adulta para a senescéncia (Touitou et al., 2001).

Trata-se de um hormdnio com muitas fungdes, entre as quais se destacam a acao
antioxidante, anti-inflamatdria, antitumoral atuando também no metabolismo energético.
Seu papel antioxidante se deve a sua capacidade de atuar como um doador de elétrons,
inibir as enzimas da familia da P450, sequestrar ROS (como hidroxila e peroxila),
regular a expressdao de enzimas antioxidantes e influenciar os niveis endogenos de
glutationa reduzida (GSH) (Mayo et al., 2002; Pandi-Perumal et al., 2006; Tan et al.,
2012; Vural et al., 2001; Zhepy et al., in press). Ha relatos de que a melatonina agiria

sinergicamente com as vitaminas C e E (Cuzzocrea e Reiter, 2001),
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sendo mais eficiente que tais antioxidantes classicos. A melatonina também suprime a
atividade de enzimas pré-oxidantes mitocondriais e estabiliza a membrana mitocondrial
interna (Acufa-Castroviejo, 2011). Os efeitos anti-inflamatdrios se devem a ativacao de
macrofagos e linfécitos e de enzimas envolvidas em processos que reduzem a producgéo
intracelular de prostaglandinas e leucotrienos (Ragdona et al., 2010). Tem sido sugerido
que a melatonina promove uma regulacdo temporal do sistema imune (Esquifino et al.,
2004). A administracdo de MLT a ratos submetidos a dieta hiperlipidica promoveu a
perda de peso corporeo e de gordura abdominal (Rios-Lugo et al. 2010; Wolden-Hanson
et al., 2000; Wan et al. 2013) além de atenuar a hiperinsulinemia, reduzir os niveis de
triglicerideos e do colesterol total e normalizar os niveis de glicose e leptina (Prunet-
Marcassus et al., 2003; Rasmussem et al., 1999; 2001; Watve e Yajnik, 2007).

Esta indolamina se liga a receptores especificos de 3 subtipos (MT1, MT2 e
MT3) acoplados a proteina G. Esta via de sinalizacdo suprime atividade da adenilil
ciclase, reduzindo os niveis intracelulares do AMP ciclico (AMPc) e modificando o
status fosforilativo e acdo de proteinas alvo (Reppert et al., 1995). Além disso, a
melatonina pode agir diretamente no nucleo (Becker-Andre et al., 1994) por meio dos
receptores nucleares retindides (RZR/RORa e RZBp) e no citoplasma por meio da
calmodulina e quinona redutase (Benitez-King et al, 1993; Nosjean et al., 2000).

A MLT vem sendo utilizada como adjuvante no tratamento de diversas doencas,
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tais como o cancer, endometriose e disturbios do sono (Costello et al., 2014; Mehta et
al., 2014; Reiter, 2007; Schwertner et al., 2013). Existem evidéncias na literatura da
associacdo entre disturbios na sintese de melatonina e desordens como o diabetes
mellitus (Champney et al. 1985; 1986; Peschke et al., 2006; 2007). A pinealectomia leva
a um desequilibrio na secrecdo de insulina em ratos Wistar (Seraphim et al., 2000).
Desse modo, a liberacdo da insulina, em humanos, possui um pico durante o dia e uma
diminuicdo durante a noite, o qual é oposto ao padrdo de liberagdo de melatonina pela
pineal (Bazwinky-Wutschke et al., 2012; Peschke, 2007). Os individuos diabéticos
possuem um ritmo circadiano prejudicado (O’Brien et al., 1986), além disso, a sintese
de MLT pela glandula pineal é afetada pela hiperglicemia (Amaral et al., 2014). Esse
neurohorménio ocasiona a inibigdo da via AMPc e diminui liberagdo da insulina
(Pechke et al., 2002) e parece promover a melhora da sensibilidade a insulina por meio
da fosforilacdo de componentes da via de sinalizacao da insulina tais como IRS-1 e IRS-
2 (Zanuto et al., 2013).

5. Consequéncias do diabetes mellitus na prostata

O diabetes mellitus é associado a complicacBGes sistémicas como infecgdes,
neuropatia e angiopatia, as quais afetam o trato genital. Alguns efeitos nocivos do
diabetes sobre a funcdo reprodutiva masculina sdo bem conhecidos, como a impoténcia,
a reducdo da libido e do potencial reprodutivo devido a diminui¢do da quantidade e
qualidade dos espermatozoides e infeccBes unérias (Arrellano-Valdez et al., 2014;
Kolodny et al., 1874; Stege e Rabe, 1997).

Alguns estudos clinicos apontam para um declinio no risco de desenvolvimento
do cancer de prostata especialmente no DM do tipo 1 (Fall et al., 2013; Moreira et al.,
2011; Xu et al., 2013; Yu et al., 2013), devido a caréncia de insulina e declinio dos
niveis séricos de testosterona (Bhasin et al., 2007; Cap, 2012). Entretanto, outros
estudos apontam para maior susceptibilidade ao acometimento tumores prostaticos em
individuos diabéticos (Hammarsten e Hogstedt, 2002; Park et al., 2014; Shiozawa e
Horie et al., 2014). Além disso, pesquisas com individuos afetados pelo cancer de
prostata submetidos a terapia de privagdo androgénica evidenciaram que h& um risco
desses individuos desenvolverem resisténcia a insulina e hiperglicemia (Basaria et al.,

2006; Tsai et al., in press).


http://www.ncbi.nlm.nih.gov/pubmed/?term=Shiozawa%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25518364
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Os efeitos dessa desordem metabdlica tém sido vastamente pesquisados na
prostata de roedores com o uso de modelos de experimentais de diabetes induzido ou
espontaneo e evidenciaram que ha um prejuizo precoce deste 6rgdo (Barbosa-Desongles
et al., 2013; Cagnon et al., 2000; Carvalho et al., 2003; Cagnon e Favaro, 2009; Favaro
et al., 2009; Porto et al., 2011; Ribeiro et al., 2006; Ye et al., 2011; Yono et al., 2008).
Ambos os compartimentos, epitelial e estromal, sdo afetados por essa doenca, sendo
constatada a atrofia da glandula (Fig. 4), comprometimento da atividade secretora,
aumento dos niveis apoptoticos, diminuicdo da proliferacédo celular, remodelamento dos
componentes da matriz extracelular e mudancas fenotipicas nas células estromais tais
como dilatacdo das organelas e aproximacdo dos corpos densos citoplasmaticos
(Arcolino et al., 2010; Cagnon et al., 2000; Carvalho et al. 2003; Favaro et al., 2009;
Favaro e Cagnon, 2010; Gobbo et al., 2012a; Ribeiro et al., 2006; 2008; 2009; Suthagar
et al., 2009). Estudos prévios de nosso grupo de pesquisa constataram maior incidéncia
de lesBes malignas e pré-malignas na préstata de animais diabéticos ap6s 3 meses de
exposicdo a doenca (Ribeiro et al., 2008). Embora nao se possam negligenciar os efeitos
das drogas diabetogénicas, é valido ressaltar que o diabetes induzido experimentalmente
acarreta o remodelamento das fibras colagénicas interacinares, processos inflamatorios e
alteracdo as proteinas de adesdo, fatores que podem favorecer o estabelecimento das
neoplasias intraepitelais e adenocarcinoma (Cagnon et al., 2000; Cagnon e Favaro,
2009; Ribeiro et al., 2006). Além disso, esse distirbio metabdlico afeta negativamente a
maturacao prostatica (Soudamani et al., 2005) e a inducdo do diabetes materno durante
gravidez acarreta reprogramacdo metabdlica e hormonal da prole que interfere na
histofisiologia prostatica durante a vida adulta (Damasceno et al., 2014). Estudos com
analises de cDNA microarray evidenciaram que o diabetes experimental pode alterar a
expressao de mdltiplos genes na prostata, particularmente aqueles relacionados a
proliferacdo celular, diferenciacdo, biomarcadores de estresse oxidativo, reparos de
danos ao DNA e apoptose (Ye et al., 2011).

Além dos baixos niveis de glicose intracelulares, outro sintoma desse distarbio
que modula tais alteracGes na préstata € a queda androgénica (Chandrashekar et al.,
1991; Yono et al., 2005) originaria de desequilibrio no eixo pituitaria-gonadal, afetando
a secrecdo de hormonios que estimulam a sintese androgénica pelas células de Leydig
(Bebakar et al., 1990; Bhasin et al. 2007; Ikeda et al. 2000). Em paralelo a essa escassez
androgénica a expressdao dos receptores de andrdgeno (AR) € alterada (Arcolino et al.
2010; Gobbo et al., 2012b; Tesone et al., 1980). A expressdo de AR é normalizada com
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a reposicao de insulina, a qual é mais eficiente quando associada a terapia hormonal
com testosterona e estrégeno (Favaro e Cagnon et al., 2010; Suthagar et al., 2009).
Entretanto, nem mesmo o tratamento combinado com testosterona e insulina foi capaz
de normalizar os niveis de proliferacdo celular em camundongos diabéticos (Favaro et
al., 2009).

Figura 4 - Aspecto
macroscopico do lobo
ventral da prdstata de
ratos saudaveis (A) e
submetidos ao
diabetes induzido por
estreptozotocina sem
tratamento (B).
Legenda: b - bexiga;
Vs — vesicula seminal,
vp — préstata ventral.

Tem sido observado que a reposicdo de insulina potencializa os efeitos da
administracdo de testosterona em culturas de células prostaticas e normaliza tanto o peso
prostatico quanto os niveis séricos de testosterona em animais diabéticos (Calame e
Lostroh, 1964; Lostroh, 1970; Sudha et al., 2000; Suthagar et al., 2009; Wang et al.,

2000). Analises prévias demonstraram que o tratamento de ratos diabéticos por aloxana
com insulina mantém os niveis de testosterona circulantes, bem como preserva
parcialmente a morfologia de células estromais, em especial dos fibroblastos (Arcolino
et al., 2010; Gobbo et al. 2012a). Também foi constatado nesses estudos que a reposi¢cdo
de insulina protege contra os desequilibrios nas taxas de apoptose, mas ndo afeta os

niveis de proliferacdo celular (Arcolino et al., 2010).

Recentemente (Gobbo et al. 2012b), nés analisamos os efeitos do diabetes
induzido por estreptozotocina sobre o sistema antioxidante da prostata, 0os processos de
morte e proliferacdo celular bem como o papel protetor da vitamina C frente a este
disturbio. Foi constatado que um més de diabetes ndo foi suficiente para alterar os
biomarcadores de estresse oxidativo no plasma aumentando apenas 0s niveis de
atividade das enzimas catalase e glutationa S-transferase (GST). O tratamento com
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vitamina C normalizou os niveis de GST e diminuiu os niveis apoptéticos elevados pelo
diabetes. Esse estudo mostrou que um més de diabetes jA& compromete alguns
biomarcadores do sistema antioxidante prostatico, aumenta a imunoexpressao dos AGE
na glandula e que mesmo antioxidantes fracos podem prevenir e até mesmo reverter 0s
danos iniciais do diabetes. Em continuidade a essa linha de investigacdo que focaliza a
interferéncia de substancias antioxidantes nos danos teciduais causados na prostata pelo
diabetes experimental, nos propomos a avaliar os efeitos da melatonina (MLT).

6. Probleméatica do estudo

A acdo da melatonina tem sido elucidada na prostata, e no inicio especulou-se que
sua acdo era mediada exclusivamente por receptores especificos (Gilad et al., 1999). Em
ratos castrados a suplementacdo com MLT ocasionava atrofia prostatica de maneira
dose-dependente (Svrilai et al., 1989). Este efeito atrofico é associado a sua acao
antigonadotrofica, que diminui os niveis do horménio luteinizante (LH), ou de sua agdo
direta nas células de Leydig (Dubocovich et al., 2005; Yilmaz et al., 2000). Alguns dos
genes reguladores do ritmo circadiano, tais como Dpb e Per2, voltaram a ter oscilagéo
ritmica em estudos in vitro, com células cancerosas prostaticas ap6s o tratamento com
melatonina (Jung-Hynes et al., 2010). A inibi¢do do crescimento tumoral em humanos e
roedores tem sido descrita para a MLT (Sainz et al., 2005; Siu et al., 2002; Shiu et al.,
2003; Xi et al, 2001). Estudos in vivo e in vitro indicam que este hormdnio exerce agao
antitumoral na préstata de diversas maneiras: 1) atenuacdo do fluxo de célcio induzido
por di-hidrotestosterona (Xi et al., 2000); 2) atraso no ciclo celular na fase GO/G1 e
encurtamento da interfase (Marelli et al., 2000; Moretti et al., 2000; Siu et al. 2002); 3)
efeito pré-apoptotico via p38 e c-Jun N-terminal cinase (JNK) (Joo e Yoo, 2009); 4)
aumento da sensibilidade aos quimioterapicos (Rodriguez-Garcia et al., 2012); 5) menor
captacdo de glicose por modulacdo do transportador de glicose do tipo 1 (GLUTL1)
(Hevia et al., 2015); 6) impedimento da angiogénese por reducdo do fator de
crescimento endotelial (VEGF) e fatores que agem nas condi¢des de hipdxia tais como o
fator indutor de hipdxia 1a (HIF-1a) (Park et al., 2009).

Sabe-se que as linhagens de células prostaticas que ndo expressam AR e, portanto,
androgeno-independentes, tais como PC3 e DU145 sdo menos sensiveis a melatonina
em comparagdo com as androgeno-dependentes, tais como a LNCaP e 22Rv1 (Culig et
al; 1996; Hevia et al., 2008; Sainz et al., 2005; Tiley et al., 1995). Essa diferenca na
resposta @ MLT pode estar relacionada aos efeitos indiretos deste horménio devido a
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interferéncia na sinalizacdo de AR, visto que a MLT leva a excluséo nuclear do AR com
consequente acdo antiproliferativa (Rimler et al., 2001; 2002). Os mecanismos pelos
quais a MLT induz a exclusdo do AR do nucleo ndo sdo compreendidos a contento. A
acao antimitogénica da MLT em células prostaticas androgeno-responsivas é mediada
pelo receptor MT1 (Fig. 5), ativacdo das proteinas quinase A e C (PKA e PKC) e
aumento da expresséo do gene p27kiIOl (Shiu et al., 2013).

A maioria dos estudos enfatiza o impacto da administragdo de melatonina sobre
linhagens de células prostaticas cancerosas (Hevia et al., 2010; 2015; Jung-Hynes et al.,
2010; Park et al., 2009; Tam et al. 2010) e existem poucas informacdes sobre os efeitos
in vivo, de doses prolongadas do hormonio (Agil et al., 2011; Xi et al., 2001). Além
disso, hd uma escassez de investigacbes sobre as possiveis interferéncias da
administracdo da MLT ao longo do desenvolvimento pré-plibere e pubere na
histofisiologia, atividade proliferativa e apoptética da prostata de animais adultos.
Considerando que o ambiente hormonal durante a maturacdo sexual pode afetar esses
parametros, torna relevante examinar esse aspecto. Tais analises sdo necessarias para
uma melhor compreensdo da acdo local da melatonina na prdstata em condicdes
normais e poderao trazer informac6es mais consistentes sobre sua aplicacdo terapéutica

no tratamento do cancer de proéstata.

Conforme exposto anteriormente, inimeras evidéncias indicam a existéncia de
uma relacdo entre o diabetes e os niveis de melatonina. Diversos relatos também
demonstram que a melatonina exerce um papel protetor contra os danos teciduais
resultantes do diabetes e drogas diabetogénicas em varios 6rgdos (Armagan et al., 2006;
Feng et al., 2006; Guven et al., 2006; Paskaloglu et al., 2004). Entretanto, no nosso
conhecimento, seu possivel efeito protetor contra as lesGes patoldgicas ou outras
alteracdes teciduais da prostata causadas pelo diabetes ainda ndo foram investigadas
especificamente. Também ndo sdo totalmente conhecidos os efeitos da administracao
prolongada da melatonina sobre o sistema oxidante dessa glandula. Consideramos que 0
desenvolvimento de terapias combativas ao estresse oxidativo, baseadas em substancias
naturalmente produzidas pelo organismo, como a melatonina - cujos efeitos gerais
demonstram-se atdxicos - representa um avanco para 0 combate aos efeitos secundarios
do diabetes mellitus. Entretanto, por ser um hormoénio de multiplas fungdes, sua
administracdo deve ser avaliada com cuidado e de maneira 6rgdo-especifica,
principalmente no que concerne ao sistema genital. Por essas razdes, torna-se relevante

investigar se o tratamento com melatonina ao longo do desenvolvimento pre-pubere e
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pubere interfere na histofisiologia da prostata e se apresenta um papel protetor contra 0s
dados causados pelo diabetes seja em curto ou longo prazo. O esclarecimento dessas

questdes certamente fornecera subsidios para a interpretacao das alteracdes reprodutivas
que podem acometer individuos com niveis alterados de melatonina, como os
trabalhadores noturnos, bem como aqueles tratados com esse hormonio. Também
poderdo fornecer informacgOes mais seguras sobre a relacdo entre a melatonina,
comprometimento da funcdo prostatica e incidéncia de patologias na glandula de

individuos diabéticos.
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Figura 5 - Diagrama esquematico mostrando as vias de sinalizacdo envolvidas
na acdo antiproliferativa da melatonina nas células cancerigenas prostaticas e a
sua relacdo com a sinalizacdo de di-hidrotestosterona (DHT), receptor de
androgeno (AR), homodlogo fosfatase e tensina (PTEN) e p27Kipl. PKC,
proteina quinase C; PKA, proteina quinase A; PSA, antigeno especifico
prostatico; GF, fator de crescimento; GRF, receptor de fator de crescimento;

PI3K, fosfatidilinositol 3-quinase; PIP», fosfatidilinositol 4,5-difosfato; PIP3,
3,4,5-trifosfato, AKT, proteina quinase B. (Shiu, 2007).
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OBJETIVOS

O presente estudo teve como objetivos:

1) Examinar se a administracdo exogena de baixas doses melatonina a ratos Wistar,
desde o periodo pré-pubere até a idade adulta, afeta a maturacdo e histologia da prostata
adulta e interfere nas atividades de proliferacio e morte celular, sensibilidade
androgénica e imunoexpressdo do receptor de melatonina;

2) Avaliar a possivel influéncia protetora do tratamento prévio com melatonina sobre as
alteracdes teciduais e no sistema antioxidante da prostata causadas, em curto (uma
semana) e médio termo (8 semanas), pelo diabetes induzido por estreptozotocina.
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Abstract

This study investigated the antioxidant system response of male reproductive organs
during early and late phases of diabetes and the influence of melatonin treatment.
Melatonin was administered to five-week-old Wistar rats throughout the experiment, in
drinking water (10 pg/kg b.w). Diabetes was induced at 13 weeks of age by
streptozotocin (4.5 mg/100g b.w., i.p.) and animals were euthanized with 14 or 21
weeks old. Activities of catalase (CAT), glutathione-S-transferase (GST), glutathione
peroxidase (GPx) and lipid peroxidation were evaluated in prostate, testis and
epididymis. The enzymes activities and lipid peroxidation were not affected in testis and
epididymis after one or eight weeks of diabetes. Prostate exhibited a 3-fold increase in
GPx activity at short-term and a 2-fold increase in CAT at long-term diabetes and an
augment of GST in both stages of the disease (p=0.0186; p<0.0001). Melatonin
treatment to healthy rats caused a 47% increase in epididymal GPx activity in 14-weeks-
old rats. In prostate, melatonin administration normalized GST activity at both ages and
mitigated GPx at short-term and CAT at long-term diabetes. The testis and epididymis
were less affected by diabetes than prostate. Furthermore, melatonin normalized the
enzymatic disorders in prostate demonstrating its effective antioxidant role, even at low

dosages.
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Introduction

Diabetes mellitus (DM) affects 8.3% of the world population and approximately
5.1 million people aged between 20 and 79 years died from diabetes in 2014 [1]. The
high mortality and negative impact of diabetes on life quality is due to the progressive
impairment of multiple organ systems, caused mainly by hyperglycemia and oxidative
stress [2]. The oxidative status in diabetes is due to impairment of mitochondrial
electron transfer, the activation of polyol pathways, the catalysis of cyclo-oxygenase
intermediate products and enhanced non-enzymatic glycation [3, 4, 5]. In turn, advanced
glycation end-products (AGE) produced by non-enzymatic glycation lead to the
generation of reactive oxygen species (ROS), the activation of Bax, and expression of
pro-apoptotic and pro-inflammatory genes, such as c-Jun N-terminal kinase [6, 2, 7].
Thus, as confirmed by cDNA microarray analysis, diabetes can alter the expression of
multiple genes, particularly those related to cell proliferation and differentiation,
oxidative stress biomarkers, DNA damage repair and apoptosis [8].

The vast majority of patients with type 1 DM are diagnosed before the age of 30
and a modest excess of cases occurs in males [9] where its negative influence on
reproductive function is relevant. Clinical evidence indicates that diabetes is associated
with multiple impairment of male genital physiology, such as reduced androgen levels,
erectile dysfunction, retrograde ejaculation, poor semen quality and reduced fertility
[10, 11]. Diabetes has also been associated with an increased risk of numerous cancers,
but the data concerning prostate cancer are inconsistent [12, 13]. Most evidence,
including a meta-analysis [14] of 19 studies published between 1971 and 2005, has

indicated an inverse correlation between diabetes and prostate cancer [15, 16].

Most clinical data concerning the negative impact of diabetes on male
reproductive physiology have been corroborated by experimental models of induced
diabetes [17, 18, 19, 20, 21, 22, 23, 24, 25]. The influence of oxidative stress due to
diabetes on the response of different genital organs has been previously investigated in
rats [26, 27, 28, 29, 30, 31, 32]. However, information concerning how these changes

occur during disease progression is scarce.

The neurohormone melatonin (N-acetyl-5-methoxytryptamine) is secreted
rhythmically following a periodicity that is controlled by a circadian pacemaker located
in the suprachiasmatic nucleus [33]. Melatonin (MLT) regulates several physiological
functions, according to the light-dark daily cycle. It has been suggested that the
rhythmicity of MLT action also controls the activity and gene expression of antioxidant
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enzymes [34]. MLT and its metabolites, N1-acetyl-N2-formyl-5-methoxykynuramine
(AFMK) and N1-acetyl-5-methoxykynuramine (AMK) exhibit antioxidant activities
that are related to the direct removal of hydroxyl radicals, nitric oxide and peroxynitrite
anions acting as free radical scavengers [35, 36, 37, 38]. A few studies using cultured
cells indicate that melatonin promoted the generation of ROS at pharmacological
concentrations, however its pro-oxidant action in vivo remains to be elucidated [39].
Experimental evidence has shown that administration of MLT at doses of 5 mg to 150
mg/kg body weight ameliorates the oxidative status in the pancreas, liver, heart, kidneys
and testis [26, 40, 41]. Besides, the administration of low doses of MLT (25 ug/mL) to
rats fed with high fat-diet showed that this hormone was able to normalize the altered
biochemical pro-inflammatory profile in these animals [42]. The consequences of MLT
consumption at low doses during sexual maturation of the male genital organs and their
oxidative status at adulthood are unknown. In addition, considering that MLT interferes
with androgen production and affects androgen-dependent organs, which also occurs in
diabetes, more information is necessary to better discriminate the putative and protective
role of exogenous MLT in genital organs under diabetes and also to delineate the
response of organs during disease progression. Thus, this study comparatively examined
the early and advanced responses of the antioxidant system in rat male genital organs
subjected to experimental diabetes and the influence of low MLT dose treatment prior to

and concomitant with the disease in these systems.

Material and methods

Experimental design

Eighty male Wistar rats (Rattus novergicus) were obtained from the breeding
house of S&o Paulo State University (Botucatu, SP, Brazil). All experiments were
performed in accordance with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health and acknowledged by the institutional
Ethical Committee for Animal Experimentation (Protocol no. 051/2011-CEEA). The

animals were kept in polyethylene cages with wood shavings in a 12:12 lightdark cycle,
at a temperature of about 22°C and with free access to food (Presence, Invivo, Paulinia,

SP, Brazil) and filtered water. After an adaptation period, the rats were weighed and
randomly distributed into eight groups (Fig. 1, N = 10 per group). The short-term
experiment consisted of a control (C1), a control treated with MLT (M1), one-week-
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diabetic rats (D1) and one-week-diabetic rats treated with MLT (MD1). The long-term
experiment consisted of a control (C2), a control treated with MLT (M2), two-month-
diabetic rats (D2) and two-month-diabetic rats treated with MLT (MD2). The
administration of MLT (Sigma Chemical Co. St Louis, MO, USA) followed the
procedures established by Wolden-Hanson et al. [43].This hormone was dissolved in

ethanol and stored in aliquots at -70°C. Rats in groups M1, M2, MD1 and MD2 were

provided with MLT from five to 14 weeks of age, via drinking water (10 pg/kg body
weight in ethanol 0.001%/day). The MLT intake per day in this investigation was based
on a mean daily water consumption of 80 mL/day/animal and a mean body weight of
350 g and was available to the animals in plastic bottles protected from light. These
conditions were standardized by the application of various consumption preference and
aversion tests; therefore, this is an appropriate dosage for the induction of increased
MLT levels during the night [43].

Diabetes was induced in untreated (groups D1 and D2) and MLT-treated (groups
DM1 and DM2) rats aged 13 weeks. After 24 h fasting, animals were anesthetized (0.1
mL ketamine and 0.1 mL xylazine/100 g body weight) and injected intraperitoneally
with 4.5 mg/100 g body-weight of streptozotocin (Sigma, Louis, MO, USA), diluted in
0.01 M citrate buffer, pH 4.5. The control animals were injected only with citrate buffer.
The blood glucose levels were evaluated two days after streptozotocin injection, in the
tips of the paws using the glucose monitor Accu-chek (Roche Diagnostics, Mannheim,
Germany). Only animals that showed blood glucose levels above 220 mg/dL were
included in the diabetic groups. Because water consumption is higher for diabetic
animals, the MLT dose was corrected for groups D1, D2, MD1 and MD?2 following the
diagnosis of diabetes. The C1, M1, D1 and MD1 groups were euthanized when with 14
weeks old, and the C2, M2, D2 and MD2 groups were euthanized when 21 weeks old.

The rats were euthanized using CO» inhalation and were subsequently decapitated for

blood collection.

Activity of antioxidant enzymes

The antioxidant enzyme activity of all animals was assayed in the ventral
prostate, testis and epididymis and also in blood. After dissection, these organs were
weighed and homogenized in 1:4 volume of buffer with protease inhibitors (50 mM
Tris-HCI, 1 mM EDTA, 1 mM DTT, 0.5 M sucrose, 0.15 M KCI, 1 mM PMSF, pH 7.4)

and centrifuged at 10.000 g for 20 min at 4°C. The supernatant was then re-centrifuged
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at 50.000 g for another 60 min at 2° C, the supernatant fraction was removed and was
used to measure the activity of catalase (CAT), glutathione-S-transferase (GST) and
glutathione peroxidase (GPx).

The blood samples were collected in polyethylene tubes containing EDTA
immediately after decapitating the animals. For the determination of CAT activity, the
blood samples were diluted 50 times in distilled water, whereas for the determination of
GPx and GST activities, blood was diluted 20 times in a hemolyzing solution (7 mM 2-
mercaptoetanol; 2 mM NADP; 0.27M EDTA)

The CAT activity was quantified at 240 nm for 1 min by the decomposition of
10 nm H»O2 [44]. The total GST activity was determined by measuring the increase in

absorbance at 340 nm for 1 min 40 s by an assay containing reduced glutathione (200
mM GSH) and 1-chloro-2,4-dinitrobenzene (200 mM CNDB) as substrates, according
to Keen et al [45]. The total GPx activity was evaluated by NADPH (0.2M) oxidation,
concomitant with GSSG reduction by excess glutathione reductase, using t-butyl
hydroperoxide as substrate, causing a decrease in absorbance at 340 nm for 1 min, as
according to Sies et al [46]. All tests were performed at room temperature. The total
protein content (mg/mL) in the samples was determined using bovine serum albumin as
a standard, by the modified Lowry method [47]. The specific molar extinction constant

(¢) was used to estimate the levels of enzyme activity in U/mg protein (¢ = 0.071 M

Lem™ for CAT, £ = 6.22 M em™ for GPx and & = 9.6 M 'em ™ for GST). The equation

used for enzymatic activity was: (Absorbance variation x 1000/ & x sample volume [uL]/
total protein concentration of the sample [mg/mL].

Determination of lipid peroxidation levels

The levels of lipid peroxidation were evaluated in the same organs and in blood,
by the quantification of malondialdehyde (MDA) levels, an indicator of oxidation. For
this, the presence of the colored derivative formed between MDA and 2-thiobarbituric
acid (TBA) was detected via HPLC at 532 nm [48]. Quantification of MDA in the
tissues was performed with 100 pL of homogenized tissue in buffer (1:4 v/v) and 100—
200 pL of plasma. Three hundred pL of 0.4% thiobarbituric acid solution (diluted in 0.2
M HCI) was added to the tissue and plasma samples and they were incubated for 40 min
at 90°C in a dry block. The samples of TBA-MDA were extracted with 1 mL n-butanol

and centrifuged at 890 g for 3 min at 3°C. TBA-MDA (20 pL) samples were directly

injected in HPLC and monitored at 532 nm. The mobile phase consisted of 50 mM
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monobasic phosphate potassium solution, pH 7.0, 20% methanol, and a pumped
isocratic flow of 1.0 mL/min. The HPLC system (Shimadzu) consisted of two LC-
10ADVP pumps, a SPD-M10ADVP UV-visible detector and a SCL-10AVP controller
and a LC-18 (150 x 4.6 mm, 5-um pore diameter) column was used. The MDA
estimation was based on a standard calibration curve of tetramethoxypropane (TMP)
previously prepared using the same procedure as that used for samples. The data were
expressed as nmol/mg tissue and pmol/mL plasma. The equation to calculate the
amount of MDA in samples was: (Peak Area/ Slope of calibration curve)/C, C =

(sample volume [uL] x injection volume [uL])/ 1000 uL of n-butanol).

Statistical analysis

Statistical analyses were performed among groups of the same experimental
period (Multiple comparison tests) and between both experimental periods for the same
treatment (Paired difference tests) using the Statistica 9.0 software (Statsoft Inc., Tulsa,
OK, USA). Data were tested for normality and homogeneity of variance assumptions
according to the Shapiro—Wilk’s test and Levene’s test, respectively. Groups that met
the assumptions (parametric data) were compared by applying a t test or one-way

ANOVA followed by Tukey’s post-hoc test. Those groups that did not meet the
assumptions (non-parametric data) were compared using the Mann-Whitney or
Kruskal-Wallis test followed by Dunn’s post-hoc test. Data were expressed as mean +
standard deviation and p < 0.05 was considered statistically significant.

Correlation tests were conducted (Pearson’s test for parametric data and

Spearman’s test for nonparametric data) between the levels of lipid peroxidation (MDA)
and the activity of CAT, GST and GPX, using Statistica 9.0 software (Statsoft Inc.).

Results

Biometric parameters and glycaemia

The body weights were respectively ~16 and ~42% lower (p < 0.001) after one
week (D1) or two months of diabetes (D2), compared to the control groups (Table 1).
The MLT treatment did not affect the body weight of normal rats or the body-weight
loss in diabetic groups (Table 1).

The ingestion of low doses of MLT also did not influence the weight of the
prostate of healthy rats (Table 1). Such treatment avoided the prostatic atrophy induced
by short-term diabetes, but not by the long-term treatment (Table 1; p < 0.05).
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In both experiments, the testicular weight was not affected by diabetes
independent of treatment with MLT (Table 1). The epididymal weight was higher in the
M1 group compared to the diabetic groups (Table 1; p < 0.004). Diabetes reduced the
epididymal weight in both experiments (Table 1; p < 0.04). Despite the higher
epididymal atrophy confirmed in long-term diabetes, the MLT treatment prevented this
atrophy (Table 1). Animals showed blood glucose levels that were about three and six
times higher after short- or long-term diabetes respectively, than that in the control
groups (p < 0.001), regardless of MLT treatment (Table 1). Administration of MLT did
not affect the glucose level homeostasis of groups M1 and M2.

CAT activity
The CAT activity in the blood (Fig. 2A) increased by about 40% in 21-week-old

rats in comparison to the 14-week-old rats, but did not change among the groups in both
experiments. In the ventral prostate, the CAT activity (Fig. 2B) was unchanged in the
groups of the first experiment, but doubled after two months of diabetes compared with
the control group and this increase was prevented by MLT treatment. The levels of
testicular CAT were higher in the groups of long-term experiment (Fig. 2C, p < 0.04).

Melatonin had an inhibitory effect on testis CAT activity in long-term diabetes (Fig.
2C). Similar to the testis, the activity of CAT in the epididymis of 21-week-old rats was
also higher in comparison to those of 14-week-old healthy rats (p < 0.04; Fig. 2C and p
<0.01; Fig. 2D, respectively).

GST activity

GST was the only biomarker of oxidative stress that changed in the blood after
short-term diabetes (Fig. 3A). The GST activity increased during short-term diabetes (p
= 0.0042) and this rise was partially prevented in the MLT-treated group (Fig. 3A);
however, blood GST activity decreased (p = 0.0007) during long-term diabetes,
regardless of the MLT treatment (Fig. 3A). The blood GST activity increased in 21-
week-old groups in comparison to younger groups (p < 0.001). Prostatic GST activity
(Fig. 3B) also increased after the onset of diabetes (p = 0.0186), and MLT
administration prevented this increase only in the long-term experiment. The GST
activity was not affected in testis and epididymis among the animals of short and long-
term experimental groups (Fig. 3D), however the activity of this enzyme was decreased
in the epididymis of older healthy rats, regardless of MLT treatment (Fig. 3D).
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GPx activivty

The GPx activity in blood had an inverse behavior to GST (Fig. 4A), i.e., the
activity was unchanged during short-term diabetes and increased two-fold after two
months of diabetes compared to the control group, independent of MLT treatment. In
the prostate gland, GPx activity increased ~ 70% one week after the onset of diabetes
and MLT normalized this value in the MD1 group; however, it was unaffected in groups
of the longer experiment (Fig.4B). The activity of this antioxidant enzyme in testis was
not influenced neither by experimental diabetes or melatonin treatment (Fig 4C). There
was an increase in GPx activity in the epididymis of healthy rats after MLT treatment in
comparison to those in the control group (Fig. 4D; p = 0.007). Moreover, the epididymis

GPx activity was very low in the two-month experiment (Fig. 4D).

Lipid peroxidation

In blood, the MDA levels were unchanged in the groups of the short-term
experiment (Fig. 5A), and increased after two months of untreated diabetes (p = 0.038),
regardless of MLT treatment. Diabetes did not affect lipid peroxidation in prostate, (Fig.
5G, H), either in the short- or long-term, but MLT treatment reduced by 50% the lipid
peroxidation levels of long-term diabetic rats (Fig. 5B). Besides that, prostatic MDA
levels were higher in all groups of the long-term experiment compared to the short-term
groups (p < 0.04). The testicular levels of MDA were lower (p < 0.01) in the groups of
the long-term experiment (Fig. 5C) whereas in the epididymis, the peroxidation levels
were high in these groups (Fig. 5D; p < 0.04).

Correlation tests

There was an inverse correlation between lipid peroxidation and GST activity in
both short- (r = -0.477; p < 0.05,) and long-term experiments (r = - 0.669; p < 0.05), in
blood (Fig. 3A and 5A). The increase in GPx activity was directly proportional to the
increase in plasma levels of MDA after two months of diabetes (p < 0.05 and r = 0.74;
Fig 4A and 5A).

In the prostate, the rise in GST activity after one week of diabetes correlated
inversely with the decrease in prostatic MDA levels (r = - 0.604; p = 0.022, Fig 3B and
5B).
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Discussion

In the present study, we delineate the comparative oxidative status in three
important reproductive organs in terms of acute and chronic response to streptozotocin-
induced diabetes, based on the activity of the major antioxidant enzymes and
quantification of lipid peroxidation. In addition, we analyzed the effects of pre-
administration and prolonged use of low MLT doses on the antioxidant system of these
organs and its influence on alterations caused by experimentally induced diabetes.
However it is worthile to mention that the provision of melatonin in the drinking water,
although it is less stressful and adequate for long-term experiments, was a limitation for
this study since there is no way to know the exact amount of MLT that was ingested by
each animal as well as the changes in the daily rhythm of this hormone throughout the
experiment. Rasmunssen et al. using a similar experimental protocol [49] verified that
rats drank more than 90% of their total daily water during the dark period resulting in
higher melatonin levels during the night (150.5 + 19.2 pg/mL against 24.1 + 8.8 pg/mL
of control) but not in daytime (14.1 £ 2.6 pg/mL against 11.5 = 0.00 pg/mL of control).
As we used the same model of melatonin administration as Rasmunssen et al. [49], we
assume that the animals exhibited a comparable pattern of melatonin consumption and

probably exhibited elevation in the levels of this hormone in dark period.

The biochemical analysis of the antioxidant system from healthy rats revealed
that after 14 weeks of age, the prostate exhibited higher CAT and GST activities
compared to the testis and epididymis. However, for 21-week-old rats, similar levels of
antioxidant enzyme activities were detected among the three reproductive organs, with
the exception of a higher GPx activity in the prostate. Therefore, biochemical analysis
indicated that the levels of antioxidant enzyme activity were maintained in the prostate
after a two-month interval, which was accomplished by an increase in lipid peroxidation
in the gland. In contrast, the testis and epididymis showed an increase in CAT activity
during aging. For the epididymis, the increase in CAT activity was accompanied by a
decrease in GST and GPx activity. Taken together these findings might explain the
higher susceptibility to oxidative stress of the prostate during aging, in comparison to
testis and epididymis as indicated by the increase in MDA levels. These data also
reinforce the organ specificity of antioxidant defense and the existence of compensatory
mechanisms during aging.

The experimental protocol used here for the induction of type | diabetes is
widely accepted, and most diabetic rats exhibited glucose levels above 360 mg/dL. As
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expected, a drastic reduction in body weight was observed, mainly in animals with
chronic untreated diabetes. The body weight or blood glucose levels of normal rats were
not affected by MLT treatment. Even in short-term diabetes, MLT ingestion did not
normalize the glycemia or ameliorate the severe weight loss, as previously observed
with doses above 10 mg/kg b.w. [50, 28, 51]. Some studies with experimental diabetes,
including those with high doses of MLT, showed a normalization of blood glucose
levels [40, 52] however, this effect of MLT has been clearly reported for obese rodents
in which there is an improvement in insulin sensitivity [43, 53]. Furthermore, MLT
increases the metabolic activity of brown adipose tissue [54] which might favor weight

loss in diabetic animals.

Streptozotocin-induced diabetes caused atrophy in the prostate and epididymis.
The atrophy of these androgen-dependent organs was expected, since diabetes leads to
androgen withdrawal [55, 56] and has been reported in previous studies using similar
protocols for diabetes induction [28, 57, 32]. Some reports indicate a decrease in the
relative testicular weight within three weeks of experimentally induced diabetes, but
thereafter, testicular atrophy is no longer conspicuous [24,57] and a similar variation
was observed here, although this was not statistically significant. Treatment with MLT
mitigated prostate atrophy induced by diabetes in the short-term, whereas an opposite
effect was observed for the epididymis, where atrophy after short-term diabetes was not
prevented, but maintenance of wet weight for long-term diabetic rats was observed.
Results of our laboratory demonstrated that maintenance of epididymal weight by MLT
after long-term diabetes was due to higher sperm counts in this organ (unpublished
data).

The biochemical assays indicated that the prostate exhibited a more pronounced
antioxidant system response to diabetes than the epididymis and testis, which were
practically unresponsive. Our data demonstrate that GST participates in all phases of
prostatic tissue in response to disease, but that early responses also involve the
activation of GPx, whereas CAT activation occurs at later stages of untreated diabetes.
The early activation of prostate antioxidant enzymes in response to acute diabetes in
comparison to the unresponsiveness of the epididymis and testis raises several
questions. This response could be due to a higher sensitivity of the prostate to
streptozotocin, which is known to potentially generate free radicals [58] and might
result in a direct pro-oxidant effect on this gland. The prostate blood barrier acts to the

restrict leukocyte passage into the prostatic lumen under inflammatory conditions [59],
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however, the permeability of this barrier to ROS is not well known. It is also possible
that the prostate antioxidant system is vulnerable to androgen regulation, as shown by in
vitro studies [60], and also to the hyperglycemic status [32].

Our findings emphasize that GST is an important component in the defense
against oxidative damage in the prostate. These findings agree with previous data that
report a pivotal role of GST isoforms in the healthy prostate and in disease progression
[61, 62]. The GSTP1 gene, which encodes the pi-class glutathione-S-transferase, is a
defense against oxidative damage to the genome and is expressed in high levels by
epithelial cells in Proliferative Inflammatory Atrophy (PIA) [61, 62, 63], which are
considered to be precursors of pre-malign and malign prostate lesions. The expression
of GSTP1 is impaired in prostatic epithelial neoplasia (PIN) and neoplasic lesions, due
to somatic “CpG island” DNA methylation changes [63, 60, 64, 65]. Such cells become
vulnerable to oxidants and electrophiles, which result in genome damage. Furthermore,
studies with transplants of tumor-cell lines demonstrated that the use of Gst-pi-siRNA
suppressed the cell proliferation rate and high levels of intracellular ROS occurred in the
Gst-pi knockout [63]. Experimental data from our laboratory have shown that the
progression of aloxan-induced diabetes can lead to prostatic atrophy and neoplastic
lesions in rats [18]. Previous studies regarding medium-term experimental diabetes
showed that GST levels increased in the diabetic group and were reduced by vitamin C
supplementation, which also restored rates of apoptosis in the prostate [32]. In this
context, MLT treatment during diabetes prevented the increase in prostate GST, which

might indicate a protective action of this neurohormone in the gland, even at low doses.

The assessment of blood-stress biomarkers was performed, to infer the systemic
oxidative status. As expected, the lipid peroxidation rate indirectly demonstrated a rise
in reactive oxygen species in chronic diabetes. Lipid peroxidation culminates in reduced
membrane fluidity, increased non-specific permeability, and the activation of membrane
enzymes [66]. The results here and previous data [32] indicate that blood CAT activities
are not altered by diabetes. In addition, they demonstrate the involvement of GST in the
short-term systemic response and the suppression of its action at later stages of disease,
whereas GPx exhibited the opposite behavior, with a more important role at later stages.
Both GST and GPx appeared to be effective in avoiding the increase in oxidative stress
due to high glucose levels, and therefore, the levels of plasma lipid peroxidation
correlated with the activity of these biomarkers although this inverse correlation was
weak for MDA and GST levels.
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As previously mentioned, unlike in the prostate, the response of the epididymis
and testes to diabetes did not involve an increase in antioxidant enzyme activity. These
results differed from data of Muralidhara [28], who observed significant changes in
testicular antioxidant enzymes in diabetic rats on the fifth day of exposure to the
disease. These discrepancies are presumably due to small differences in streptozotocin
doses, the age of the animals used and the duration of the experiment, since this study
consisted of eight weeks of experimental diabetes, compared with six weeks in that of
Muralidhara [28]. Surprisingly, lipid peroxidation was not affected in the testis after two
months of diabetes. An increase in MDA levels was reported by Muralidhara [28] in
testicular mitochondria during the progression of diabetes, but no such increase for the
testicular microsomal fraction was observed. This difference can be explained by the
protective effect of the hematotesticular barrier and also by the existence of other
oxidative stress protection mechanisms. Furthermore, our method of MDA extraction
was performed using total testis homogenates, not in mitochondria and microsoma as in
Muralidhara [28]. Spermatozoa are very vulnerable to oxidative stress, as its
polyunsaturated fatty acids in the cell membrane and nuclear and mitochondrial DNA
are susceptible to oxidization [67, 68]. Furthermore, spermatozoa are very poor in free
radicals scavengers [31]. The process of stereidogenesis produces ROS largely from the
mitochondrial respiration chain and the catalytic reactions of the stereidogenic
cytochrome P450 enzymes [69, 70]. Otherwise, within in the testis, sperm is reasonably
protected from oxidative stress by the microenvironment generated by the Sertoli cells
[71]. For these reasons, it is reasonable to assume that the testis provides an

environment that is relatively well protected against oxidative stress, as observed here.

Sperm maturation in the epididymis necessitates a certain level of oxidation,
because ROS appear to be key modulators of the early signal transduction mechanisms
that lead to capacitation [72]. Thus, a fine equilibrium between beneficial oxidation
versus detrimental oxidative damage has to be maintained in the epididymal
environment [73]. Previous reports indicated that CAT does not appear to be a major
participant in the control of oxidative stress in this organ [74], whereas GPx have been
implicated in this processes [75] and its expression is regulated by androgens [76].
Except for the increased of GPx activity in epididymis of healthy rats treated with MLT
for 9 weeks, our data indicated no marked variations in activity of antioxidant enzymes

and lipid peroxidation levels under diabetes and reinforce the importance of fine
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adjustment of epididymal antioxidant system [72, 73] and its resilience to experimental
diabetes.

Several studies have demonstrated the protective action of MLT against ROS
during aging in various organs [77, 78, 79] however, there is no information concerning
organs of the male genital system. These biochemical assays indicated that treatment
with low MLT doses did not affect changes in the antioxidant system during aging,
except for a discrete reduction in CAT activity in the epididymis.

The present research demonstrates that hyperglycemia can adversely affect the
antioxidant defense of blood and tissue extracts, particularly of the prostate. The
antioxidant system of the testis and epididymis is less vulnerable to diabetes effects and
is probably related to intrinsic characteristics of histophysiology and to the expression
pattern of antioxidant enzymes. The MLT treatment mitigated the rise in blood GST
activity during the early phase of diabetes. This treatment was more effective for the
prostate, mainly in the longer experiment, as demonstrated by normalization of CAT
and GST activities and MDA levels. Glutathione-S-transferase proved to be a good
marker of compensatory antioxidant defense in the ventral prostate, corroborating our
previous data on medium-term diabetes. Melatonin normalized the activities of
antioxidant enzymes in the prostate, even at low doses, which demonstrates its effective

antioxidant role in this organ.
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Table 1. The mean and standard deviation of body, prostate, testis and epididymis wet
weight and blood glucose levels of short- and long-term experimental groups. C1: One-
week control; M1: One-week control treated with melatonin; D1: One-week diabetic;
MD1: One-week diabetic treated with melatonin; C2: Two-month control; M2: Two-
month control treated with melatonin; D2: Two-month diabetic; MD2: Two-month
diabetic treated with melatonin (N=10 animals/group). *Different lowercase letters
indicate statistical differences among short-term experimental groups (parametric data:
prostate and epididymis weight; non-parametric data: body and testis weight and blood
glucose levels). Different uppercase letters indicate statistical differences among long-
term experimental groups (parametric data: prostate weight; non-parametric data: body,
testis and epididymis weight and blood glucose levels). *Indicates a statistical difference

. . : #oo . :
between experimental periods (parametric data). Indicates a statistical difference

between experimental periods (non-parametric data).

C1 M1 D1 MD1
Body weight (g) 383.27 +39.92° 390.85 +66.88°  320.94+46.91" 293.85 + 28.67

Prostate weight (mg) 371.57 +36.04" 346.1+42.28""  288.53+68.19 328.68+8224
Testis weight (g) 1.694+0.10°" 1.795 +0.22° 1.629 +0.19™" 1.570+0.09"
Epididymis (mg) 540.86+0.06" ' 590.39+0.09°  49422+0.11 " 496.58 + 0.06

Blood glucose levels (mg/dL)  111.21 +33.10° 102.85 +16.63°  359.66 + 79.48" 404.18+32.36"

c2 M2 D2 MD2
Body weight (g) 45171 £16.14™ 45057 +40.72™% 250,66 + 14.22°" 2952 +59.33°"

Prostate weight (mg) 613.4+89.0" 543.33 + 67.58" 219.6+5053%  231.5+34.88"
Testis weight () 1.812 +0.09" 1.701 +0.21° 1.603  0.24" 1.504 % 0.30°
Epididymis (mg) 728.64 + 0.05" 612.35+0.15™"  466.04+005°  73375:0.17"°

Blood glucose levels (mg/dL)  87.85+ 11.12° 89 + 9.05" 491,16 +56.55°  483.4 % 84.2°
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Figure legends

Figure 1. Experimental design of the study. Melatonin was offered in the drinking water
(10 ug/kg b.w), and diabetes was induced by streptozotocin injection (4.5 mg/100g b.w.,
i.p.). C1: One-week control; M1: One-week control treated with melatonin; D1: One-
week diabetic; MD1: One-week diabetic treated with melatonin; C2: Two-month
control; M2: Two-month control treated with melatonin; D2: Two-month diabetic;
MD2: Two-month diabetic treated with melatonin (N=10 animals/group). The
euthanasia was performed at 13 weeks of age for short-term experiment and at 21 weeks

of age for long-term experiment.

Figure 2. Catalase activity (U/mg protein) in blood (A), prostate (B), testis (C) and
epididymis (D) of short- and long-term experiments. C1: One-week control; M1: One-
week control treated with melatonin; D1: One-week diabetic; MD1: One-week diabetic
treated with melatonin; C2: Two-month control; M2: Two-month control treated with
melatonin; D2: Two-month diabetic; MD2: Two-month diabetic treated with melatonin
(N=10 animals/group). Different lowercase letters indicate statistical differences among
short-term experimental groups (parametric data: A, B, C and D). Different uppercase
letters indicate statistical differences among long-term experimental groups (parametric
data: A and D; non-parametric data: B and C). *Indicates a statistical difference between

: . : #oo - :
experimental periods (parametric data). Indicates a statistical difference between

experimental periods (non-parametric data).

Figure 3. Glutatione-S-tranferase activity (U/mg protein) in blood (A), prostate (B),
testis (C) and epididymis (D) extracts. C1: One-week control; M1: One-week control
treated with melatonin; D1: One-week diabetic; MD1: One-week diabetic treated with
melatonin; C2: Two-month control; M2: Two-month control treated with melatonin;
D2: Two-month diabetic; MD2: Two-month diabetic treated with melatonin (N=10
animals/group). Different lowercase letters indicate statistical differences among short-
term experimental groups (non-parametric data: A, B, C, and D). Different uppercase
letters indicate statistical differences among long-term experimental groups (parametric
data: C and D; non-parametric data: A and B). *Indicates a statistical difference between

. . : #oo - :
experimental periods (parametric data). Indicates a statistical difference between

experimental periods (non-parametric data).
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Figure 4. Gluthatione peroxidase activity (U/ mg protein) in blood (A), ventral prostate
(B), testis (C) and epididymis (D) of rats. C1: One-week control; M1: One-week control
treated with melatonin; D1: One-week diabetic; MD1: One-week diabetic treated with
melatonin; C2: Two-month control; M2: Two-month control treated with melatonin;
D2: Two-month diabetic; MD2: Two-month diabetic treated with melatonin (N=10
animals/group). Different lowercase letters indicate statistical differences among short-
term experimental groups (parametric data: C; non-parametric data: A, B and D).
Different uppercase letters indicate statistical differences among long-term experimental

. : # oo -
groups (parametric data: B, C and D; non-parametric data: A). Indicates a statistical

difference between experimental periods (non-parametric data).

Figure 5. Lipid peroxidation quantified by MDA levels in plasm (A, umol / mL plasm)
and in extracts (U / mg protein) of prostate (B), testis (C) and epididymis (D). C1: One-
week control; M1: One-week control treated with melatonin; D1: One-week diabetic;
MD1: One-week diabetic treated with melatonin; C2: Two-month control; M2: Two-
month control treated with melatonin; D2: Two-month diabetic; MD2: Two-month
diabetic treated with melatonin (N=10 animals/group). Different lowercase letters
indicate statistical differences among short-term experimental groups (parametric data:
B, C and D; non-parametric data: A). Different uppercase letters indicate statistical
differences among long-term experimental groups (parametric data: D, non-parametric
data: A, B, C). *Indicates a statistical difference between experimental periods

: #oo - . . :
(parametric data). Indicates a statistical difference between experimental periods (non-

parametric data).
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Abstract

The antitumor properties of melatonin (MLT) are known for prostate cancer cells. This
study investigated whether MLT affects prostate maturation and interferes with tissue
injuries induced by diabetes. MLT was administered to Wistar rats from 5 weeks of age

in the drinking water (10 ug/kg b.w.), and diabetes was induced at the 13th week by
streptozotocin (4.5 mg/100g b.w., i.p.). The animals were euthanized in the 14th and

21St weeks. MLT reduced the immunostained cells for androgen receptor (AR) by 10%

in younger rats. Diabetes decreased cell proliferation and increased apoptosis. MLT
treatment impeded apoptosis (p=0.02) and augmented proliferation (p=0.0008) and
PCNA content in prostate following long-term diabetes due to restoration of
testosterone levels and expression of melatonin receptor type 1B. The effect of MLT
(500 pM, 5 mM, 10 mM) on androgen-dependent (22Rv1) and -independent (PC3)
cancer cells and human prostate epithelial cells (PNTAL1) under normal and
hyperglycemic conditions (HG, 450 mg/dL) were analyzed. Contrary to PNTAL and
22Rv1 cells, MLT improved the proliferation of PC3 cells in hyperglycemic medium.
The combined data indicated that MLT had proliferative and anti-apoptotic effects in
prostate cells subjected to HG levels and it seems to involve specific MLT pathways
rather than AR.



60

INTRODUCTION

Melatonin (MLT) is an indoleamine produced by the pineal gland that controls
the circadian cycle and acts as a neuromodulator, cytokine and biological response
modifier [1]. This hormone is widely known as an adjustor of the reproductive
physiology to the environmental light in seasonally dependent mammals [2]. MLT also
has antioxidant [3, 4, 5, 6] and anti-inflammatory properties [7, 8]. The cellular action
of MLT is mediated by three receptor subtypes (MT1, MT2 and MT3) coupled to G
proteins. MLT signaling may also be modulated by the activation of a series of nuclear
receptors referred to as retinoid Z receptors o and B [9, 10]. Depending on the
concentration, MLT can act directly in the cytosol through calmodulin and quinone
reductase 2 [11-13].

Data from Gilad et al. [14] indicated the presence of MLT receptors in the rat
prostate. The inhibition of xenographted prostate tumor growth by MLT treatment has
been reported in rodents, and the antiproliferative action of MLT occurred via activation
of the MTL1 receptor with consequent attenuation of calcium influx induced by sex
steroids [15-17]. The antitumor action of MLT in prostate cancer cell lines has been
attributed to changes in cell cycle, androgen receptor (AR) translocation and inhibition
of angiogenesis through reduced expression of factors that act under hypoxic conditions,
such as hypoxia-inducible factor 1a (HIF -1o) [18-25]. MLT also exerts a pro-apoptotic
effect in tumor cells via p38 and c-jun terminal kinases (JNK); however, this effect is
independent of extracellular signal-regulated kinase (ERK) activation [26]. This
hormone has been associated with increased sensitivity to some chemotherapeutic drugs
[27]. Moreover, androgen-independent cell lines, such as PC3 and DU145, are less
sensitive to MLT compared to the androgen-dependent cells, such as LNCaP,
CW22Rv1 and RWPE-1 [28-30].

Because MLT has an antigonadotrophic effect in humans and rodents by
inhibiting testosterone synthesis in the testis [31, 32], it is difficult to discriminate the
direct influence of this hormone in androgen-dependent organs, such as the prostate.
Few studies have considered the effects of MLT on prostate in vivo, especially during
sexual maturation.

The effects of diabetes on prostate histophysiology have been investigated in
rodents [33-42]. The alterations include atrophy, impaired secretory activity, reduced
cell proliferation, an increased number of apoptotic and epithelial basal cells,
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extracellular matrix remodeling, impaired androgen sensitivity, and phenotypic changes
in stromal cells [34, 36, 38, 40, 42, 43- 48]. The prostatic response to diabetes has been
related to the reduction of serum testosterone levels and lack of insulin, typical of this
metabolic disorder [48, 49].

The diabetic condition is associated with a large production of reactive oxygen
species resulting from hyperglycemia. The effectiveness of therapy with different
antioxidants against oxidative stress caused by diabetes has been extensively
investigated experimentally [50-55]. Treatment with ascorbic acid normalized the
increased glutathione S-transferase (GST) activity and reduced epithelial apoptosis in
the prostate after one month of experimental diabetes induced by streptozotocin [53].
MLT is a potent antioxidant, and its synthesis is impaired under hyperglycemia [56];
thus, it is worthwhile to investigate the efficacy of MLT treatment under diabetic

conditions and its influence on prostate cells under hyperglycemia.

This study examined whether pre- and co-treatment with MLT interferes with
tissue damage induced in the prostate of Wistar rats by experimental diabetes,
particularly in terms of proliferative activity, apoptosis and AR expression. In this study
we report for the first time the effects of continuous use of this neurohormone during
sexual maturation on these processes and prostate histology. We also compared the
influence of MLT under hyperglycemic condition on the proliferation and apoptosis of
androgen-dependent (CW22Rv1) and androgen-independent (PC3) cancer cells and
human prostate epithelial cells (PNTAL).
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MATERIALS AND METHODS

1. Invivo experimental design

Male Wistar rats (n=80) were obtained from the breeding house of S&o Paulo
State University (Botucatu, SP, Brazil) in the 5th week of life (weaning). This
experiment was conducted according to the ethical principles adopted by the Guide for
the Care and Use of Laboratory Animals published by the US National Institutes, and
all procedures were approved by the Ethics Committee on Animal Use of
IBILCE/UNESP (Protocol 051/2011 CEUA). The rats were kept in polyethylene cages
with wood shaving substrate, subjected to light cycles (14 h of light and 10 h of
darkness) and a temperature of approximately 25°C. Food (Presence, Invivo, Paulinia,
SP, Brazil) and filtered water were provided ad libitum.

After one week of adaptation, the animals were weighed and randomly
distributed into two experiments, with eight groups total (10 animals per group). The
short-term experiment consisted of a control group (C1), a control treated with
melatonin (M1), a one-week diabetic group (D1) and a one-week diabetic group treated
with melatonin (MD1). The long-term experiment consisted of a control group (C2), a
control treated with melatonin (M2), an eight-week diabetic group (D2) and an eight-

week diabetic group treated with melatonin (MD?2).

MLT administration (Sigma Chemical Co., St. Louis, MO, USA) was based on
the procedures established by Wolden-Hanson et al. [57]. MLT was dissolved in ethanol
and stored in aliquots at -80°C. Such conditions were standardized by application of
various consumption preference and aversion tests, and MLT did not affect the amount
of water consumed by rats. MLT was available to animals (groups M1, M2, MD1 and
MD?2) in drinking water (10 pg/kg body weight in ethanol 0.001%/day) from 5 to 14
weeks old. The MLT intake per day of this investigation was based on an average daily
water consumption of 80 mL/day/animal and an average body weight of 350 g. Water
bottles were protected from light because MLT is a photosensitive molecule, and the

liquid content was changed every day.

Diabetes was induced on the 8th week of MLT treatment (13 weeks old) in

groups D1, D2, MD1 and MD2 by the intraperitoneal injection of 4.5 mg/100 g of body
weight of streptozotocin (Sigma Chemical Co., Louis, MO, USA), diluted in 1 mL of
0.01 citrate buffer. This solution was injected after 24 h of fasting and anesthesia with
ketamine and xylazine (0.1 mL/100 g of body weight). Control animals were injected
with citrate buffer only.
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Glucose levels were assessed two days after streptozotocin injection through the
glucose monitor Accu-Chek (Roche Diagnostics, Mannheim, Germany) in the fingertips
of the paws. Animals with glucose levels above 200 mg/dL were used in this study. Due
to the higher water intake of diabetic animals, the MLT dose was corrected for groups
D1, D2, MD1 and MD2 after the diagnosis of diabetes. Groups C1, M1, D1 and MD1
were euthanized at 14 weeks old, whereas groups C2, M2, D2 and MD2 were
euthanized in at 21 weeks old. Thus, there was a short administration of MLT for
groups M1 and MD1 (9 weeks) and a prolonged treatment for groups M2 and MD2 (16

weeks). The rats were euthanized using CO» inhalation and then decapitated for blood

collection.

Hormone dosages

The blood samples were collected after decapitation and plasma was separated
through centrifugation at 1,200 g and frozen at -80°C for analysis of testosterone levels.
The measurements were performed by a capture/sandwich ELISA (antibody-antigen-
antibody) using specific commercial kits (R&D Systems, Inc., Minneapolis, MN, USA),
with a sensitivity of 14.0 pg/mL and a variation for interassays of 11.3 pg/mL. The
readings were performed using an Epoch Multi-Volume Spectrophotometer System
(BioTek Instruments, VT, USA).

Light microscopy

Ventral prostates were removed and weighed. Fragments of ventral prostate were
fixed by immersion in 4% formaldehyde freshly prepared in phosphate buffer pH 7.2
and methacarn (1:3:6 of acetic acid, chloroform and methanol) and embedded in
Paraplast. The histological sections stained with hematoxylin-eosin were used for
general morphological studies and immunocytochemical analysis. The sections were
observed under a bright-field microscope (Olympus CH30) coupled with a charge-
coupled camera. The digitization of selected microscopic fields and quantitative
analyses were performed using an image analysis system (Image-Pro Plus Media
Cybernetics, version 6.0 for Windows software, Bethesda, MD, USA).

Immunohistochemistry

Immunocytochemical staining for proliferating cell nuclear antigen (PCNA),
androgen receptor (AR) and melatonin receptor type 1B (MTR1B) were assessed using
specific antibodies purchased from Santa Cruz Biotechnology (AR and PCNA, Santa
Cruz, CA, USA) and Novus Biologicus (MTR1B, Novus Biologicus, Littleton, CO,
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USA). Sections were subjected to antigen retrieval in citrate buffer (10 mM, pH 6) for
20-40 min, followed by the blocking of endogenous peroxidase with 3% H»O- in

methanol or water (for MTR1B) and immersed at 3% normal bovine serum (for PCNA
and MTR1B) or 5 % dry milk (for AR) in PBS for 1 h to block nonspecific protein.
After PBS washing, incubation with primary antibodies diluted in 1% BSA was carried
out: AR (sc816, rabbit polyclonal, 1:100, overnight at 4°C), PCNA (sc56, mouse
monoclonal, 1:100, 1 h at 37°C) and MTR1B (NLS932, rabbit polyclonal, 1:75,
overnight at 4°C). Then, the tissue sections used for PCNA and AR were incubated at
RT with a Polymer/peroxidase kit (Novolynk Polymer, Novocastra, Norwell, MA,
USA) for 1 h. The tissue sections used for MTR1B were incubated at 37°C with
secondary antibody and then with avidin/biotin (ABC Staining Systems, Santa Cruz
Biotechnology, CA, USA) for 45 min.

The reaction was detected with 0.1% diaminobenzidine (DAB) and 0.02% H20»

in PBS, and the sections were counterstained with hematoxylin. Five animals per group
and 3 prostatic fragments per animal were used to quantify the proliferation levels, AR-
positive cells and MTR1B positive areas. The sections were digitalized, and 30
contiguous fields were observed in the 40X objective. AR and PCNA-positive cells
were quantified by counting the number of positive nuclei and dividing it by the total
number of nuclei per visual field. Areas showing specific staining for MTR1B were
evaluated using a 130 point reticulum and the marked area was counted as previously

done [45]. Data were expressed as relative frequency (%).

Detection of apoptotic cells

Apoptotic cells were detected in situ using the DNA fragmentation assay
associated with cell death based on a Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) reaction (TdT-Fragel- Calbiochem, CN Biosciences, La Jolla,

CA, USA) following the manufacturer’s instructions. The negative controls were
obtained by omitting the incubation with TdT enzyme, and the slides were stained with
hematoxylin. The quantification of apoptotic cells was performed in the same manner as
the immunohistochemistry reaction for PCNA.

Western blotting analysis

The PCNA protein content in the prostate samples was quantified by Western
blotting. Prostate samples were homogenized at 4°C in cell lysis buffer (20 mM Tris-
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HCI, 150 mM NaCl, 1% Triton X100, 2% SDS) containing 100 mM
phenylmethylsulfonyl fluoride, 100 mM sodium orthovanadate and a protease inhibitor
cocktail (1:1,000, Sigma, St Louis, MO, USA Chemical Co.). Lysates were centrifuged
at 13,000 g at 4°C for 15 min, the supernatants were collected and the protein
concentration was determined using the Bradford method [58]. Laemmli sample buffer
with 5% p-mercaptoethanol was added to equal amounts of protein (150 pg). The
samples were then separated by SDS-PAGE on 12% polyacrylamide Tris-glycine gels
and electroblotted to nitrocellulose membrane (GE Healthcare) using Bio-Rad assay
equipment (Bio-Rad, Hercules, CA, USA). Nonspecific proteins were blocked with 5%
nonfat dry milk in TBST (10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.2% Tween-20) for
1 h at room temperature, and the membranes were probed with primary antibody, PCNA
(1:300) overnight at 4°C in 1% BSA in TBST. Then, the membranes were washed in
TBST and incubated for 1 h at 4°C with the specific secondary horseradish peroxidase-
conjugate antibody (1:200 in 1% BSA in TBST), followed by 3 washes in TBST.
Antibody immunolabeling was revealed by an ECL chemiluminescent detection kit
(Healthcare). B-Actin was used as a control for protein expression. Densitometric
analysis was performed using the Image J 1.34 software (Wayne Rasband, Research
Services Branch, National Institute of Health, Bethesda, MD, USA).

2. Invitro experimental design

Three human cell lines were used in this study; a non-tumoral cell line (PNTA1),
and two prostate cancer cell lines (CW22Rv1, herein referred to as 22Rv1). 22Rv1l
(CRL-2505, from xenograft line) and PC3 (CRL-1435, from bone metastasis) were
purchased from the American Type Culture Collection (ATCC, Mannassas, VA, USA).
PNTAL cells (#95012614) were obtained from the Health Protection Agency (England,
UK). The cells were grown in RPM1640 medium containing 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin (Life Technologies, Paisley, UK) in a humidified
atmosphere of 95% air and 5% CO» at 37°C. Cells were fed every 2-3 days and
subcultured once they reached 70-80% confluence. The first phase of the investigation
consisted of dose-related experiments with different melatonin concentrations (Sigma
Chemical Co. St Louis, MO, USA). Melatonin (MLT) was always freshly prepared in a

40% DMSO stock solution (Sigma Chemical Co. St Louis, MO, USA) and diluted to
different concentrations in the culture medium. After determining the correct range of
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MLT doses, the cell lines were pre-incubated in hyperglycemic medium with 450
mg/dL of glucose (DMEM; Invitrogen, Carlsbad, CA, USA) and then treated with
MLT. Two different culture media were used because the 22Rv1 cells seeded in DMEM
failed to attach properly. Thus, for the experiments with high glucose (HG) conditions,
cells were cultured first with RPMI and them with DMEM with high glucose levels.
The initial analysis of MLT effects using the light microscope revealed that 22Rv1 cells
were more sensitive to indoleamine than the other cells types because more cells
became detached when they were treated with 10 mM of MLT. Thus, a reduced MLT
concentration (5 mM) was used for 22Rv1l cells, whereas PNTA1 and PC3 cells
received 10 mM MLT. With this correction, a proportional cell density was maintained,
which is crucial for the assays in this study. Thus, the following conditions were
evaluated: in normal conditions (NC), the cells were plated with RPM1 medium and
incubated with DMSO (at the same concentration of the highest dose of melatonin
used). Melatonin treatment was performed in the following concentrations: 500 uM, 5
mM and 10 mM. Exposure to HG conditions was performed by replacing the RPM1
medium with hyperglycosylated DMEM (450 mg/dL) and incubating with the vehicle
(DMSO). The concomitant exposure to HG and MLT was performed in the same

manner as described separately above.

Proliferation assay

For this assay, 96-well flat-bottomed plates were used at a density of 3,000
cells/well with 100 uL of medium. The cells were pre-incubated with HG DMEM for 1
day for the short-term experiment and 7 days for the long-term experiment. Then, the
cells were treated with DMSO and MLT (500 uM, 5 mM or 10 mM) for an additional 1
and 2 days. The 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl tetrazolium bromide (MTT) is
reduced by metabolically active cells, which results in the formation of purple formazan.
A solution of 50% MTT in PBS was applied to each well, and the plate was incubated

for 2 h in a humidified incubator at 37°C in an atmosphere of 5% CO» protected from

light. 100 pL of isopropanol with 0.04 N HCI was added to each well and mixed by
tapping gently on the plate. After 15 min, the absorbance was measured on an ELISA
plate reader with a test wavelength of 570 nm and a reference wavelength of 630 nm.
The results were expressed in absorbance values as a mean +/- S.D of the two
experiments.
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Flow cytometry

Cell cycle distribution (G0/G1, S and G2/M) and apoptosis were analyzed by
flow cytometry based on DNA content. 22Rv1, PNTA1 and PC3 cells were seeded in 6-
well plates with a density of 100,000 cells and 1,000 pL of RPM1. Some of the wells
were pre-incubated with hyperglycemic DMEM for 24 h and then treated with MLT for

an additional 24 h. The cells were washed in phosphate-buffered saline (PBS) without
Ca2+ or MgZ+, followed by centrifugation (400 g, 5 min, 4°C). The fixation was

performed in ice cold 70% ethanol while vortexing. The samples were stored at 4°C for
2 h and centrifuged again (400 g, 5 min, 4°C). For staining with propidium iodide (PI),
cells were washed with cold PBS, centrifuged (300 g, 5 min, 4°C) and then suspended
in a 500 pg/mL PI solution (#11348639001; Roche, Mannheim, Germany) protected
from the light at room temperature for 40 min. The samples were transferred to glass
tubes (5 mL Falcon tubes) and kept on ice. The cells were gated, and the DNA content
of at least 4,000 labeled cells was quantified with a FACSCalibur instrument (BD
Bioscience, San Jose, CA, USA). During data analysis, doublet discrimination was
performed using a two parameter dot plot of FL2-Area versus FL2-Width. Data
presented were analyzed using FlowJo 10.0.7 software (Treestar, Inc, Ashland, OR,
USA). The percentage of fragmented DNA was considered an indirect measure of

apoptosis.

Statistical analyses

Data were tested considering the assumptions of normality and homogeneity of
variances according to the Shapiro-Wilk and Levene tests, respectively. The groups that
have made such assumptions (parametric data) were compared by applying a t-test or
one-way analysis of variance (ANOVA) followed by Tukey’s test (post hoc). Data that
did not fit these assumptions (nonparametric data) were compared by applying the
Mann-Whitney or Kruskal-Wallis test followed by Dunn's test (post hoc). Statistical
analyses were performed between groups of the same experimental period and between
different periods for the same treatment (for biometric data only) using the Statistica 9.0
software (Statsoft Inc., Tulsa, OK, USA). Data were expressed as a mean + standard

deviation, and p < 0.05 was considered statistically significant.
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RESULTS
1. In Vivo experiment

Physiological and biometric parameters

Body weight gain (Fig. 1A) did not vary among short-term experimental groups,
except for a diminution in group MD1. Both diabetic groups from the longer duration
experiment had smaller body weight gain, independently of MLT treatment (p <
0.0001). Prostate weight was not affected by MLT treatment under healthy conditions as
well as in diabetes conditions in short- and long-term experiments (Fig. 1B). MLT
administration prevented partially prostate atrophy caused by short-term diabetes (p =
0.0025, Fig. 1B), whereas this hormone was not able to prevent atrophy of the gland in
two-month-old diabetic animals (p < 0.01). Ninety-one percent of the animals exhibited
blood glucose levels of 404 mg/dL, as shown in Figure 1D. Glycemia decreased by 18%
from C1 to C2 (p = 0.026), and MLT did not change this parameter (Fig. 1D). However,
MLT affected the testosterone synthesis of healthy animals (Fig. 1E) in both short-
(decreased by 24%) and long-term (decrease by 34%) experiments. The serum androgen
levels were also drastically decreased by induced diabetes (p < 0.005). Group MD2
exhibited higher levels of this hormone compared to group D2 (Fig. 1E).

Expression of the androgen receptor using immunocytochemistry

The treatment of healthy rats with MLT from weaning to 9 weeks reduced the
number of AR-positive cells in the prostatic epithelium at early adulthood (p = 0.03;
Fig. 2C and I). However, the frequency of AR-positive cells did not change when the
treatment was extended for an additional 7 weeks (Fig. 2D and I). One week of diabetes
decreased the AR immunostained cells by 40% compared to group C1 (Fig. 2E, G and
1), and MLT treatment did not prevent this depletion (p < 0.0001). Following two
months of diabetes, the proportion of cells expressing AR nearly doubled (40%), and

MLT consumption abrogated this increase (Fig. 2F, H and ).

Proliferation, apoptotic rates and PCNA content

The frequency of cell proliferation did not alter in the prostates of groups M1
and M2 (Fig. 3A, B, C, D and I). Cell proliferation in the gland was reduced by 80%
after one week and by 40% after two months of diabetes (Fig. 3E, F and I). MLT
therapy prevented the decrease in cell proliferation in the prostate caused by long-term,
but not short-term diabetes (Fig. 3G, H, and I). Western blotting analysis showed no

variation in PCNA expression in the short-term experiment; however, higher expression
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of PCNA was detected (60%) for group MD2 compared to group D2 in the long-term
experiment (Fig. 3J).

The administration of MLT did not affect apoptosis in the prostate of healthy rats
in both experiments, although there was a non-significant augmentation in group M2
(Fig. 4A, B, C, D and 1). The number of apoptotic cells increased by two-fold in the
gland of diabetic animals (Fig. 4E, G, and I). MLT ameliorated the levels of apoptosis in

the prostate of rats after two months of diabetes (Fig. 4H and I).

Immunolocalization and quantification of MTR1B

The immunolocalization of melatonin receptor type 1B occurred specially in the
prostate epithelium (Fig. 5). Tissue sections of rat brain were used as a positive control
and the neuron cell bodies presented positive staining for MTR1B (Fig. 51). The relative
frequency of stained areas was increased by ~30% due to melatonin administration to
healthy rats and to experimental diabetes (Fig. 5C-F and K). MLT avoided such
augmentation of relative frequency of MTR1B stained areas in diabetic animals of both

experiments (Fig. 5G, H and K).

2. In vitro results

Effects of MLT and HG medium on cell proliferation

PNTAL cells were not affected by MLT under NC after 24 or 48 h of incubation
(Fig. 6A). The short incubation with HG medium and concomitant treatment with MLT
at 10 mM decreased the amount of mitosis (p = 0.02; Fig. 6B). This effect was not
observed in the 7-day pre-incubation experiment (Fig. 6C).

Cancer cell line 22Rv1 exhibited a decrease in cell proliferation (p = 0.008) after
1 day of exposure to 5 mM MLT under NC (Fig. 6D). The same exposure period to
MLT, but with a previous incubation of one day in HG medium, provoked the same
effect, decreasing the cell proliferation by 23% with 5 mM (Fig. 6E). These cells
exhibited an early increase in proliferation after a short pre-incubation with the HG
condition (Fig. 6E) and an inverse pattern after a long pre-incubation, decreasing the
viability to approximately 40%, independently with MLT treatment in both time
intervals (Fig. 6F).

Exposure to the lowest MLT concentration under NC for 24 h favored PC3 cell

proliferation. However, after 48 h, MLT at the highest molarity diminished PC3 viable
cells by 60% (Fig. 6G). The pre-incubation of PC3 cells in HG medium for one day had
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a synergistic action associated with MLT on the proliferation index after 24 h in a dose-
dependent manner (Fig. 6H). This effect was enhanced 48 h after the addition of MLT,
mainly at the 10 mM concentration. One week of previous exposure to HG augmented
PC3 cell proliferation, compared to 1 day of previous incubation, regardless of the
treatment with neurohormone, especially after 2 days of 10 mM MLT exposure (Fig.
6l).

Cell cycle analysis by flow cytometry

The 1-day exposure of PNTAL cells to 10 mM MLT under NC increased the
population of G2/M cells by 36% in comparison to control medium (Fig. 7A and B).
The incubation of these cells with HG for 24 h increased the G2/M cell population by
52% (Fig. 7C), and this increase was higher (92%) following 24 h of MLT incubation
(Fig. 7D). However, there was a 90% increase in the number of cells with DNA
fragmentation when this cell line was incubated in HG medium and a 105% increase
when incubated in HG medium and MLT (Fig. 7D). There was a decrease in cell
population at the S phase in both groups incubated with HG and a reduction in the
GO/G1 cell population after HG and MLT incubation (Fig. 7D).

Melatonin treatment of 22Rv1 cells cultivated in NC for 24 h increased the
percentage of apoptosis by 30%, the number of cells in interphase by 28%, and the
number of G2/M phase cells by 64% (Fig. 7E and F). The exposure of 22Rv1 cells to
HG medium also increased the apoptotic (36%) and G2/M (34%) cells (Fig. 7E and G),
and the addition of MLT attenuated these alterations (Fig. 7H).

In the PC3 cell line, MLT caused a decrease of 30% in cells in the GO/G1 phase
(Fig. 71 and J) and an augmentation of 92% in G2/M cells. HG conditions did not affect
the proliferation (G2/M) of this lineage but increased the number of apoptotic cells by
90% (Fig. 7K). Such alterations were restored by MLT (Fig. 7L).

DISCUSSION

Beyond to corroborate with previous evidence that diabetes markedly reduces
cell proliferation and increases apoptosis in the prostate [37, 39, 43, 53], the present
results indicate, for the first time, that MLT administration (10 pg/kg body weight/day)
to Wistar rats retrieved the proliferative activity of the prostate after two months of
experimental diabetes. This retrieval was associated with improvement of the androgen

synthesis that is known to be impaired in chronic diabetes [43, 45, 53]. In addition it
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was observed that prostate response to MLT treatment differed during the disease
progression, following alterations of testosterone levels, because modifications of
proliferation and apoptosis in the gland or improvement of circulating testosterone were
not found in the animals after short-term diabetes. We also noted that MLT
administration to healthy rats since weaning had a negative action on testosterone
synthesis but did not interfere with proliferative and apoptotic response in prostate. This
suppressive action of MLT on androgen levels of healthy rats was expected and it may
be due to the modulation of gonadotropin-inhibitory hormone (GnlIH) and its respective
receptor [59], the decrease in LH levels [32] or the direct action of MLT in interstitial
testicular cells through melatonin receptors [60]. Presumably, no effect was verified on
cell proliferation and apoptosis rates because testosterone reduction did not induce a
conspicuous change in AR expression in the gland of MLT-treated healthy rats, as
indicated by a slight decrease of 10% in the frequency of AR-positive cells in short-term
experiment. Then, our data indicated that even at lower doses than usually employed
previously [6, 61, 62], the proliferative and anti-apoptotic effects of MLT treatment in
the prostate of animals with chronic diabetes are likely due to its indirect action on
circulating testosterone levels and also reflected the improvement of androgenic action
in the gland under diabetes as demonstrated by AR-positive cells frequency. The
increase of serum testosterone levels in diabetic animals treated with melatonin should
be analyzed carefully, especially when melatonin is intended to be applied as a
coadjutant in the treatment of prostate cancer for patients with metabolic disturbances,

such as diabetes.

Furthermore, testosterone influence in the prostate response to MLT in diabetes was
also triggered by conventional membrane receptor. MTR1 had been related to

antiproliferative response of prostate cancer cells to MLT, which leads to the down-
regulation of activated AR signaling and upregulation of p27kIIDI in 22Rv1 cells [63]. Our

immunohistochemical data showed a significant reduction of melatonin receptor type 1B
(MTR1B) for MD2 group in relation to D2 group, which can support the increased
proliferation index found in these animals. In addition, in a parallel investigation with a
similar experimental protocol, we demonstrated that MLT had effective antioxidant action
in this gland under diabetes by equilibrating glutathione-S-transferase (GST), catalase, and
glutathione peroxidase (GPx) activities [64]. The MLT ability of attenuate the production of
reactive species (ROS) and also regulating the expression of proteins of the apoptotic

pathways, such as Bcl-2 and Bax [65,66] have been related to the anti-
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apoptotic property of this neurohormone. The increase in PCNA content in the
melatonin-treated diabetic group (MD?2), besides expressing an increasing in cell
proliferation, can also corroborate the protective action of MLT because PCNA is also
involved in DNA damage repair and epigenomic maintenance [67]. Taken together the
in vivo results demonstrate that response of diabetic prostate to the MLT treatment was
mainly due to the alterations androgen levels, as expected, but they also suggest the
involvement of MTR1B receptor. Most evidence in the literature points to an anti-
proliferative action of MLT on prostate cancer cells, and in vivo studies with normal
cells are scarce [14, 68, 69]. Therefore our results for the long-term diabetic group
treated with MLT are in contrast to in vitro studies and they also indicate a differential
action of MLT during normoglycemia or hyperglycemia.

To better clarify the implications of MLT from its secondary effect on androgen
levels, and the interferences of hyperglycemia and AR expression, we examined MLT
influence on cell proliferation of human prostate epithelium cells and prostate cancer
cell lineages. It is known MLT can detain mitosis through the attenuation of calcium
influx induced by dihydrotestosterone (DHT) and down regulation of androgen
signaling due to the nuclear exclusion of AR [17, 21, 22]. The inhibition of tumor
enlargement due to the antiproliferative action of MLT is mediated by cell cycle delay at
the GO/G1 phase and a shorter duration in the S phase by reducing the levels of cyclin
D1 [16, 18, 19]. The usage of both tumor and non-tumor cell lines was pertinent because
it was observed that 8% of diabetic animals presented prostate carcinoma and 15%
presented high grade intraepithelial neoplasia (data not shown). The glucose
concentration used in the medium (450 mg/dL) is equal to the glycemic index of
diabetic animals in the present investigation. Our study was performed with high MLT
concentrations (5 mM and 10 mM) compared with most previous studies, which utilized
doses in the nM and uM range [21, 24, 25, 63]. Higher MLT concentrations were
expected to be effective in concomitantly covering three different cell lines. The uptake
of MLT by prostate cancer cells is poor and dependent of the cell cycle phase, and the
cells in the present investigation were not synchronized. Therefore, high concentrations
of MLT in the medium do not necessarily correlate with higher internal concentrations
[29]. Thus, the solubility of MLT was hampered, and a higher concentration of DMSO
had to be used to dissolve it.

Proliferation assays did not indicate a drastic antiproliferative and pro-apoptotic
action of MLT under NC, as reported previously [70]. These attenuated unintended



73

effects may be due to the shorter incubation times employed here. Sainz et al. [71]
disposed the indoleamine for 2-6 days, allowing more time for its metabolism. Hevia et
al. [72] proved that melatonin is still available in the medium and not transformed into
its metabolites by prostate cancer cells until 24 h of incubation. Moreover, the
intracellular levels of melatonin decay after 24 and 48 h [29], which support the
possibility of differences in the influence of MLT between short and continuous
exposure.

PNTAZI are human non-tumoral cells that were used here as an analogous for the
epithelium cells of rat ventral prostate. As observed in vivo, MLT did not elicit an
antiproliferative response in PNTAL cells under normal conditions and HG medium
increased the percentage of fragmented DNA. As also observed in a previous research,
there was not an increase in proliferation by the association of PNTA1 cells and DMEM
with HG (450 mg/dL) [73]. Androgen receptor positive but not androgen sensitive cells,
22Rv1 were highly sensitive to MLT in NC, particularly at high concentrations, but
when incubated in HG medium, the MLT was capable of reducing cell proliferation of
22Rv1 after a short incubation period. PC3 cells revealed a different behavior from the
other cells exhibiting a late antiproliferative response to MLT in NC and a synergistic
proliferative effect with high glucose medium, as showed by both MTT and flow
cytometry data. Thus, the prolonged incubation with HG medium impaired the mitosis
of 22Rv1 and PNTAL cells but improved this parameter for PC3 cells. Hevia et al. [74],
using LNCaP and PC3 cells incubated under HG concentrations, and observed an
antiproliferative effect of MLT that was caused via modulation of glucose transporter
type 1 (GLUT1). Our results do not completely agree with the above findings,
particularly in the case of PC3 cells. These discrepancies can be explained by the

different incubation times and concentrations of HG.

Although the use of in vivo and in vitro experiments allowed observing some
parallelisms in the results, the differences between the micro environments in which
these cells are inserted should not be neglected. In this way, the in vivo experiment has a
much more complex panel of variables. The prostate secretory epithelium is composed
of various cell types, interrelated with each other, as the basal cells, transit-amplifying
cells, intermediate cells and the luminal cells [75]. Thus, none of the cell lines used in
this research can represent the population heterogeneity of prostatic epithelium. It is
worth to mention that short-term diabetes drastically reduced the frequency of AR-

positive cells in the prostate and this effect probably persists at later stages of the
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disease as previously reported by our research group after one-month of streptozotocin-
induced diabetes [53]. Therefore the results observed for the longer duration experiment
reflect the MLT influence in cells whose majority does not express AR. In this context,
PC3 cells displayed a comparable behavior to the prostatic cells under chronic diabetes.
Furthermore, in this case, the MLT response in vitro can be mediated by other signaling
pathways, such as those related to specific membrane or nuclear receptors for this
hormone.

CONCLUSION

Our in vivo data indicated that under chronic diabetes exogenous melatonin had a
proliferative and anti-apoptotic effect due its indirect action on testosterone circulating
levels and also direct effect through specific MTR1B receptor. PC3 cell line showed a
similar result to the in vivo experiments, because an increase in mitosis was elicited at
longer pre-incubation times with hyperglycemic medium and MLT. As PC3 cells are
androgen-independent prostate cancer cells, our findings indicate that this improvement
of PC3 cell viability probably is not related to AR expression.
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Figure legends

Figure 1 - Mean and standard deviation of body weight gain (A), prostate wet weight
(B), prostate relative weight (C), blood glucose levels (D) and serum testosterone (E).
C1, short-term control; M1, short-term control treated with MLT; D1, short-term
untreated diabetic; MD1, short-term diabetic treated with MLT; C2, long-term control,;
M2, long-term control treated with MLT; D2, long-term untreated diabetic and MD2,
long-term diabetic treated with MLT. Light bars; short-term experiment and dark bars;
long-term experiment. (N = 10 animals/group). Different lowercase letters indicate
significant differences between experimental groups C1, M1, D1, MD1 (parametric
data: prostate weight, relative prostate weight, serum testosterone; non-parametric data:
body weight gain, glycemia), and different capital letters indicate significant differences
between groups C2, M2, D2 and MD2 (parametric data: body weight gain; prostate
weight, relative prostate weight, serum testosterone; non-parametric data: glycemia).
*significant difference between experimental periods (t-test or Mann Whitney).

Figure 2 — Immunohistochemistry (A-H) for the androgen receptor and quantification
of AR-positive cells (1) in the acinar epithelium of rat ventral prostate (brown nuclei). A,
short-term control (C1); B, short-term control treated with MLT (M1); C, short-term
untreated diabetic (D1); D, short-term diabetic treated with MLT (MD1); E, long-term
control (C2); F, long-term control treated with MLT (M2); G, long-term untreated
diabetic (D2); H, long-term diabetic treated with MLT (MD2). Captions: e - epithelium,
| — lumen, s — stroma, arrow- AR-positive cells. Magnification: 400X, bar = 25 pum. I,
AR-positive epithelial cells frequency (%), light bars; short-term experiment and dark
bars; long-term experiment. (N= 5 animals/group). Different lowercase letters indicate
significant differences between experimental groups C1, M1, D1, MD1 (parametric
data), and different capital letters indicate significant differences between groups C2,
M2, D2 and MD2 (non-parametric data).

Figure 3 — Proliferation index, evaluated by immunocytochemistry for proliferating cell
nuclear antigen (PCNA) and Western blotting. A, short-term control (C1); B, short-term
control treated with MLT (M1); C, short-term untreated diabetic (D1); D, short-term
diabetic treated with MLT (MD1); E, long-term control (C2); F, long-term control
treated with MLT (M2); G, long-term untreated diabetic (D2); H, long-term diabetic
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treated with MLT (MD2). Captions: e - epithelium, | — lumen, s — stroma, arrow-PCNA-
positive cells (brown nuclei). Magnification: 400X, bar = 25 um. I, Relative frequency
(%) of PCNA-positive cells. J, Western blotting for PCNA in ventral prostate extracts
and the respective densitometry analysis. B-actin was used as internal control loading.
Light bars; short-term experiment and dark bars; long-term experiment. (N= 5
animals/group). Different lowercase letters indicate significant differences between
experimental groups C1, M1, D1, MD1 (parametric data: PCNA protein content; non-
parametric data: frequency of PCNA-positive cells), and different capital letters indicate
significant differences between groups C2, M2, D2 and MD2 (parametric data: PCNA

protein content; non-parametric data: frequency of PCNA-positive cells).

Figure 4 — Apoptotic cells quantified by the TUNEL method (brown nuclei). A, short-
term control (C1); B, short-term control treated with MLT (M1); C, short-term untreated
diabetic (D1); D, short-term diabetic treated with MLT (MD1); E, long-term control
(C2); F, long-term control treated with MLT (M2); G, long-term untreated diabetic
(D2); H, long-term diabetic treated with MLT (MD2). Captions: e - epithelium, | —
lumen, s — stroma, arrow- PCNA-positive cells (brown nuclei). Magnification: 400X,
bar = 25 um. |, Relative frequency of apoptotic cells (%). Light bars; short-term
experiment and dark bars; long-term experiment. (N= 5 animals/group). Different
lowercase letters indicate significant differences between experimental groups C1, M1,
D1, MD1 (non-parametric data), and different capital letters indicate significant
differences between groups C2, M2, D2 and MD2 (non-parametric data), according to
ANOVA followed by the Tukey (post hoc) or Kruskal -Wallis test followed by Dunn's
test (post hoc).

Figure 5 - Tecidual localization of melatonin receptor type 1B (MTR1B) in the ventral
prostate of rats. A, short-term control (C1); B, short-term control treated with MLT
(M1); C, short-term untreated diabetic (D1); D, short-term diabetic treated with MLT
(MD1); E, long-term control (C2); F, long-term control treated with MLT (M2); G,
long-term untreated diabetic (D2); H, long-term diabetic treated with MLT (MD2). I,
negative control; J, positive control, brain tissue section of rat. K, relative frequency (%)
for MTR1B-positive areas. Captions: e - epithelium, | — lumen, s — stroma.
Magnification: 400X, bar = 25 um. Light bars; short-term experiment and dark bars;
long-term experiment. (N= 5 animals/group). Different lowercase letters indicate

significant differences between experimental groups C1, M1, D1, MD1 (non-parametric
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data), and different capital letters indicate significant differences between groups C2,
M2, D2 and MD2 (parametric data), according to ANOVA followed by the Tukey (post
hoc) or Kruskal -Wallis test followed by Dunn's test (post hoc).

Figure 6 - MTT assay (absorbance values) for cell proliferation for PNTAL (A, B, and
C), 22Rv1 (D, E and F) and PC3 cells (G, H and I) under normal conditions (A, D and
G), 1 day of pre-incubation with hyperglycemic medium (B, E and H), 7 days of pre-
incubation with hyperglycemic medium (C, F and I) and treated with DMSO, 500 pM, 5
mM or 10 mM of MLT for 1 and 2 days. *represents significant differences among the
different concentrations of melatonin exposure for 1 day (parametric data). + represents
significant differences among the different concentrations of melatonin exposure for 2

days (parametric data).

Figure 7 - Determination of cell cycle analysis by DNA content using flow cytometry.
22Rv1 (A, B, C, and D), PNTA1 (E, F, G and H) and PC3 (I, J, K and L) cells
maintained under normal conditions (A, E and I), treated with MLT (5 mM or 10 mM)
for 1 day (B, F and J), incubated with HG medium for 2 days (C, G, and K), and pre-
incubated with HG medium for 1 day and then exposed to MLT (5 mM or 10 mM) for
an additional 1 day (D, H and L). DNA fragmentation: white peaks; GO/G1: blue peaks;
S: green areas and G2/M: red peaks.
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Figure 2
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Figure 4
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Capitulo 3

Alterac0es teciduais e incidéncia de lesbes patologicas na préstata ventral de
ratos frente ao diabetes e tratamento com melatonina

Marina G. Gobbol, Viviane Sanches Masitéliz, Guilherme Henrique Tamarindoz,
Sebastido Roberto Tabogaz, Rejane Maira Géesz.

1Departamento de Anatomia, Biologia Celular e Fisiologia e Biofisica,
IB/JUNICAMP, Campinas, Sdo Paulo, Brasil.

2Departamento de Biologia, IBILCE/UNESP, Séo José do Rio Preto, Sao Paulo, Brasil.
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Resumo

O diabetes cronico induzido por aloxana induz lesbes malignas e pré-malignas na
prostata de ratos. A hiperglicemia acarreta maior producdo de espécies reativas de
oxigénio (ROS) a qual favorece a carcinogénese em diversos Orgdos. Entretanto, a
associacdo entre diabetes mellitus (DM) e o cancer de prostata ainda ndo é bem
estabelecida, principalmente no DM do tipo 1 no qual ha caréncia androgénica e
insulinica. A melatonina (MLT) é um potente antioxidante, anti-inflamatdrio e possui
propriedades antitumorais. Esta investigacdo teve como objetivo analisar se o diabetes
induzido por estreptozotcina (STZ) acarreta a ocorréncia de malignidades na prostata
ventral de ratos. Além disso, foi analisado se o tratamento com MLT em baixa dosagem
previne as alteragdes teciduais causadas pelo diabetes experimental em curto e longo
prazo e se a ingestdo desse horménio durante o periodo pré-pubere e seu uso prolongado
afetam a histologia prostatica. A MLT foi disponibilizada na dgua de beber (10 ng/Kg
de peso corporal/dia) a partir da 5% semana de idade até o fim do experimento. Na 132
semana de idade o diabetes foi induzido por STZ (40mg/Kg de peso corporal, ip). A
eutanasia dos animais ocorreu na 14% semana (curto prazo) e na 212 semana de idade
(longo prazo). A prostata foi processada para microscopia de luz e as anélises
estereoldgicas do epitélio e componentes estromais foram realizadas em Tricrémico de
Tuschmann Blue. As medidas morfométricas e avaliagdo histopatologica foram
realizadas em cortes corados por Hematoxilina-Eosina. Reag¢fes de imunohistoquimica
foram feiras para a-actina, proliferacdo celular (PCNA), proteina antiapoptotica bcl-2,
glutationa S-transferase pi (GSTpi) e metilacdo do DNA (5-metil-citidina). A MLT foi
mais influente na histologia prostatica quando administrada durante a fase pré-pubere.
Este hormonio atenuou a atrofia do epitélio e das células musculares lisas, normalizou a
distribuicdo colagénica interacinar e reduziu a incidéncia de neoplasias intraepiteliais
(PIN) de alto grau, infiltrados linfociticos no estroma e epitélio, prostatite e atrofia
proliferativa inflamatéria (P1A) nos animais diabéticos. Contudo, ndo foi eficiente em
evitar o desenvolvimento de carcinoma microinvasivo, provavelmente devido a baixa
dosagem utilizada. O diabetes induzido por STZ é um modelo experimental pertinente

para o estudo da incidéncia e progressao tumoral na prostata em condigdes de
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hiperglicemia, porém ndo se podem descartar os efeitos especificos da droga tais como
0 aumento da metilacdo do DNA das células epiteliais.

Introducéo

O estroma prostatico € formado por fibroblastos, células musculares lisas (cml),
componentes de matriz extracelular, fatores de crescimento e outras moléculas
regulatdrias. Algumas evidéncias indicam que as células estromais sdo fundamentais no
desenvolvimento, na fisiologia assim como instalagdo de patologias (Chung e Davies,
1996; Cunha et al., 2004; Tuxhorn et al., 2002). Estas células possuem uma plasticidade
funcional sendo capaz de alterar seu fen6tipo em situacGes de caréncia androgénica ou
outros tipos de distarbios hormonais. Conforme evidenciado por andlises citoquimicas e
ultraestruturais as cml prostaticas em desequilibrio hormonal podem variar de um
fendtipo contrétil para secretorio no qual produzem ativamente produtos da matriz
extracelular (Antonioli et al., 2004; 2007; Carvalho et al., 1997a,b; Corradi et al., 2004;
Vilamaior et al., 2000; 2005). Esse fenotipo celular denominado de miofibroblasto é
encontrado no estroma reativo caracteristico do cancer de prostata (Tuxhorn et al.,
2002), contudo estudos de nosso laboratério com diabetes induzido por aloxana,
mostraram que esse tipo celular ndo foi encontrado no estroma dos animais diabéticos
(Gohbo et al. 2012a). Além disso, a analise dos efeitos em longo prazo do diabetes
induzido por aloxana na prostata de ratos demonstram profundo remodelamento
estromal envolvendo coldgeno e condroitin sulfato, sugerindo a participacdo das células
estromais no desenvolvimento de lesdes malignas na prostata ventral de ratos (Ribeiro et
al., 2008; 2009). Especula-se que tais eventos de remodelamento estromal facilitem
progressdo tumoral por proporcionarem um microambiente favoravel. Além disso, o
desequilibrio das interacbes epitélio-estroma estd intimamente relacionado ao

estabelecimento de lesdes malignas nesta glandula.

A associacdo entre o diabetes mellitus (DM) e o céncer de prdstata €
controversa. Alguns estudos clinicos apontam para um declinio no risco de
desenvolvimento do céncer de prostata especialmente no DM do tipo 1 (Fall et al.,
2013; Moreira et al., 2011; Xu et al., 2013; Yu et al., 2013), devido a caréncia de
insulina e declinio dos niveis sericos de testosterona (Bhasin et al., 2007). Entretanto,
outros estudos apontam para a maior susceptibilidade ao acometimento de tumores
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prostaticos em individuos diabéticos e com sindrome metabodlica (Park et al., 2014;
Shiozawa e Horie et al., 2014). Experimentos com diabetes induzido por aloxana de
nosso laboratério demonstraram um aumento das neoplasias intraepiteliais (PIN) e da
incidéncia de carcinoma na proéstata ventral de ratos apos trés meses de diabetes sem
tratamento com insulina (Ribeiro et al., 2008). Contudo ha uma escassez de trabalhos
que avaliem a incidéncia de malignidades na prdstata decorrentes do diabetes induzido
por estreptozotocina. A acdo citotoxica dessas drogas diabetogénicas sobre as células [3-
pancreaticas sdo diferenciadas sendo que a aloxana promove a morte celular por
aumento de especies reativas de oxigénio (ROS) e a estreptozotocina promove a
alquilacdo do DNA (Lenzen, 2008).

No diabetes mellitus, a producdo de ROS, decorrente da hiperglicemia
prolongada, esta aumentada sistemicamente (Ikemura et al., 2013; Wautier et al.,
2001;Yan et al., 1994). Isso é devido, sobretudo a formacdo de produtos finais de
glicacdo ndo enzimética (AGE), os quais se ligam aos seus receptores especificos
(RAGE) e ativam a NADPH oxidase culminando no aumento de produgdo de ROS. O
estresse oxidativo tem sido relacionado a varios estagios de progressdo tumoral
incluindo a carcinogénese, proliferacdo e invasdo (Evans et al. 2002; Pani et al., 2010;
Vincent et al.,, 2004). Desse modo, os altos niveis de glicose no sangue seriam
favoraveis a maior incidéncia e aceleram a progressao do cancer em pacientes

diabéticos.

A melatonina vem sendo utilizada no tratamento de diversas doencas tais como o
diabetes e o cancer (Korkmaz, et al., 2009; Pandi-Perumal, et al., 2006; Reiter, 2000).
Sua secrecdo € controlada pelo nucleo supraquiasmatico, tendo um pico durante a
porcao escura do ciclo dia-noite sendo ausente na porcao clara devido a agao supressora
da luz. Além disso, essa indolamina possui propriedade antioxidante por atuar como um
doador de elétrons em processos ndo enzimaticos, além de inibir enzimas da familia
P450, sequestrar ROS como hidroxila e peroxila (Cuzzocrea e Reiter, 2001; Montilla et
al., 1998; Vural et al., 2001) e regular a atividade de enzimas antioxidantes (Reiter,
2000; Pandi-Perumal et al., 2006).A inibicdo do crescimento tumoral pela MLT vem
sendo bastante descrita para as células prostaticas, tanto in vivo como in vitro (Sainz et
al., 2005; Shiu et al., 2003; 2013; Siu et al., 2002; Tam et al., 2011; Xi et al., 2000;
2001). O receptor de melatonina do tipo 1 (MTR1) foi identificado em individuos com
cancer de prostata e o tratamento com melatonina induziu a estabilizacdo de tumores

resistentes a ablacdo hormonal (Shiu et al., 2003). O receptor MTR1 modula a acéo
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antimitogénica da MLT em células prostaticas atenuando o influxo de célcio induzido
por esteroides (Shiu et al., 2013, Xi et al., 2000; 2001).

Este estudo avaliou se o diabetes induzido por estreptozotocina é um modelo
eficiente para se avaliar 0 acometimento e progressao de lesdes malignas e pré-malignas
na prostata ventral de ratos em condigdes de hiperglicemia prolongada. Além disso, foi
analisado se o tratamento com MLT em baixa dosagem interfere nas alteracdes
teciduais causadas pelo diabetes experimental em curto e longo prazo e se a ingestdo
desse horménio durante o periodo pré-pubere e seu uso prolongado afeta a histologia

prostatica.

Material e métodos
Animais e delineamento experimental

No presente estudo foram utilizados ratos Wistar (Rattus novergicus) machos,
recém-desmamados (5 semanas da idade), obtidos do Biotério Central da UNESP —
Campus de Botucatu. O experimento regeu-se de acordo com 0s principios éticos
preconizados pelo Conselho Nacional de Controle de Experimentacdo Animal e os
procedimentos envolvidos foram acompanhados e aprovados pela Comissdo de Etica no
Uso de Animais do IBILCE/UNESP (Protocolo 051/2011 CEUA). Os animais foram
mantidos em caixas de polietileno com substrato de maravalha, adaptadas com acesso a

racdo (Presence, Invivo, Paulinia, SP, Brazil) e 4gua filtrada “ad libitum”, e submetidos

as condi¢oes de luz (regime de 14h claro e 10h escuro) e temperatura em torno de 22°C.
Ap6s um curto periodo de adaptacdo, os animais foram pesados e distribuidos
aleatoriamente em dois experimentos, totalizando 8 grupos (n=10/grupo). O
experimento de curto prazo foi constituido pelo grupo controle (C1), controle tratado
com melatonina (M1), diabético por uma semana nao tratado (D1) e diabético por uma
semana tratado com melatonina (MD1). O experimento de longo prazo foi constituido
pelo grupo controle (C2), controle tratado com melatonina (M2), diabético por dois
meses nao tratado (D2) e diabético por dois meses tratado com melatonina (MD2). A
administracdo da MLT (Sigma ChemicalCo. St Louis, MO, USA) foi executada com
base nos procedimentos estabelecidos por Wolden-Hanson e colaboradores (2000),
sendo dissolvida em etanol p.a. e armazenada em aliquotas a — 70°C. As aliquotas de
MLT foram dissolvidas em 0,01% de etanol e disponibilizadas aos animais na agua de

beber, com trés trocas semanais. As garrafas contendo MLT foram adaptadas com o
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objetivo de proteger o horménio da luz, pois se trata de uma molécula fotossensivel.
Com base no calculo de ingestdo de agua diario a MLT foi disponibilizada de maneira a
resultar na ingestdo de 10 ng/Kg de peso corporeo/animal/dia. A MLT foi fornecida aos
grupos M1, M2, MD1 e MD2 a partir da 5% semana de idade. Tais condi¢cbes de
administracdo foram padronizadas a partir da aplicacdo de varios testes de consumo
preferencial e teste de aversdo e as andlises indicam que este modelo é eficiente na
inducdo da elevacgdo dos niveis de MLT durante o periodo noturno (Wolden-Hanson et
al., 2000), e ndo influenciaram a quantidade de &gua ingerida pelos ratos. Embora a
disponibilizagdo da MLT na &gua de beber ndo garanta a mesma quantidade com
exatiddo de agua ingerida pelos animais, € mais adequada para experimentos de longa
duracdo para evitar o viés do estresse decorrente da gavagem diaria.

. a . .
Na 82 semana de tratamento com melatonina (13~ semana de idade), realizamos a

inducdo do diabetes (grupos D1, D2, MD1 e MD2), por meio da injecdo intraperitoneal
de 4,5mg/100g de peso corporal de estreptozotocina (Sigma, Louis, MO, USA), diluida
em 1mL de tampao citrato 0,01M. A solucdo contendo a droga foi injetada nos animais
apos 24 horas de jejum e anestesia prévia do individuo com quetamina e xilasina (0,1
mL/100g de peso corporal). Os animais do grupo controle receberam apenas injecéo
com tampdo citrato. No mesmo dia da inducdo do diabetes, o peso corpéreo foi
mensurado. A glicemia dos animais foi avaliada dois dias apds a inducdo com
estreptozotocina, com o uso de puncéo capilar e do aparelho Accu-chek (Roche) de fitas
one touch. Os animais com glicemia superior a 220 mg/dL, foram considerados
diabéticos. Durante todo o experimento 0 peso corpéreo, a ingestdo de racdo e de agua
foi acompanhada. Os grupos C1, M1, D1 e MD1 foram sacrificados na 142 semana,
enquanto os grupos C2, M2, D2 e MD2 foram sacrificados na 212 semana. Os ratos

foram decapitados ap0s a inalacdo de CO».

Processamento para microscopia de luz

A préstata ventral foi retirada e pesada, seus fragmentos foram imersos em
solucdo de Karnovsky (formaldeido 2,5% recém-preparado, glutaraldeido 2,5% em
tampao fosfato Sorensen pH 7,2) para serem fixados durante 12 a 24 horas. Os cortes
histologicos (4 pum de espessura) foram submetidos a coloragdo Hematoxilina-Eosina
(HE) para estudo morfologico geral. Os fragmentos destinados as analises
imunohistoquimicas foram fixados por imersdo em paraformaldeido 4% recém-

preparado em tampdo fosfato 0,1M e pH 7,2 e metacarn (1:3:6 de &cido acétido,
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cloroférmio e metanol) e seus respectivos cortes foram aderidos em laminas
previamente silanizadas. O material obtido foi documentado através da captura de
imagem pelo microscépio de campo claro (Olympus CH30) e digitalizado pelo
microscopio Olympus acoplado com cdmera CCD e Sistema de aquisi¢do de Imagens.

Analises estereoldgicas

As anélises estereoldgicas foram realizadas em cortes corados por Tricrémico
de Tuschmann Blue (Delbeés et al., 2006). Essa técnica citoquimica cora em marrom o
epitélio acinar, em azul os componentes colagénicos e em laranja as células musculares
lisas (cml) e vasos sanguineos, permitindo, portanto a distincdo desses componentes
estromais. Foram capturados 30 campos contiguos no aumento de 40X e 5 animais por
grupo. Apo6s a quantificacdo dos componentes prostaticos pelo reticulo de pontos
(Weibel, 1963), os valores obtidos em frequéncia relativa foram calculados em relagdo
ao peso prostatico em mg (frequéncia absoluta ou peso relativo). As andlises
quantitativas foram realizadas utilizando-se o sistema de analise de imagens Image-Pro
Plus (Media Cybernetics, versdo 6.0 para Windows, Bethesda, MD, USA).

Andlises morfométricas

Anélises morfométricas da espessura da camada de cml e da altura do epitélio
acinar foram efetuadas. Para isso foram utilizados fragmentos prostaticos de 5 animais
de cada grupo e 30 campos microscopicos diferentes foram escolhidas ao acaso, no
aumento de 1000X. Para cada campo foram realizadas 3 medidas (um) de cada um

desses parametros.

Analise histopatoldgica

A andlise histopatoldgica foi realizada apenas para o experimento de longo
prazo. Foram determinadas a incidéncia (nimero de individuos) e a multiplicidade de
lesGes (numero de focos de cada lesdo por area de tecido) sendo 10 animais para C2; 12
animais para M2; 15 animais para D2 e 10 animais para MD2. A classificacdo das
lesGes patoldgicas foi efetuadas com base no sistema proposto por Shappel et al. (2004)
para préstata de roedores, aplicado anteriormente para ratos (Ribeiro et al., 2008).
Referéncias adicionais foram usadas para caracterizacdo da atrofia acinar (Borowsky et

al., 2006), padrdes inflamatorios (Sciarra et al., 2007) e morte celular por descolamento
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(Rosa-Ribeiro et al., 2014). A atrofia acinar foi identificada por epitélio achatado, com
celulas exibindo largura maior que a altura por todo o perimetro do &cino. A metaplasia
foi identificada por regides de epitélio prostatico as quais deixam de ser cilindricas e
passam a ser cubicas ou pavimentosas. Os focos inflamatorios foram diferenciados
segundo a localizagdo das células do sistema imune em estromais, em contato com o
epitélio glandular e no interior luminal (prostatite), segundo classificacdo de Sciarra et
al. (2007). A atrofia proliferativa inflamatoria (PIA) foi reconhecida pelas trés
caracteristicas em conjunto — atrofia epitelial, associacdo de células inflamatdrias e alta
proliferacdo celular (De Marzo et al., 1999). As neoplasias intraepiteliais (PIN) foram
reconhecidas pela presenca de hiperplasia e atipia nuclear (nucleos aumentados,
diminuidos ou elongados, hipercromasia e nucléolo proeminente), sendo diferenciadas
em baixo grau (tipo papilar) de alto grau (cribiforme e microacinos). As regides
hiperplasicas focais foram caracterizadas por focos proliferativos no epitélio sem as
atipias nucleares encontradas na PIN. O adenocarcinoma foi identificado com base nas
caracteristicas histoldgicas, em especial na atipia nuclear, rompimento da membrana
basal e expressdo de bcl-2. Para verificar o rompimento da membrana basal e a
organizacdo das fibras colagénicas adjacentes as lesGes malignas e pré-malignas foi
realizado a coloracdo por Reticulina de Gomori (Vilamaior et al., 2000). Também
foram quantificados os macrdfagos estromais unitarios e a descamacdo epitelial
segundo Rosa-Ribeiro et al., 2013. Para essas analises foram utilizados trés fragmentos
da proéstata por animal para os quais foram obtidos, por fragmento, cortes histoldgicos
em parafina em trés diferentes profundidades. Cada corte histoldgico foi digitalizado
em scanner de ldaminas Olympus Virtual Slide System (VS120-S5-OAl) no aumento de
200X. A érea total dos cortes histoldgicos foi quantificada com o software Image-Pro
Plus (Media Cybernetics version 4.5 for Windows, MD, USA) e toda sua extensdo foi
examinada para deteccdo e quantificacdo do nimero de focos de cada lesdo acima

mencionada.

Reagdes de imunohistoquimicas

Os cortes histologicos foram submetidos as rea¢es de imunohistoquimica para o
antigeno nuclear de proliferacdo celular (PCNA), proteina antiapoptética bcl-2,
glutationa S-transferase pi (GSTpi) e 5-metilcitidina, marcador para metilacdo do DNA.
Resumindo-se o processo, 0s cortes foram submetidos & recuperacdo antigénica em
tampao citrato (10 mM, pH 6) durante 20-40 minutos, seguido de bloqueio de
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peroxidases enddgenas com H»O2 3% em metanol. Em seguida os cortes foram

incubados em soro bovino normal 3% em PBS (PCNA, GSTpi e bcl-2) e leite desnatado
5% (5-metilcitidina) durante 1 hora para bloqueio de proteinas inespecificas. Apos
lavagem em PBS foi feita incubacdo com os anticorpos primarios diluidos em BSA 1%:
PCNA (sc56, mouse monoclonal, 1:100, 1 h a 37°C, Santa Cruz Biotechnology, Santa
Cruz, CA), bcl-2 (sc-783, rabbit, policlonal, 1:70, overnight a 4° C, Santa Cruz
Biotechnology, Santa Cruz, CA), GSTpi (ARP48487, rabbit policlonal, 1:75, overnight
a 4° C, Aviva Systems, San Diego, CA) e 5-metilcitidina (sc-56615, mouse monoclonal,
1:75, overnight a 4°C, Santa Cruz Biotechnology, Santa Cruz, CA). A deteccdo foi
realizada com polimero (NovolinkPolymer, Novocastra) para PCNA, bcl-2 e 5-
metilcitidina e com anticorpo secundario biotinilado universal seguida de ABC Staining
System para GSTpi. A reacdo foi revelada com diaminobenzidina (DAB) e 0s cortes
foram contracorados com hematoxilina. Os controles negativos foram feitos omitindo-se
os anticorpos primarios. Os nucleos das células epiteliais marcadas com 5-metilcitidina
foram estimados contando-se o nimero de células marcadas no epitélio dividido pelo
total de células do campo visual. Para ambas as contagens foram utilizadas 30 campos
contiguos fotografados na objetiva de 40X de 5 animais por grupo e 3 fragmentos

prostaticos por animal.

Imunofluorescéncia para o-actina

Apdbs passarem pelos mesmos procedimentos descritos acima, 0s cortes
histoldgicos foram incubados com anticorpo primario em BSA 1% (sc-32251, mouse
monoclonal, 1:100, overnight a 4°C, Santa Cruz Biotechnology, CA). Posteriormente, 0s
cortes foram incubados com o anticorpo secundario IgG-FITC (sc-2010, goat anti-
mouse, fluorescein conjugated, 1:200, 2 h RT, Santa Cruz Biotechnology, CA).Os
nucleos foram corados com DAPI blue (UltraCruz™ Mounting Medium, sc-24941 for
fluorescence with DAPI, Santa Cruz Biotechnology, CA) e as laminas foram analisadas
ao microscopio de fluorescéncia Zeiss Imager M2 (Zeiss, Alemanha) acoplado ao

software AxioVision (Zeiss, Alemanha).

Analises estatisticas

As andlises estatisticas foram feitas entre os grupos do mesmo periodo
experimental utilizando o software Statistica 9.0 (Statsoft Inc., Tulsa, OK, USA). Os
dados foram testados considerando os pressupostos de normalidade e homogeneidade
das variancias de acordo com os testes de Shapiro-Wilk e Levene, respectivamente. Os
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grupos que assumiram esses pressupostos (dados paramétricos) foram comparados
aplicando teste one-way ANOVA seguido de Tukey (post hoc). Os dados que ndo se
enquadraram nesses pressupostos (dados ndo paramétricos) foram comparados
aplicando o teste de Kruskal-Wallis seguidos pelo teste de Dunn (post hoc). Os dados
foram expressos em média + desvio padréo e p < 0,05 foi considerado estatisticamente

significante.

Resultados

Analises morfologicas: estereologia e morfometria

As analises histoldgicas e esterologicas (Figs 1 e 2) indicaram que a ingestao de
MLT por ratos saudaveis na fase pré-pUbere ocasionou aumento do compartimento
epitelial (10% em frequéncia absoluta e 20% na altura) e as cml se tornaram mais
espessas (Fig. 1C; 2C e 3). O consumo prolongado deste hormdnio ndo alterou a
morfologia prostatica dos animais adultos (Fig. 1D; 2D e 3A). Nos animais diabéticos
de curto prazo (Fig. 1E; 2E; 3A) houve atrofia epitelial (reducdo de 30% da frequéncia
absoluta), menor peso relativo das fibras colagénicas e cml periacinares se mostraram
menos espessas (~ 33%) e com pontos interrupcao (Fig. 3B,C). Em fases mais tardias da
doenca a atrofia do compartimento epitelial foi mais drastica (Fig. 1F; 2F e 3A), com
decréscimo do peso relativo em 60% e menor espessura (p < 0.001). As fibras
colagénicas e os demais componentes estromais também tiveram menor peso relativo e
a atrofia das cml foi mais conspicua apds dois meses de diabetes, com reducdo de 40%
do seu peso relativo e espessura (Fig. 1F; 2F e 3A). O tratamento com MLT aos animais
diabéticos de curto prazo aumentou a proporg¢do tecidual do componente epitelial (Fig.
1G; 2G e 3A) bem como a frequéncia absoluta das fibras de colageno e a espessura das
cml (p < 0.001). Em fases mais tardias da doenca, a terapia com MLT aumentou apenas
a distribuicdo colagénica e a espessura das cml (Fig. 1H, 2H e 3).

A vascularizacdo do tecido prostatico ndo foi influenciada tanto pelo diabetes
experimental quanto pelo consumo de melatonina (Fig. 21).

Incidéncia e densidade de focos de lesdes e alteracdes teciduais

A figura 4 ilustra as principais alteracdes teciduais, lesbes malignas e pre-
malignas aqui observadas. A ocorréncia de células de signet foi um evento pontual (Fig.
4A), ocorrendo apenas em um animal do grupo diabético ndo tratado. As neoplasias
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intraepiteliais mais frequentes foram as do tipo papilar (Fig. 4D e E) e cribiforme (Fig.
4F, G e H).

Os animais saudaveis tratados com MLT por quatro meses apresentaram um
aumento de 20% na incidéncia de atrofia acinar, 37% de PIN de alto grau, ocorréncia de
prostatite (8%) e reducdo de 8% da incidéncia de PIN de baixo grau, de 10% células
inflamatdrias no epitélio e estroma (Tabela 1). Com excecdo da ocorréncia de PIN de
alto grau, esses achados foram corroborados por respectivas variagdes numéricas, mas
ndo significativas na densidade de focos (Fig. 4P). Embora tenha sido constatada a
ocorréncia de prostatite para esse grupo, houveram poucos &cinos com infiltrados
linfociticos.

A exposicdo prolongada ao diabetes induzido aumentou a incidéncia e a
densidade de atrofia (~55% e p < 0.0007, respectivamente) e os focos de metaplasia
epitelial prostatica (p = 0.0018) de acordo com a Tabela 1 e Fig. 4P. A menor ocorréncia
de PIN de baixo grau foi acompanhada da reducdo ndo significativa dos focos de
hiperplasia. Entretanto, esse distirbio metabdlico aumentou em 37% a incidéncia de
PIN de alto grau e foram encontrados animais com carcinoma microinvaviso. Os
animais desse grupo apresentaram também aumento da incidéncia e densidade de
infiltrados inflamatdrios no epitélio e no estroma e ocorréncia de PIA e prostatite.

Houve um aumento marginal (37%) na densidade de descamacéo epitelial (Fig. 4P).

O tratamento dos animais diabéticos com MLT reduziu a incidéncia de
metaplasia (~10%), de PIN de alto grau (~45%), de infiltrados inflamatorios (~34%) e
de descamacaéo epitelial (13%). A menor incidéncia desses parametros foi acompanhada
de reducdo néo estatisticamente significante da densidade dos respectivos focos. Nesses
animais também ndo houve a ocorréncia de PIA e prostatite, contudo houve ocorréncia
de carcinoma microinvasivo e incremento de 25% na incidéncia de PIN de baixo grau e
33% na densidade de focos hiperplasicos (Tabela 1, Fig. 4P).

A incidéncia e a densidade de macréfagos ndo foram influenciadas pela MLT e
pelo diabetes induzido (Tabela 1, Fig. 4P).

Immunolocalizagéo de bcl-2, PCNA, GSTpi

Uma grande quantidade de células PCNA-positivas foi detectada nos
remanescentes acinares e estroma do carcinoma microinvasiso (Fig. 5A e C) e em
menor quantidade nas PIN papilares de baixo grau (Fig. 5E e F). As PIN de alto grau e
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carcinoma mostraram areas de intensa marcagdo para a proteina antiapoptotica bcl-2
(Fig. 5B e D). Essa marcacdo ndo foi encontrada em areas ndo comprometidas (Fig.
5G).

A marcacdo para GSTpi nos animais sem comprometimento da histologia
prostatica ocorre nas células basais (Fig. 51) sendo que em ratos com prostatite a
expressao de GSTpi apresentou 0 mesmo padrdo (Fig. 5L). Entretanto, em areas com
carcinoma microinvasivo, a marcacdo das células basais desaparece e é possivel
localizar areas positivas ténues para GSTpi nos locais onde anteriormente estavam 0s
epitélios integros. As células cancerigenas ndo sdo se apresentaram marcadas para
GSTpi. (Fig. 5J e K).

Estimativa da Metilacdo do DNA

Para melhor discriminar os efeitos da droga no acometimento de lesdes pré-
malignas e malignas foram realizadas reacBes de imunohistoquimica para 5-
metilcitidina, um indicador de metilacio de DNA. O diabetes induzido aumenta
drasticamente (p < 0.001) o numero de células positivas para esse marcador e a
intensidade da marcacdo (Fig. 6C,D e G) e a MLT parece ndo interferir nesse aumento
da metilagdo do DNA. Também foi encontrado um grande nimero de células marcadas
no carcinoma microinvasivo de animais diabéticos tratados com melatonina (Fig. 6E).
Contudo, tumores microinvasivos de ratos senis (56 semanas de idade) também

apresentaram intensa marcacdo para 5-metilcitina (Fig. 6F).

Discussao

O presente estudo analisou se 0 modelo experimental de diabetes induzido por
STZ favorece o acometimento de lesdes malignas e pré-malignas na préstata ventral de
ratos decorridos dois meses ap6s o diagnostico e mostrou ser eficiente visto que foram
encontrados animais com Varios tipos de alteracdes teciduais e diferentes graus de
malignidade dessas lesbes. A MLT atenua as alteracbes causadas pelo diabetes
experimental principalmente no componente epitelial e células musculares lisas.

Conforme indicado pelas analises estereoldgicas, a administracdo de baixas
doses de MLT a ratos saudaveis ndo altera as propor¢6es dos compartimentos teciduais
da préstata em ambas as idades examinadas. Entretanto, as analises morfométricas
indicaram que esse tratamento aumenta a altura do epitélio acinar e a espessura da
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camada de cml na prdéstata no inicio da vida adulta (grupo M1). Embora a histologia
prostatica ndo tenha sido drasticamente alterada pela administracdo de MLT, durante 4
meses, a ratos saudaveis, a incidéncia da PIN de baixo grau reduziu de 90 para 83% e a
de atrofia acinar aumentou de 60 para 75%. A MLT é um hormdnio antigonadotréfico,
atua diminuindo os niveis do hormdnio luteinizante (LH), ou diretamente nas células de
Leydig intersticiais (Dubocovich et al., 2005; Yilmaz et al., 2000). Outros dados com o
presente delineamento experimental mostram que houve um declinio de 23% dos niveis
de testosterona sérica nos animais do grupo M2, bem como da proliferagdo celular
(Gobbo et al., in press). Portanto a reducdo da testosterona e da atividade proliferativa
na prostata, ocasionadas pelo consumo de MLT podem explicar a menor incidéncia de
PIN e maior incidéncia de &cinos atréficos. Este efeito também pode ter sido acentuado
pela maior imunoexpressdo do receptor MTR1B nesses animais devido ao tratamento
com MLT (Gobbo et al., in press). Sabe-se que esse receptor inibe a sinalizacdo do AR
por ativagdo das proteinas quinase A e C (PKA e PKC) e aumento da expressédo do gene
p27ki|01 (Shiu et al., 2013), diminuindo a proliferacdo celular de celulas tumorais
androgeno-dependentes.

Conforme j& previamente estabelecido em estudos anteriores (Cagnon et al.,
2000; Favaro et al., 2009; Ribeiro et al., 2006) o diabetes experimental ocasionou
drastica atrofia prostatica, indicada pela reducdo do peso relativo correspondente ao
epitélio e lamen acinar, fibras colagénicas e cml. Estudos prévios de nosso laboratorio
com animais diabéticos evidenciaram aumento das fibras colagénicas no estroma
prostatico apds uma semana (Gobbo et al., 2012a) e 3 meses (Ribeiro et al., 2009) de
diabetes induzido por aloxana e em camundongos diabéticos ndo obesos (Ribeiro et al.,
2006). Porém, esses dados sdo provenientes de modelos experimentais diferentes e
foram expressos em termos da frequéncia relativa (%) desses componentes. Essas
variacdes na distribuicdo do colageno sdo devidas ao encolhimento da glandula que
promove o remodelamento da matriz extracelular e ndo h& indicios que envolva
alteracOes na sintese de colageno (Gobbo et al., 2012a; Ikeda et al., 2000), destaca-se
portanto a importancia de se expressar esses dados em relagdo ao peso prostatico. Em
Gobbo et al. (2012a), foi verificado alteragBes na imunorreatividade das cml a calponina
e 0 aumento de caveolas nesse tipo celular, indicadores de uma resposta aguda aos
baixos niveis de testosterona sérica e glicose intracelular resultantes da acéo
diabetogénica da aloxana. As alteracGes histopatoldgicas encontradas nos animais
diabéticos tais como maior incidéncia de PIN de alto grau, PIA, atrofia, e carcinoma
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microinvasivo também foram encontradas em experimentos prévios de nosso
laboratério com diabetes induzido por aloxana em estagio cronico e sem tratamento
com insulina (Ribeiro et al., 2008). Naquele estudo foi observada uma incidéncia de
30% de carcinoma microinvasivo, apés trés meses de diabetes, enquanto aqui
detectamos uma incidéncia mais baixa (10%), apds dois meses de diabetes. Assim, 0
desenvolvimento de lesdes malignas parece ser uma consequéncia comum para prostata

sujeita aos modelos de inducéo de diabetes por drogas diabetogénicas.

O tratamento dos animais diabéticos com MLT ndo evitou as alteracBes na
proporcéo dos componentes teciduais da glandula induzidas pela doenga, mas amenizou
a atrofia epitelial e das cml e preservou o volume das fibras colagénicas. Também
diminuiu a ocorréncia de lesdes inflamatorias e de PIN de alto grau. A melhora na
atrofia prostatica pode estar associada a recuperacdo dos niveis de testosterona
circulantes promovida pela MLT nesses animais (Gobbo et al., in press). Essa
recuperacdo da testosterona sérica aliada a restauracdo da expressao do receptor de
melatonina do tipo 1B pode ter culminado no aumento da incidéncia de PIN de baixo
grau. Esses resultados explicam a prevencdo da atrofia prostatica, sobretudo nos animais
diabéticos de curto prazo nos quais a MLT ainda néo restaura os indices de proliferacdo
e morte celular tal como ocorre nos animais diabéticos tratados de longo prazo (Gobbo
et al., in press). Em experimentos com doses maiores de MLT (10 mg/ kg de peso
corporal), administradas a ratos diabéticos ndo houve aumento das propor¢des das cml e
do colageno no corpo cavernoso desses animais (Qiu et al., 2012).

O desenvolvimento espontaneo de cancer de prostata em ratos € um evento de
incidéncia baixa (Poteracki e Walsh, 1998) e com menor ocorréncia no lobo ventral
(Pollard, 1998). A incidéncia de carcinoma microinvasivo foi relativamente alta (1/15
animais), portanto, pode-se dizer que as lesbes malignas aqui relatadas sdo associadas ao
diabetes induzido por STZ, pois ndo foram encontradas nos grupos controles (C2 e M2).
A desorganizacdo da estrutura acinar, ruptura das fibras reticulares adjacentes ao
epitélio e presenca de células cancerigenas no estroma confirmou a natureza invasiva
das lesbes malignas (Gongalves et al., 2010; Morrison et al., 2000). A STZ age

seletivamente nas células B pancreaticas através do transportador de glicose do tipo 2

(GLUT2) (Karunanayake et al., 1976). Efeitos sistémicos desta droga tém sido
reportados apenas no figado e no rim, pois esses tecidos também expressam GLUT?2
(Weiss et al., 1982). Além disso, estudos com células prostaticas LNCaP detectaram
niveis de RNAm negligenciaveis de GLUT2 nesta linhagem (Wang et al., 2012),
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portanto, é provavel que a estreptozotocina nao tenha sido internalizada pelas células
prostaticas nesta investigagdo. Conforme ja mencionado a hiperglicemia prolongada
ocasiona aumento da producdo de ROS que sdo intimamente relacionados a
carcinogénese. Entretanto, ndo podemos desconsiderar os efeitos da STZ que causa
deplecdo das ilhotas pancreaticas por meio de metilacio do DNA. Para isso, foi
realizado método imunohistoquimico para 5-metilcitidina, um marcador de metilacédo do
DNA, o qual evidenciou maior nimero de nucleos marcados para os animais diabéticos
ndo tratados. Embora as contagens ndo tenham sido finalizadas, a MLT parece néo
influenciar nesses resultados, tanto para os animais diabéticos quanto para os saudaveis.
E valido mencionar que foram utilizadas cortes histoldgicos de prdstata ventral de
animais de meia-idade contendo carcinoma microinvasivo de origem espontanea, o qual
mostrou a mesma intensidade de marcacdo para 5-meticitidina observada no tumor
encontrado em animais diabéticos tratados com melatonina. Os eventos epigenéticos
envolvendo a metilacdo do DNA no cancer de préstata sdo bastante complexos e
demandam o uso técnicas moleculares pertinentes. Tem sido estabelecido que a
promocdo tumoral do cancer de prostata acontece por meio de um processo de
hipometilagdo global (Mohamed et al., 2007; Zelic et al., 2015). Entretanto, alguns
estudos apontam que esse é um evento inicial da carcinogénese prostatica. Deste modo,
subsequentemente a hipermetilacdo de genes especificos ocorreria e inativaria genes

envolvidos com a supressao tumoral (Ashour et al., 2014; Brothman et al., 2005).

O diabetes experimental também esteve associado uma maior incidéncia de
infiltrados inflamatdrios, PIA e prostatite. A préstata de roedores é muito susceptivel
aos processos inflamatorios, principalmente devido ao refluxo urinario (Gongalves et
al., 2013), situacdo que pode ser agravada no caso da condicdo diabética. O processo
inflamatdrio pode induzir a carcinogénese através de danos genéticos e morfoldgicos, e
criar um microambiente rico em citocinas e fatores de crescimento que podem favorecer
o0 aumento da proliferacio (Palapattu et al., 2004; Sciarra et al., 2007). E bem conhecido
que a hiperglicemia devido ao diabetes pode bloguear o correto funcionamento das
células imunoldgicas sendo muito comum a recorréncia de infecgdes em individuos
diabéticos (Calvet e Yoshikawa, 2001). Vale ressaltar que na presente investigacdo
foram encontrados individuos diabéticos com inflamag@o em estagio crénico e agudo. A
ingestdo de MLT pelos animais diabéticos reduziu os infiltrados inflamatérios no
epitélio e no estroma, e ndo houve ocorréncia PIA e prostatite no grupo MD2. O papel

antiinflamatorio da MLT tem sido bastante elucidado na literatura (Carrilo-Vico et al.,
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2005; Mayo et al., 2005), sendo que a ingestdo de MLT por individuos diabéticos
obesos atenuou 0s niveis de mediadores inflamatorios no plasma (Agil et al., 2013). O
efeito direto da MLT na inflamagdo ocorre por meio de seus receptores (MTRL1 e
MTR2) ou sitios de ligacdo nucleares (ROR/RZB) presentes em macrofagos, linfocitos
e outras células os quais podem regular a expressao atividade de enzimas cruciais
envolvidas no processo inflamatorio incluindo a fosfolipase A2, lipoxigenase 5 e
cicloxigenase 2, os quais reduzem a producdo intracelular de acido araquidénico,
leucotrienos e prostaglandinas (Radogna et al., 2010). Para melhor interpretacdo dos
resultados da densidade de macrofagos é pertinente 0 uso de marcadores que possam

discriminar as classes desse tipo celular. Essas analises se encontram em andamento.

Visando a caracterizacdo das lesGes malignas e pré-malignas ilustradas neste
estudo, foram realizados métodos imunohistoquimicos com marcadores cuja expressao
se altera em processos oncogénicos. Embora, muitas células PCNA-positivas foram
encontradas nas areas de carcinoma e em menor quantidade nas PIN de baixo grau, esta
proporcdo foi abaixo do esperado. Tal achado pode ser devido o marcador para
proliferacdo celular utilizado, PCNA, é expresso apenas na fase G1 e S do ciclo celular.
As reacdes imunohistoquimicas para a proteina antiapoptética bcl-2, relacionada com a
liberagdo do citocromo ¢ mitocondrial, evidenciaram areas de intensa marcacgéo tanto
em PIN de alto grau quanto no carcinoma. Também consideramos relevante avaliar a
expressdo de GSTpi visto que estudos anteriores demonstraram que a atividade de
glutationa-S-transferase prostatica é alterada pelo diabetes experimental (Gobbo et al.,
2012b) e normalizada pela MLT (Gobbo et al., in press). H4 uma menor expressao de
GSTP1 no cancer de prostata devido a processos de metilacdo do DNA (De Marzo et
al., 2003) e maior expressdo desta enzima na PIA (De Marzo et al., 1999). Normalmente
a GSTpi é expressa pelas células basais epiteliais (Wang et al., 2001), e nossos testes
evidenciaram que mesmo nos animais que apresentaram prostatite essas células ainda se
mostraram marcadas pela GSTpi. Nas areas de carcinoma microinvasivo as células
basais ndo séo encontradas, fato esperado visto que elas séo perdidas durante o processo
de invasdo tumoral. Nessas areas verificou-se uma a marcagdo difusa nos resquicios de
epitélio acinar enquanto as células cancerigenas apareceram nao marcadas para GSTpi.
Esses dados confirmam a natureza cancerigena dessas lesdes visto que a maior parte dos
tumores de prostata ndo expressam GSTpi (Sulivan et al., 1998). O tratamento com
MLT pareceu ndo influenciar a distribuicdo GSTpi na préstata de animais diabéticos ou

saudaveis.
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A presente investigacdo mostrou que a MLT é mais influente na histologia
prostatica, sobretudo no compartimento epitelial e células musculares lisas, quando
administrada a ratos na fase pré-pabere. O tratamento com MLT a ratos diabéticos
ocasionou aumento da espessura do epitélio e das cml e normalizou a distribuicéo
colagénica interacinar. A inducdo do diabetes por estreptozotocina mostrou ser um
modelo eficiente para o estudo incidéncia e progressdo de malignidades na prostata de
ratos em condicBes de hiperglicemia, entretanto ainda ndo € possivel discriminar a
contento os efeitos da droga e o aumento do estresse oxidativo decorrente da
hiperglicemia no estabelecimento dessas lesdes malignas e pré-malignas. A MLT
diminuiu a ocorréncia de PIN de alto grau, infiltrados linfociticos no estroma e epitélio
prostatico, prostatite e PIA nos ratos diabéticos, contudo néo foi eficiente em evitar o
desenvolvimento de carcinoma microinvasivo, provavelmente devido a baixa dosagem

utilizada.
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Tabela — Incidéncia (%) de lesdes prostaticas (malignas e pré-malignas) e alteractes
teciduais dos grupos controle de longo prazo (C2), controle tratado com melatonina de
longo prazo (M2), diabético ndo tratado de longo prazo (D2), diabético tratado com
melatonina de longo prazo (MD2). Foram utilizados 10 animais para C2; 12 animais
para M2; 15 animais para D2 e 10 animais para MD2.

Incidéncia (%)

Grupos C2 M2 D2 MD?2
Atrofia 60 75 93,3 90
Metaplasia 100 100 100 90
Hiperplasia 100 100 100 100
PIN baixo grau 90 83,3 66,6 88,8
PIN alto grau 10 16,6 20 11,11
Adenocarcinoma - - 6,6 10
Células inflamat6rias no estroma e epitélio 50 45,8 53,3 35
PIA - - 13,3 -
Prostatite - 8,3 26,6 -

Descamagéo epitelial 100 91,6 93,3 80
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Legenda das figuras

Figura 1 — Morfologia geral da prostata ventral de ratos corados com Hematoxilina-
Eosina referentes ao experimento de curto prazo e longo prazo. A, grupo controle de
curto prazo (Cl1); B, grupo controle de longo prazo (C2); C, grupo tratado com
melatonina de curto prazo (M1); D, grupo tratado com melatonina de longo prazo (M2);
E, grupo diabético ndo tratado de curto prazo (D1); F, grupo diabético ndo tratado de
longo prazo (D2); G, grupo diabético tratado com melatonina de curto prazo (MD1); H,
grupo diabético tratado com melatonina de longo prazo (MD2). Legenda: e - epitélio, | —
l[imen, s - estroma. A, B, C, D, F, G e H: 400X, barra = 25 pum; insets: 100X, barra =
100 pm.

Figura 2 — Cortes histoldgicos corados pelo Tricromico de Tuschmann Blue. A,
controle de curto prazo (C1); B, controle de longo prazo (C2); C, controle tratado com
melatonina de curto prazo (M1); D, controle tratado com melatonina de longo prazo
(M2); E, diabético ndo tratado de curto prazo (D1), F, diabético ndo tratado de longo
prazo (D2); G, diabético tratado com melatonina de curto prazo (MD1); H, diabético
tratado com melatonina de longo prazo (MD2). I, Analises estereoldgicas do epitélio,
limen e componentes estromais (fibras colagenas, células musculares lisas, vasos
sanguineos e demais componentes) expressas em frequéncia absoluta (mg). (N=5
animais). Letras diferentes minusculas indicam as diferencas estatisticas entre 0s grupos
experimentais C1, M1, D1 e MDL1 e letras diferentes maiusculas indicam as diferencas
estatisticas entre os grupos C2, M2, D2 e MD2, de acordo com ANOVA seguido de
Tukey (post hoc) ou Kruskal-Wallis seguidos pelo teste de Dunn (post hoc).

Legenda: e - epitélio, | — lumen, s — estroma, cml — células musculares lisas, bv - vasos
sanguineos. A, B, C, D, E, F, G e H: 400X, barra = 25 pm.

Figura 3 — Medidas morfométricas (um) do epitélio e camada de células musculares
lisas periacinares dos grupos controle de curto prazo (C1), controle de longo prazo (C2),
controle tratado com melatonina de curto prazo (M1), controle tratado com melatonina
de longo prazo (M2), diabético néo tratado de curto prazo (D1), diabético ndo tratado de
longo prazo (D2), diabético tratado com melatonina de curto prazo (MD1), diabético
tratado com melatonina de longo prazo (MD2). Letras diferentes mindsculas indicam as
diferencas estatisticas entre os grupos experimentais C1, M1, D1 e MD1 e letras
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diferentes maitsculas indicam as diferencas estatisticas entre os grupos C2, M2, D2 e
MD2, de acordo com ANOVA seguido de Tukey (post hoc) ou Kruskal-Wallis seguidos
pelo teste de Dunn (post hoc). (N = 5 animais). Imunohistoquimica para a-actina,
células musculares lisas marcadas em verde (B e C) nos animais controle de curto prazo
(C1) e diabéticos ndo tratados de curto prazo (D1) nos quais a camada de masculo liso
se apresenta descontinua. Legenda: e - epitélio, | - limen, s - estroma, cml — célula
muscular lisa. B e C: 200X, barra = 50 pm.

Figura 4 — Lesdes malignas, pré-malignas e alteragdes teciduais. Cortes corados com
Hematoxilina-Eosina (A, B, C, D, F, H, |, J, K, L, M, N) e Reticulina de Gémori (E, G,
0). B, E, G — grupo controle tratado com melatonina de longo prazo (M2). A, F, H, 1, J,
K, L, M, N, O — grupo diabético ndo tratado de longo prazo (D2); C e D — grupo
diabético tratado com melatonina de longo prazo (MD2). A — célula em signet (seta). B

— Infiltrado de células inflamatérias no estroma e em contato com o epitélio (*) e
metaplasia (seta). C — descolamento epitelial com nucleos picnéticos (seta). D e inset —
neoplasia intraepitelial (PIN) do tipo papilar (*) e detalhe com atipias nucleares (seta). E

— fibras colagenas (cf) no interior da PIN com regides de espessamento (seta). F e G —
PIN cribiforme com microacinos (*) associada as fibras colagenas (cf). H — PIN de alto
grau com brotamentos (*). | e L — Prostatite, interior luminal preenchido com células
inflamatdrias mononucleares (inflamagdo crénica) e polimorfonucleares (inflamacéo
aguda) (*). J e K — atrofia proliferativa inflamatoria (PIA) com atrofia epitelial (cabeca
de seta), epitélio com multiplas camadas (seta) e infiltrado inflamatério no interior
luminal (*). M, N e O — carcinoma microinvasivo, disrup¢do da membrana basal e

invasdo das células tumorais no estroma (*). P, nimero de focos de lesdes e alteracdes
N , 2
teciduais por area (mm ) dos grupos controle de longo prazo (C2), controle tratado com

melatonina de longo prazo (M2), diabético ndo tratado de longo prazo (D2), diabético
tratado com melatonina de longo prazo (MD2). Foram utilizados 10 animais para C2; 12
animais para M2; 15 animais para D2 e 10 animais para MD2. Letras diferentes indicam
as diferencas estatisticas entre os grupos experimentais para multiplicidade de acordo
com ANOVA seguido de Tukey (post hoc) ou Kruskal-Wallis seguidos pelo teste de
Dunn (post hoc), p < 0.05. Legenda: e — epitélio, s — estroma, | — limen, bv — vaso
sanguineo. B, I, J: 100X, barra =100 um; A, D, E, F, G, H, K, M, O: 20 X, barra = 50
um; L,N = 400X, barra = 25 pum, C e inset = 1000X, barra = 10 pm.
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Figura 5 — ReacGes de imunohistoquimica para o antigeno nuclear de proliferacéo
celular, PCNA (A, C, E e F), proteina antiapoptoética bcl-2 (B, D e G) e glutationa-S-
transferase pi, GSTpi (H, I, J, Ke L). H e G — grupo controle ndo tratado de longo prazo
(C2), B - grupo controle tratado com MLT de longo prazo (M2), A, C, D, E, F, L —
grupo diabético ndo tratado de longo prazo (D2), I, J e K — grupo diabético tratado com
melatonina de longo prazo. Inset — controle negativo pra bcl-2. H — controle negativo
para GSTpi. Setas indicam as células PCNA-positivas no carcinoma microinvasivo (A e
C) e na neoplasia intraepitelial (PIN) (E e F). Areas bcl-2 positivas em marrom na PIN
de alto grau (B) e no carcinoma microinvasivo (D). No grupo controle (G), ndo ha
marcacdes para bcl-2. I, seta indica célula basal imunomarcada para GSTpi. As células
basais perdem a marcacdo para GSTpi no carcinoma microinvasivo (cabeca de seta, J e
K), mas ainda sdo positivas para essa enzima em areas com prostatite (seta, L).
Legenda: e — epitélio, s — estroma, | — lGmen, * microacino. G e inset: 100X, barra = 100
um; A, C, D, E, H, I e J: 200X, barra =50 um; B, F, K e L: 400X, barra = 25 pm.

Figura 6 — Imunoexpressdo de 5-metilciditina (marcador para metilagdo do DNA) no
epitélio da prostata ventral de ratos do grupo dos grupos controle de longo prazo (C2),
controle tratado com melatonina de longo prazo (M2), diabético ndo tratado de longo
prazo (D2), diabético tratado com melatonina de longo prazo (MD2). E, carcinoma
microinvasivo de ratos diabéticos tratados com melatonina de longo prazo. Inset,
controle negativo. F, carcinoma microinvasivo de ratos com 56 semanas de idade. G,
frequéncia de células epiteliais positivas para 5-metilciditina dos grupos C2 e D2. *
diferenca estatistica entre C2 e D2 (Teste T de Student, p < 0.05). Legenda: e - epitélio,
| — lumen, s — estroma. A, B, C, D, E: 400X, barra = 25 um; F: 200X, barra = 50 pm.
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Figure 1
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Figura 2
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Figura 3
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Figura 4
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Figure 5
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CONCLUSOES
Capitulo 1

O sistema antioxidante do testiculo e epididimo de ratos € menos vulneravel aos
efeitos do diabetes experimental do que a préstata e esses achados podem estar
associados as caracteristicas intrinsecas da histofisiologia e padrdo de expressdo das
enzimas antioxidantes. A MLT exdgena em baixas doses aumenta a atividade de GPx
epididimal em ratos saudaveis. O tratamento com MLT atenuou o aumento da GST no
plasma na fase inicial do diabetes. A MLT foi mais eficiente evitar as alteracBes do
sistema antioxidante prostatico decorrentes do diabetes, mesmo em baixa dosagem,
principalmente em longo prazo conforme demonstrado pela redugéo da atividade da
CAT, GST e dos niveis de peroxidacdo lipidica. A GST se mostrou um bom marcador
da defesa antioxidante compensatoria da prostata ventral corroborando estudos prévios.

Capitulo 2

A administracdo de MLT a ratos saudaveis desde o desmame reduziu o numero de
células AR-positivas no epitélio. Esse decréscimo pode estar relacionado a ténue
diminuicdo dos niveis séricos de testosterona nesses mesmos animais. Os resultados in
vivo indicaram que em diabetes crénico a MLT apresentou efeito proliferativo e
antiapoptotico na prostata ventral devido a sua agdo indireta nos niveis séricos de
testosterona e também aumentando a imunoexpressdao de seu receptor especifico,
MTRI1B. As células PC3 mostraram um aumento do indice mit6tico ap6s longo periodo
de pré-incubacdo em meio hiperglicémico concomitante com a exposi¢do a melatonina,
semelhante aos resultados in vivo. Devido ao fato das células PC3 serem andrégeno-
independentes nossos achados indicam que o favorecimento da sobrevivéncia das

células PC3 ndo estéa relacionado a modulacdo do AR.

Capitulo 3

A histologia prostatica é mais influenciada pela MLT quando administrada a ratos
na fase pré-pubere. O tratamento com MLT a animais diabéticos conteve a atrofia
epitelial e das cml, bem como normalizou a distribuicdo colagénica interacinar. O
diabetes induzido por estreptozotocina aumentou a ocorréncia de infiltrados linfociticos;
PIN de alto grau, prostatite, PIA e carcinoma microinvasivo corroborados por alteragdes
na imunolocalizacdo de marcadores tais como bcl-2 e GSTpi. Entretanto, ndo podemos

negligenciar os efeitos secundarios da estreptozotocina tais como o aumento da
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metilagdo do DNA encontrado nesses animais. A MLT reduziu a incidéncia de PIN de
alto grau, células inflamatérias, prostatite e PIA nos ratos diabéticos, contudo néo foi
eficiente em evitar o acomentimento de carcinoma microinvasivo, provavelmente

devido a baixa dosagem utilizada.
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