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RESUMO 

Evidências experimentais e epidemiológicas têm atribuído ao metabólito ativo da vitamina 

D, o 1α,25(OH)2D ou calcitriol, um papel protetor contra o desenvolvimento e progressão 

do câncer de próstata, uma desordem proliferativa que afeta 1 a cada 6 homens acima 

dos 65 anos de idade. Entretanto, pouco se sabe sobre a distribuição e possível variação 

idade-dependente dos componentes associados à via de sinalização da vitamina D no 

tecido prostático. Portanto, o presente trabalho teve como objetivo caracterizar o padrão 

de expressão do receptor de vitamina D (VDR) e seu parceiro RXR, bem como das 

enzimas-chave envolvidas com a síntese (CYP27B1) e degradação (CYP24A1) do 

calcitriol na próstata, desde a fase adulta até a senescência. Por meio da utilização de 

um modelo animal que recapitula com fidelidade o processo de carcinogênese prostática 

com o avançar da idade em associação ao emprego combinatório de técnicas 

histológicas, de biologia molecular e análise de imagens, nós mostramos que a próstata 

é um órgão sensível ao calcitriol e capaz de metabolizá-lo localmente, uma vez que 

ambas enzimas e receptores avaliados estão altamente expressos no epitélio da 

glândula. Entretanto, à medida que os animais envelheceram, uma drástica redução no 

número de células positivas e na imunoreatividade para VDR, RXR e CYP27B1 foi 

detectada na próstata, ocorrendo restrita tanto a ácinos e ductos atróficos, hiperplásicos 

e metaplásicos, quanto naqueles acometidos por lesões pré-malignas e 

adenocarcinomas. Em contraste, a expressão de CYP24A1 aumentou com o avançar da 

idade e manteve-se acentuada inclusive nas áreas de alterações histopatológicas. Esse 

intricado desbalanço entre os níveis de CYP27B1 e CYP24A1 foram associados a uma 

biodisponibilidade reduzida de calcitriol na próstata senil, o que somado à redução da 

expressão de VDR e RXR, limita ainda mais a conhecida ação anti-proliferativa mediada 

pela sinalização da vitamina D nas células da próstata. Essa evidência foi corroborada 

pelo aumento da atividade proliferativa celular exatamente nas regiões em que a 

maquinaria de síntese e reposta ao calcitriol teve sua expressão inibida. Juntos, nossos 

resultados destacam um conjunto de modificação ao longo do envelhecimento com alto 

potencial de prejudicar os efeitos protetores mediados pela sinalização de vitamina D na 

próstata e assim favorecer o surgimento de alterações histopatológicas que pertubam a 

homeostase tecidual e podem inclusive progredir para tumores. 

 

Palavras-chave: Próstata. Envelhecimento. Vitamina D. Rato Wistar. 

  



 
 

ABSTRACT 

 

A growing body of experimental and epidemiological evidence has addressed to the active 

metabolite of vitamin D, the 1α,25(OH)2D or calcitriol, a protective role against the 

development and progression of prostate cancer, a proliferative disorder that affects 1 in 

every 6 men over 65 years old. However, little is known about the distribution and putative 

age-dependent variation of vitamin D signaling related components in the prostatic tissue. 

Therefore, the present study aimed to characterize the expression pattern of the vitamin 

D receptor (VDR) and its heterodimeric partner RXR, as well as the key enzymes involved 

with the synthesis (CYP27B1) and degradation (CYP24A1) of calcitriol in the prostate, 

from adulthood to senility. By using an animal model that faithfully recapitulates the 

carcinogenesis process taking place in the prostate with advancing age and the 

combinatory implement of histological techniques, molecular biology and image analyses, 

we showed that the prostate is sensitive to calcitriol and capable to metabolize it locally, 

since both target enzymes and receptors were expressed at high levels in the glandular 

epithelium. However, as the animals aged, a drastic reduction in the number of positive 

cells and immunoreactivity for VDR, RXR, and CYP27B1 was detected in the prostatic 

tissue, occurring restricted to ducts and acini exhibiting atrophies, hyperplasia and 

metaplasias, as well as to those affected by premalignant lesions and adenocarcinomas. 

On the other hand, the CYP24A1 expression significantly increased with advancing age 

and remained sharply even in those histopathological altered areas. This intricate 

imbalance between the levels of CYP27B1 and CYP24A1 was associated with a reduced 

bioavailability of calcitriol in the senile prostate, which in addition to decreased expression 

of VDR and RXR expression, further limits the classic anti-proliferative action mediated 

by vitamin D signaling in prostate cells. This evidence was corroborated by the increased 

proliferative activity at sites where the factors implicated with calcitriol synthesis and 

responsiveness had its expression inhibited. Taken together, our results highlight a set of 

modifications over the course of aging with a high potential to impair the protective effects 

of vitamin D signaling on the prostate, thereby favoring the arising of histopathological 

alterations that disturb tissue homeostasis and may even progress to cancer. 

 

Keywords: Prostate. Aging. Vitamin D. Wistar rat. 
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I. INTRODUÇÃO 

1. A próstata 

A próstata é uma das principais e maiores glândulas anexas ao sistema genital 

masculino de mamíferos. Situada na cavidade pélvica, logo inferior à bexiga urinária e 

circundando a uretra, a próstata é composta por numerosas unidades glandulares com 

atividade principalmente exócrina (Flint et al. 2015). Sua função central é produzir o 

líquido prostático, uma secreção leitosa e levemente alcalina (pH 7,3) que constitui 

aproximadamente 30% do plasma seminal (Fair & Cordonnier, 1978; Verze et al. 2016). 

A composição diversificada do líquido prostático, a qual abrange água, lípides, minerais 

como zinco, cálcio, magnésio e sódio, além de ácido cítrico e uma variedade de enzimas 

e outras moléculas, é importante para conferir, juntamente com a secreção das demais 

glândulas sexuais anexas, as condições necessárias à sobrevivência dos 

espermatozoides durante sua veiculação tanto pelas vias espermáticas do sistema 

genital masculino quanto pelo trato genital feminino (Aumüller, 1989; Kumar & Majumder, 

1995). Além da função exócrina, as células parenquimais e/ou estromais da próstata 

expressam uma maquinaria enzimática capaz de metabolizar hormônios específicos, 

com destaque para a conversão de testosterona em dihidrotestostorena ou estradiol 

(Schiffer et al. 2018; Morais-Santos et al. 2018), os quais exercem seus efeitos localmente 

ou podem atingir a circulação sanguínea, adicionando assim, uma função endócrina à 

glândula. 

Além de sua importância fisiológica, a próstata é também alvo de hiperplasia 

prostática benigna (HPB) e câncer, ambas doenças de alto impacto na saúde pública e 

que acometem homens, principalmente, com idade avançada (Lackzo et al. 2005; Begley 



14 
 

 
 

et al. 2008; Zhou et al. 2016). Em especial, o câncer de próstata ocupa a segunda posição 

no ranking de tumores que mais acometem homens no mundo inteiro (1.276.106 novos 

casos em 2018!), ficando atrás apenas do câncer de pulmão, sendo também um dos 

líderes mundiais de mortalidade associada a doenças malignas (Bray et al. 2018). No 

Brasil, estima-se cerca de 65.840 novos casos de câncer de próstata para 2020, número 

bastante similar àquele esperado para o câncer de mama em mulheres (66.280 novos 

casos) no mesmo período (INCA, 2020). Dessa forma, a próstata tem sido um dos órgãos 

genitais mais estudados na atualidade, havendo uma busca eminente por novos alvos 

com funções preventivas e/ou terapêuticas, assim como por modelos experimentais 

capazes de recapitular as mudanças histopatológicas que acometem a glândula. 

 

1.1 Características anatômicas e histológicas da próstata 

A próstata consiste em um sistema de ductos túbulo-alveolares circundados por 

um estroma de sustentação. Diferenças na disposição do tecido prostático existem entre 

os mamíferos, podendo ocorrer na forma de lobos, como observado em roedores 

(Hayashi et al. 1991; Risbridger & Taylor, 2006), ou como formações concêntricas ao 

redor da uretra, como observado em primatas (McNeal, 1988).  

Em humanos, a próstata é um órgão ímpar que pode ser anatomicamente dividido 

em três regiões glandulares (zona central, zona de transição e zona periférica) e uma 

região constituída apenas por tecido fibromuscular, denominada zona anterior (Figura 

1A). Vale ressaltar que as regiões glandulares da próstata humana possuem 

significâncias patológicas distintas. Nesse sentido, a zona de transição, localizada em 

torno da porção proximal da uretra prostática, é a região de maior incidência de HPB, 
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enquanto que a zona central, a qual situa-se circundando os ductos ejaculatórios, é 

raramente acometida por patologias. Já a zona periférica envolve as demais zonas 

glandulares, sendo este o local mais suscetível ao desenvolvimento de prostatites e 

tumores prostáticos (McNeal, 1981; Shappell et al. 2004; Risbridger & Taylor, 2006). Além 

disso, diferenças volumétricas entre as regiões glandulares existem, sendo que na 

próstata de um indivíduo adulto e sadio, a zona de transição corresponde cerca de 10% 

do tecido glandular, seguido da zona central (20-25%) e da zona periférica (70%). 

 

 

Figura 1 | Estrutura anatômica da próstata humana e de roedores. (A) Em humanos, o tecido prostático 
se dispõe em zonas concêntrica em torno da uretra. (B) Em roedores, a próstata é subdividida em quatro 
pares de lobos denominados de acordo com sua posição em relação à uretra. Adaptado de Sugimura et 
al. (1986) e Wadhera (2013). 

 

Em roedores, a próstata pode ser anatomicamente dividida em pares de lobos 

classificados de acordo com sua disposição em relação à uretra, sendo eles: próstata 
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ventral (VP), próstata lateral (LP), próstata dorsal (DP) e próstata anterior (AP) (Figura 

1B). O conjunto dos lobos da próstata é usualmente referido como complexo prostático. 

Essa organização lobar tem sido observada tanto em roedores silvestres quanto 

naqueles rotineiramente utilizados em laboratórios (Sugimura et al. 1986; Hayashi et al. 

1991; Gonçalves et al. 2013; Chaves et al. 2015). Vale ressaltar que a VP é um dos 

principais lobos estudados, por estar localizada inferior à bexiga urinária e sendo de fácil 

acesso, além de abranger cerca da metade da massa de todo o complexo prostático. 

Além disso, este é um dos principais lobos dependentes de andrógenos (Banerjee et al. 

2000; Desai et al. 2004). Já a LP, compreende cerca de 14% do complexo prostático e 

localiza-se ladeando a VP e se apoiando caudalmente à DP. Devido a sua intricada 

associação com a DP, a qual se dispõe inferoposterior à vesícula seminal e também 

compreende cerca de 14% da massa do complexo prostático (Hayashi et al. 1991), 

muitos estudos consideram ambas DP e LP como sendo um único par de lobos, 

denominado próstata dorso-lateral (DLP). Por fim, a AP (também conhecida como 

glândula de coagulação) abrange cerca de 25% do complexo prostático e localiza-se 

adjacente à face côncava da vesícula seminal (Hayashi et al. 1991). Embora alguns 

estudos têm demonstrado a existência de um acometimento lobo-específico por 

alterações benignas e malignas induzidas quimicamente ou geneticamente, bem como 

por aquelas que surgem espontaneamente ao longo do envelhecimento (Banerjee et al. 

1998; Gingrich et al. 1999; Morais-Santos et al. 2018; Ozten et al. 2019), ainda é 

prematuro assumir que um determinado lobo prostático seja mais relevante que outro na 

compreensão da fisiopatologia prostática. Enquanto isso, roedores têm sido amplamente 

utilizados como valiosos modelos experimentais no estudo de prostatites, hiperplasia e 
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câncer de próstata, e se faz importante adotar uma estratégia que aborde o complexo 

prostático como um todo. 

Apesar das diferenças anátomo-histológicas existentes, a próstata humana e de 

roedores possui estrutura histológica parenquimatosa similar (Ittmann, 2018). Nesse 

sentido, o epitélio geralmente prismático que reveste os ácinos e ductos prostáticos é 

basicamente composto por três tipos celulares fenotipicamente e funcionalmente 

distintos, sendo eles: células luminais, células basais e células neuroendócrinas (Figura 

2). 

Figura 2 | Histologia da próstata humana e de rato destacando sua composição celular epitelial. 

Cada tipo celular presente no epitélio expressa marcadores específicos que permitem sua distinção das 

demais células. Cabeça de seta: indica musculatura lisa que na próstata de roedores está organizada em 

camadas celulares circundando os ácinos e ductos glandulares. Fonte: autoria própria. 
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As células luminais ou secretoras constituem o tipo celular mais numeroso do 

epitélio e são responsáveis por produzir o líquido prostático. São rotineiramente 

distinguidas das demais células epiteliais por serem altas, possuírem núcleo arredondado 

e por expressarem marcadores clássicos como as citoqueratinas 8 e 18 (CK8/18, Figura 

2). Condizendo com sua função secretora, essas células apresentam retículo 

endoplasmático rugoso abundante e complexo de Golgi bem desenvolvido, além de 

inúmeros grânulos de secreções no citoplasma apical (Hayward et al. 1996a; El-Alfy et 

al. 2000; Risbridger & Taylor, 2006). A detecção de níveis séricos elevados do antígeno 

prostático específico (PSA), uma protease principalmente produzida pelas células 

luminais, constitui uma importante ferramenta aliada ao diagnóstico do câncer de próstata 

e acompanhamento da doença (Lilja et al. 2008).  

As células basais possuem morfologia característica, sendo células relativamente 

pequenas e de formato irregular, com citoplasma escasso e núcleo heterocromático e 

geralmente semicircular (El-Alfy et al. 2000). Apesar de se localizarem apoiadas à 

membrana basal, sabe-se que tanto as células basais da próstata como àquelas de 

outros epitélios (ex: vias aéreas e epidídimo) não estão restritas à base dos epitélios. 

Essas células geralmente emitem longas projeções citoplasmáticas capazes de 

ultrapassar as junções de oclusão existentes entre as células epiteliais e assim, atingirem 

o lúmen (Shum et al. 2008; Roy et al. 2016). As células basais prostáticas, 

interessantemente, constituem uma população heterogênea, que expressa diferentes 

combinações de marcadores (ex: p63, citoqueratinas 5 e 14), e acredita-se que dentre 

elas estão as células-tronco, multipotentes e auto-renováveis, as quais podem diferenciar 

em células luminais, neuroendócrinas e basais (Wang et al. 2013; Lee et al. 2014). A 
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capacidade tronco das células basais, a qual é corroborada pela sua assinatura gênica 

(Zhang et al. 2016), é alvo de intensas investigações que colocam essa população 

celular, apesar de algumas controvérsias (Wang et al. 2014), como sendo a principal 

provedora das células que sofrem transformação oncogênica e iniciam a formação do 

tumor prostático (Taylor et al. 2012; Stoyanova et al. 2013; Park et al. 2016). Tal 

transformação ocorre ao passo que a maioria das lesões malignas não apresenta 

positividade para os marcadores clássicos de células basais, ausência esta que tem sido 

utilizada como um dos critérios diagnósticos em biopsias prostáticas. De maneira oposta, 

as células basais também exercem papeis cruciais na homeostase do órgão, sendo 

componentes indispensáveis no desenvolvimento, além de auxiliar na correta 

diferenciação, funcionamento e manutenção da sobrevivência de suas vizinhas, as 

células luminais e neuroendócrinas (Signoretti et al. 2000; Kurita et al. 2004). Desse 

modo, é evidente que as células basais podem ter diferentes contribuições estruturais e 

funcionais para próstatas normais ou cancerosas. Vale ressaltar que diferenças quanto à 

proporção de células basais/células luminais são observadas entre espécies, sendo: 1/1 

em humanos, 1/4 em camundongo, 1/7 em cachorro e macaco, e 1/10 em rato (El-Alfy et 

al. 2000).  

As células neuroendócrinas compõem o terceiro tipo epitelial da próstata (Figura 

3). Além de corresponderem a população menos observada no epitélio prostático, essas 

células são dificilmente identificadas através de colorações histológicas de rotina 

(Ittmann, 2018). Sabe-se que a frequência de células neuroendócrinas é maior durante o 

desenvolvimento prostático e acredita-se que elas possam exercer ações regulatórias 

sobre o crescimento e atividade secretora da glândula. Além disso, as células 
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neuroendócrinas estão envolvidas com a secreção do neuropeptídeo Y, serotonina, 

cromograninas A e B, calcitonina e somatostatina (Abrahamsson, 1999; Rodriguez et al. 

2003; Risbridger & Taylor, 2006), os quais podem ser utilizados como marcadores 

específicos dessa população celular. Apesar das informações existentes, pouco se sabe 

sobre a ontogenia e função das células neuroendócrinas do epitélio prostático. 

Por fim, o epitélio da próstata é circundado por um estroma de sustentação onde 

se encontram células e fibras do tecido conjuntivo, nervos, vasos sanguíneos e linfáticos, 

além de células musculares lisas que se contraem espasmodicamente e promovem a 

ejeção do líquido prostático no lume da uretra, durante a ejaculação (Hayward et al. 

1996b). Na próstata de roedores, essa musculatura lisa organiza-se em camadas 

celulares circundando os ductos e ácinos glandulares, divergindo do observado em 

humanos, onde a musculatura lisa é mais abundante e está amplamente distribuída por 

todo o estroma (Figura 2) (Aumüller, 1979; Hayward et al. 1996b; McNeal, 1988). 

Vale ressaltar que o desenvolvimento, diferenciação e morfofisiologia, tanto das 

células epiteliais quanto das células presentes no estroma da próstata, dependem dos 

níveis de andrógenos, sendo a dihidrotestosterona o principal esteroide androgênico 

atuante no local (Grossmann et al. 2001; Tan et al. 2015). Entretanto, a regulação da 

próstata é complexa e envolve a participação de outros esteroides e seus receptores, tais 

como estrógenos e vitamina D, os quais também têm sido referenciados como 

importantes hormônios para a manutenção da morfofisiologia glandular (Prins & Korach, 

2008; Swami et al. 2011). Nesse cenário, as funções dos estrógenos no tecido prostático 

já são melhor estabelecidas (Risbridger et al. 2007; Cooke et al. 2017), enquanto que o 
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papel da sinalização da vitamina D no local ainda não é totalmente conhecido, sendo este 

o hormônio alvo do presente estudo. 

 

2. Vitamina D 

Vitamina D é um termo originalmente designado para referir-se ao ergocalciferol 

(vitamina D2, origem vegetal) e colecalciferol (vitamina D3, origem animal), os quais são 

hormônios secosteroides erroneamente referidos como vitaminas e oriundos da 

conversão fotolítica do ergosterol e 7-deidrocolesterol (7-DHC), respectivamente (Figura 

3). Estima-se que os primeiros seres vivos a produzirem vitamina D residiam no 

fitoplâncton e zooplâncton marinho a cerca de 1 bilhão de anos atrás (Holick, 2009). Hoje 

em dia se sabe que as mais diversas formas de vida da Terra produzem vitamina D 

mediante exposição direta à luz solar. Apesar da função da vitamina D ser incerta nas 

plantas e formas de vida inferiores, sabe-se que a produção da vitamina D e seu posterior 

catabolismo em compostos metabolicamente ativos foi um processo criticamente 

importante para garantir aos vertebrados terrestres uma quantidade de cálcio suficiente 

para a manutenção de atividades celulares e a correta mineralização de seus esqueletos 

(Holick, 1989). Atualmente, além de ser reconhecida pelo seu papel central na 

homeostase de cálcio e mineralização óssea (DeLuca, 2004), diversas funções têm sido 

atribuídas à vitamina D e incluem ações anti-inflamatórias e anti-neoplásicas (Feldman et 

al. 2014; Wang et al. 2017), as quais serão exploradas mais adiante. 

Vale ressaltar que o termo vitamina D também tem sido utilizado para se referir ao 

grupo de moléculas derivadas da vitamina D e abrange tanto o metabólito ativo 1α,25-

diidroxivitamina D [1α,25(OH)2D] ou calcitriol quanto seu percursor 25-hidroxivitamina D 
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[25(OH)D] ou calcidiol (Bikle, 2014). Para um melhor entendimento, no presente trabalho 

a vitamina D e seus metabólitos foram considerados separadamente. Adicionalmente, 

uma maior atenção foi dada à vitamina D3 por se tratar da principal forma presente nos 

animais.   

Figura 3 | Estrutura química das vitaminas D2 (ergocalciferol), D3 (colecalciferol) e seus percursores. 

Note que a vitamina D2 difere da D3 por apresentar uma ligação dupla entre os carbonos 22 e 23, além de 

um grupo metil no carbono 24. Fonte: autoria própria. 

 

2.1 Fontes, metabolismo e mecanismo de ação da vitamina D 

Grande parte dos alimentos naturais são isentos ou possuem pouca quantidade 

de vitamina D. Uma exceção são os cogumelos comestíveis (ex: Paris, shitake ou shimeji) 

que provêm variadas quantidades de vitamina D2, assim como a carne e óleo de fígado 

de alguns peixes como bacalhau, sardinha e salmão, ricos em vitamina D3 (Holick et al. 

2004). Na tentativa de contornar a baixa disponibilidade desse composto na dieta comum, 
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vários alimentos industrializados foram enriquecidos com vitamina D e incluem pães, 

sucos, leite e seus derivados. Entretanto, a quantidade de vitamina D geralmente 

adicionada aos alimentos (100 UI/porção), apesar de ajudar a prevenir o raquitismo em 

crianças, está muito aquém dos valores de ingestão diária preconizado para crianças 

(400 – 1.000 UI) e adultos (1.000 – 2.000 UI) (Holick, 2009). Portanto, cerca de 80 – 90% 

da vitamina D necessária para manter a adequada função do organismo é resultante da 

síntese endógena após exposição direta à luz solar e ocorre principalmente na forma de 

vitamina D3 (Holick, 2004).  

Como mencionado previamente, a vitamina D3 deriva da conversão fotolítica do 7-

DHC, um processo não enzimático e termo-sensível que ocorre na pele sob influência 

dos raios ultravioleta B provenientes do sol (UVB, Holick, 2004). A exposição direta aos 

raios UVB (máxima eficiência em 290 a 320 nm) desencadeia a quebra do anel B do ciclo 

pentanoperidrofenantreno do 7-DHC, presente principalmente nas células da epiderme, 

formando assim a molécula secosteroide denominada pré-vitamina D3. Essa nova 

substância logo sofre isomerização devido ao aumento da temperatura local e resulta em 

uma molécula cuja configuração espacial é mais estável, a vitamina D3 (Figura 3). 

Portanto, o tempo de exposição à luz solar assim como a área do corpo exposta são 

fatores diretamente relacionados ao aporte de vitamina D produzido. 

 É importante ressaltar que tanto a vitamina D3 quanto a D2 são biologicamente 

inativas. Portanto, para que a sinalização de vitamina D ocorra nas células-alvo, a 

vitamina D produzida na pele ou aquela adquirida através da dieta é subsequentemente 

metabolizada por enzimas da superfamília do citocromo P450, as quais adicionam grupos 

hidroxilas à estrutura da molécula. Tal processo de metabolismo para ativação da 
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vitamina D ocorre em duas etapas principais conforme descrito a seguir, e culmina na 

síntese de seu metabólito ativo conhecido como 1α,25(OH)2D ou calcitriol. 

Na primeira etapa do metabolismo da vitamina D, a qual ocorre principalmente no 

fígado, um grupo hidroxila é adicionado ao carbono 25 da molécula, dando origem ao 

25(OH)D ou calcidiol. Este primeiro metabólito é considerado a principal forma circulante 

da vitamina D e tem sido utilizado com sucesso na avaliação do status de vitamina D no 

organismo, por apresentar tempo de vida (~2 semanas) superior ao seu precursor inativo 

(Vitamina D2 e D3, ~1 dia) e ao calcitriol (~4 horas) (Holick, 2004). Várias enzimas com 

atividade 25-hidroxilase já foram identificadas em mamíferos, e compreendem as 

enzimas CYP27A1, CYP3A4, CYP2C11, CYP2D25, CYP2J2, CYP2J3 e CYP2R1 

(Hayashi et al. 1986; Hosseinpour & Wikvall, 2000; Sawada et al. 2000; Cheng et al. 2003; 

Yamasaki et al. 2004; Gupta et al. 2004). Entretanto, estudos utilizando ensaios de gene 

repórter, modelos knockouts, análises mutacionais de regiões codificantes e atividade 

enzimática, demonstraram que a CYP2R1 é a principal 25-hidroxilase envolvida na 

produção do 25(OH)D (Cheng et al. 2003; 2004; Shinkyo et al. 2004; Zhu et al. 2013). 

Não coincidentemente, altos níveis de CYP2R1 são encontrados no parênquima hepático 

(Barchetta et al. 2012). 

Em seguida, o 25(OH)D é hidroxilado na posição C-1α pela enzima CYP27B1, 

originando assim, o calcitriol. Diferentemente do observado para seu percursor 25(OH)D, 

apenas uma enzima está envolvida na etapa final de síntese do calcitriol. É nos túbulos 

proximais dos rins, os quais apresentam elevada expressão da 1α-hidroxilase CYP27B1, 

que ocorre a principal produção de calcitriol. Vale ressaltar que a conversão renal de 

25(OH)D em calcitriol é estimulada pela ação do paratormônio (PTH) e inibida pela 
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elevação dos níveis do fator de crescimento fibroblástico 23 (FGF-23) e do próprio 

calcitriol (Gao et al. 2002; Bikle, 2014). No entanto, RNAm e/ou proteína CYP27B1 tem 

sido detectados em uma variedade de tecidos, tais como placenta, pele, pulmão,  

cérebro, intestino, tireoide, pâncreas, glândulas mamárias, testículo e até mesmo 

próstata, evidenciando a possibilidade de produção extra-renal de calcitriol (Jones et al. 

1999; Hsu et al. 2001; Zehnder et al. 2001; Segersten et al. 2002; 2005; Bikle, 2009). 

Fora dos rins, é provável que a expressão e atividade 1α-hidroxilase da CYP27B1 sejam 

influenciadas por citocinas e fatores locais específicos (Flanagan et al. 2003; Bikle, 2009; 

2014; Kagi et al. 2018). Ainda, o calcitriol, e em menor proporção a 25(OH)D, podem ser 

reduzidos a compostos menos ativos pela CYP24A1, uma enzima importante para o 

controle dos níveis locais e magnitude de ação dos metabólitos da vitamina D, e cuja 

expressão e atividade é estimulada pelo próprio calcitriol (Zierold et al. 2003; Bikle, 2014). 

Nas células-alvo, o calcitriol exerce seus efeitos hormonais através da ligação ao 

receptor de vitamina D (VDR), um fator de transcrição pertencente à superfamília dos 

receptores nucleares (Mangelsdorf et al. 1995). A ligação do calcitriol ao VDR 

desencadeia uma modificação na conformação do receptor, permitindo a sua 

heterodimerização com uma das três isoformas (α, β, γ) do receptor retinoide X (RXR). 

Posteriormente, este complexo ligante-VDR/RXR acopla-se em regiões específicas do 

DNA conhecidas como elementos responsivos à vitamina D (VDRE) e modulam a 

transcrição de vários genes (Haussler et al. 1997). Alvos clássicos dessa modulação 

incluem genes que codificam proteínas envolvidas no transporte transepitelial de cálcio, 

tais como TRPV5, TRPV6, PMCA, NCX1 e Calbindina-D28K (Fleet et al. 2002; Okano et 

al. 2004; Hoenderop et al. 2005). Tamanha importância é atribuída à sinalização da 
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vitamina D para manutenção da calcemia que cerca de 80% a 90% de todo o cálcio 

absorvido da dieta depende da ação do calcitriol no epitélio intestinal (Holick, 2006). No 

entanto, a regulação transcricional mediada pelo heterodímero VDR-RXR é mais ampla 

e abrange genes envolvidos em diversas funções fisiológicas, o que vai de encontro com 

a detecção de milhares de VDRE distribuídos ao longo do genoma humano (Pike et al. 

2016). Ainda, o calcitriol pode agir de uma maneira mais rápida por meio da via não-

genômica, a qual envolve a participação de receptores VDR localizados em cavéolas na 

membrana plasmática e ativação de mediadores intermediários como IP3, DAG, AMP 

cíclico, fosfolipase C, entre outros (Huhtakangas et al. 2004; Nemere et al. 2004). 

Portanto, além de ser uma peça-chave na homeostase de cálcio, a sinalização da 

vitamina D também está envolvida em diversos processos fisiológicos e incluem a síntese 

e secreção de hormônios (ex: PTH e a insulina), modulação do sistema imune e do 

desenvolvimento cerebral, controle da pressão arterial e função cardíaca, além de regular 

os processos de diferenciação e proliferação celular em uma gama de tipos celulares 

(Bourlon et al. 1997; Li et al. 2002; van Etten & Mathieu, 2005; Liu et al. 2006; Marini et 

al. 2010; Feldman et al. 2014; Wang et al. 2017). As fontes de vitamina D, assim como 

seu metabolismo e mecanismo de ação, podem ser visualizados na figura 4. 
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Figura 4 | Fontes, metabolismo e mecanismo de ação da vitamina D, evidenciando as principais 
enzimas e órgãos envolvidos. Adaptado de Krishnan & Feldman, 2011.  

 

2.2 O sistema endócrino vitamina D e sua importância 

A vitamina D e seus metabólitos, assim como as enzimas participantes de seu 

metabolismo e o receptor VDR, compõem um fascinante eixo hormonal, conhecido como 

sistema endócrino vitamina D. Com base nas multifunções mediadas pelo calcitriol, tem 

sido atribuído à esse sistema um papel central na regulação da homeostase corporal, 

cujo funcionamento apropriado é indispensável ao longo de toda a vida para a prevenção 

de várias doenças, incluindo aquelas que afetam o sistema endócrino, digestivo, 

cardiovascular, nervoso, genital e ósseo (Hypponen et al. 2001; Raman et al. 2011; Danik 

& Manson, 2012; Blomberg Jensen, 2014; Wang et al. 2017; Mokry et al. 2016). Para 

exemplificar tamanha importância, a simples exposição de pacientes à luz solar (10 - 15 

minutos por dia), juntamente ou não com o consumo de alimentos ricos em ou 
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enriquecidos com vitamina D, foi uma medida essencial para erradicar o raquitismo em 

vários países, uma doença óssea altamente prevalente em crianças do mundo todo nos 

séculos XVII a XIX (Holick, 2009). Outro exemplo vem de um importante estudo 

conduzido na Finlândia, onde a suplementação diária com 2.000 UI de vitamina D, 

durante o primeiro ano de vida, foi capaz de reduzir em até 80% o risco de 

desenvolvimento de diabetes tipo I na fase adulta (Hyppönen et al. 2001). Mais 

atualmente, grande debate envolvendo vitamina D e prevenção de câncer surgiu na 

comunidade científica (Feldman et al. 2014), sendo que há evidências demonstrando que 

tanto homens quanto mulheres com baixos níveis de 25(OH)D e, consequentemente, 

baixa produção de calcitriol e ativação do sistema endócrino vitamina D, são em média 

20% mais propensos a desenvolverem câncer de qualquer natureza (Budhathoki et al. 

2018). 

No entanto, essa proteção múltipla atribuída ao sistema endócrino vitamina D está 

ameaçada pela deficiência de vitamina D, uma pandemia reemergente que atualmente 

afeta mais de 1 bilhão de pessoas, independentemente da idade, raça, situação 

econômica e região geográfica (Holick, 2017). Apesar de fatores adicionais como dieta, 

grau de pigmentação da pele, faixa etária e o ângulo de incidência dos raios solares na 

Terra influenciarem os níveis de vitamina D (Holick et al. 1980; MacLaughlin & Holick, 

1985; Webb et al. 1989), o principal fator atrelado a essa deficiência é a baixa exposição 

à luz solar. Não concidentemente, a deficiência de vitamina D ressurge em um cenário 

em que o uso de protetores solar e a falta de apreciação direta da luz solar constituem a 

principal medida preventiva contra o câncer de pele. Não há questionamentos quanto a 

relação entre exposição excessiva e crônica à radiação solar e o risco elevado de 
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desenvolvimento de danos na pele, incluindo carcinomas cutâneos (Housman et al. 

2003). Entretanto, não há também evidências indicando que a exposição limitada ao sol 

(10 a 15 minutos), para satisfazer a necessidade de vitamina D diária, possa 

substancialmente aumentar o risco de câncer de pele. Enquanto isso, a comunidade 

científica alerta que cerca de 40% a 60% da população mundial carece de vitamina D, e 

por isso, está sob risco elevado de contrair enfermidades diversas (Holick, 2017; 2018). 

 Uma dessas enfermidades e que está atualmente impactando a saúde global é a 

COVID-19, uma pandemia causada pelo novo coronavirus Sars-CoV-2. Ainda que 

substancial, há evidências epidemiológicas sugerindo que indivíduos deficientes de 

vitamina D possuem maior chance de contrair a COVID-19 e até mesmo de progredirem 

para o pior quadro clínico da doença (Grant et al. 2020; Alipio, 2020). Relação similar 

também tem sido observada para outras infecções virais como dengue, hepatites, herpes 

e influenza (Grant et al. 2020). Tal relação é sustentada pela conhecida atuação do 

sistema endócrino vitamina D na modulação do sistema imune, a qual envolve 

basicamente dois mecanismos: (i) melhora das barreiras físicas célula-célula, 

estimulando a expressão de proteínas das junções de oclusão, adesão e comunicantes; 

e (ii) potencialização da imunidade inata e adquirida, por meio da indução de peptídeos 

antimicrobianos (ex: catelicidina, defensinas e IL-37) e regulação dos níveis de citocinas 

pró- e anti-inflamatórias (Rondanelli et al. 2018). Portanto, no atual cenário, a 

suplementação diária com vitamina D emerge como uma alternativa para fortalecer os 

sistemas fisiológicos e assim evitar o desenvolvimento de doenças, inclusive aquelas de 

caráter infeccioso (Grant et al. 2020; Ebadi & Montano-Loza, 2020).  
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É importante ressaltar que a definição do status de vitamina D (Figura 5), a qual 

leva em consideração os níveis circulantes de 25(OH)D, pode variar de acordo com a 

entidade especializada no assunto (Figura 5). De modo geral, pessoas apresentando 

níveis de 25(OH)D abaixo de 20 ng/mL de sangue são classificadas como deficientes no 

mundo todo. Entretanto, em 2018, a Sociedade Brasileira de Patologia Clínica (SBPC) 

juntamente com a Sociedade Brasileira de Endocrinologia Médica (SBEM) se 

distanciaram dos parâmetros mundiais por definirem a deficiência de vitamina D no Brasil 

como níveis de 25(OH)D < 10ng/ml, valor este considerado como deficiência severa pelas 

demais agências mundiais especializadas no assunto. Essa situação definida pelas 

SBPC e SBEM, transferem a grande parcela da população brasileira que atualmente se 

encontra deficiente pelo padrão mundial para o status de insuficiente, fato este que 

afetam as estratégias utilizadas para elevar os níveis de vitamina D. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 5: Valores de referência da vitamina D de acordo com parâmetros internacionais e nacionais. 
Note que as definições de suficiência, insuficiência e deficiência de vitamina D variam dependendo da 
organização especializada no assunto. Fonte: autoria própria. 
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3. Relação entre vitamina D, próstata e envelhecimento 

Desde a década de 80, estudos já apontavam que a deficiência de vitamina D em 

ratos machos ou fêmeas levava a uma redução significativa das taxas de fertilidade 

(Halloran & DeLuca, 1980; Kwiecinski et al. 1989). Atualmente, a atuação da vitamina D 

na atividade reprodutiva já é mais clara e, mais especificamente nos machos, o calcitriol 

tem sido indicado como um importante hormônio participante da manutenção da função 

testicular e das glândulas sexuais anexas, além de estar envolvido na regulação da 

biossíntese de estrógenos (Johnson et al. 1996; Kinuta et al. 2000; Blomberg Jensen, 

2014). Tal participação só é permitida pela presença do receptor VDR, o qual medeia os 

efeitos hormonais do metabólito ativo da vitamina D e está presente nos órgãos que 

compõem o sistema genital masculino, inclusive na próstata (Johnson et al. 1996; 

Kivineva et al. 1998; Blomberg Jensen et al. 2010). Além da presença do VDR, 

interessantemente, a expressão de enzimas participantes do metabolismo da vitamina D 

já foi demonstrada na próstata humana e de roedores, em especial as enzimas CYP27B1 

e CYP24A1 (Blomberg Jensen et al. 2010; Giangreco et al. 2015).  Essas evidências 

sugerem que a próstata seja capaz de produzir e inativar o calcitriol localmente, 

reforçando a participação desse sistema hormonal na regulação da glândula. 

Diversos estudos epidemiológicos têm apontado a vitamina D como um importante 

fator preventivo na ocorrência e progressão das doenças prostáticas, especialmente se 

tratando do câncer de próstata, baseando-se no fato de que a incidência desse tumor é 

maior com o avançar da idade, em indivíduos que residem em regiões de altas latitudes 

e também em homens negros, todos estes considerados grupos propícios a 

apresentarem deficiência de vitamina D (John et al. 2005; Trump et al. 2010; van der 
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Rhee et al. 2012; Xie et al. 2017). De fato, evidências experimentais demonstraram que 

os efeitos anti-tumorais atribuídos à sinalização da vitamina D no tecido prostático estão 

associados a modulação da transcrição de vários genes (alguns representados na figura 

6) e resultam em parada do crescimento celular, promoção de diferenciação celular e 

apoptose, bem como supressão da angiogênese, inflamação e metástase (Hsu et al. 

2001; Chen & Holick, 2003; Krishnan & Feldman 2011; Swami et al. 2011). Entretanto, 

vale ressaltar que alguns estudos também encontraram pouca ou nenhuma associação 

entre os níveis de vitamina D e a incidência ou progressão do tumor prostático (Park et 

al. 2010; Holt et al. 2013; Wong et al. 2014). Além disso, efeitos anti-tumorais limitados 

contra o câncer de próstata foram obtidos por ensaios clínicos de fase I e II utilizando a 

vitamina D3 ou o calcitriol como agente terapêutico (Beer et al. 2004; Flaig et al. 2006; 

Marshall et al. 2012). Esses dados conflitantes podem estar associados a uma expressão 

diferencial dos componentes do sistema endócrino vitamina D, uma vez que evidencias 

in vitro mostraram que a ação anti-tumoral observada em células de câncer de próstata 

após a administração de vitamina D dependem positivamente da expressão de CYP27B1 

e VDR, e inversamente dos níveis e atividade da CYP24A1 (Skowronski et al. 1993; Hsu 

et al. 2001; Tannour-Louet et al. 2014). 
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Figura 6 | Atividade do calcitriol nas células da próstata. A sinalização da vitamina D, mediada pelo 
complexo calcitriol-VDR/RXR, desempenha papéis protetores no tecido prostático através da regulação 
transcricional de vários genes envolvidos com processos importantes. Adaptado de Chen & Holick, 2003. 

 

Embora seja bem conhecido que a idade é o principal fator de risco para HPB e 

câncer de próstata (Leitzmann & Rohrmann, 2012; Lim, 2017), e que os níveis de vitamina 

D reduzem significativamente durante o envelhecimento (MacLaughlin & Holick, 1985), 

pouco se sabe sobre a variação idade-dependente de componentes do sistema 

endócrino vitamina D na próstata. Até o momento, apenas o estudo conduzido por Krill e 

colaboradores (2001) avaliou a expressão de um dos componentes na próstata humana 

durante o envelhecimento, sendo este o receptor de vitamina D. Através da avaliação por 

imunohistoquímica de tecidos prostáticos de doadores de órgãos em idades variadas (10 

a 70 anos), os autores observaram que a expressão de VDR aumentou da primeira 

década de vida até atingir seu pico na quinta década, reduzindo a partir de então (Krill et 

al. 2001). Entretanto a redução do receptor em idades mais avançadas não foi 

estatisticamente significativa, muito provavelmente pelo baixo tamanho amostral (em 
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média 4 por grupo), e os autores selecionaram apenas tecidos livres de adenocarcinoma 

ou lesões suspeitas.  

Nesse cenário, um trabalho recente do nosso grupo de pesquisa (Campolina-Silva, 

2016) teve como objetivo investigar o padrão de expressão do VDR na próstata ao longo 

do envelhecimento, através de um modelo animal que desenvolve lesões 

histopatológicas espontâneas que se assemelham àquelas que acometem a próstata 

humana senil. Para isso, ratos Wistar machos em diferentes idades foram considerados 

(3, 6, 12, 18, 24 meses), de forma a abranger animais adultos jovens a idosos. Este 

estudo mostrou que o VDR está amplamente distribuído na próstata e que seus níveis 

teciduais aumentam significativamente a partir dos 12 meses de idade, paralelo a 

marcante redução de cerca de 2,8 vezes nas concentrações circulantes de 25(OH)D. 

Ainda, observou-se uma maior intensidade de imunomarcação para VDR nas células 

epiteliais com morfologia e localização de células basais, e uma redução significativa do 

número de células imunorreativas em áreas proliferativas, especialmente naquelas 

correspondentes à lesão pré-maligna conhecida como neoplasia intraepitelial prostática 

(PIN), o principal local de origem do tumor prostático (Woenckhaus & Fenic, 2008). 

Os resultados de Campolina-Silva (2016) apresentados acima confirmam a 

existência de variação idade-dependente em um importante componente do sistema 

endócrino vitamina D e trazem evidências de que, para se interpretar a magnitude da 

sinalização da vitamina D, não se deve focar somente na concentração de 25(OH)D no 

sangue, como tem sido empregado de maneira conflitante nos estudos que visam 

investigar a relação protetora entre vitamina D e as doenças prostáticas, mas também 

em outros fatores tais como a concentração de VDR nas células-alvo, a qual pode ser 
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inversamente proporcional aos níveis circulantes da vitamina D. Nesse sentido, a 

avaliação das concentrações intraprostáticas de calcitriol e da expressão das principais 

enzimas participantes de seu metabolismo durante o envelhecimento, assim como do 

RXR, pode ser fundamental para melhor compreender o impacto e variação observada 

na expressão de VDR, visto que o calcitriol pode regular a expressão de seu próprio 

receptor (Giangreco et al. 2015), e que o RXR é um componente essencial para que o 

VDR ativado exerça seus efeitos nas células-alvo.   

Sabe-se que a próstata é um órgão sensível a hormônio, e nesse sentido, as 

células luminais (ou secretoras) do epitélio recebem o papel de protagonistas em mediar 

a resposta hormonal na glândula. Entretanto, a mais intensa positividade para VDR 

observada nas células do epitélio prostático com características de células basais 

(Campolina-Silva, 2016), chama atenção para a participação desse tipo celular em 

mediar os efeitos não só da vitamina D, mas também de outros hormônios atuantes na 

próstata. Nesse sentido, embora seja muito discutido que as células basais prostáticas 

não expressam receptores de andrógenos, sabe-se que elas são altamente responsíveis 

a hormônios, expressando receptores de estrógenos (ERα e ERβ, GPER), receptores de 

retinoides (RXR e RAR), e muito provavelmente, de vitamina D (VDR) (Hu et al.  2011; 

2012; Rago et al. 2016; Campolina-Silva, 2016).  

As células basais da próstata constituem uma população heterogênea que abriga 

as células-tronco, multipotentes e auto-renováveis, as quais podem diferenciar em 

células luminais, neuroendócrinas ou basais (Wang et al, 2013; Lee et al, 2014). Acredita-

se que diferentes subtipos de células basais podem exercer diferentes contribuições 

estruturais e funcionais para próstatas normais ou cancerosas, destacando uma 
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necessidade eminente de caracterização desse tipo celular. Interessantemente, a 

expressão da principal isoforma do receptor retinoide X atuante na próstata, o RXRα, é 

mais proeminente nas células basais do epitélio, e o número de células basais positivas 

para tal receptor reduz significativamente tanto em lesões pré-malignas PIN quanto no 

tumor prostático (Mao et al. 2004). Esses dados reforçam a participação das células 

basais em mediar os efeitos protetores do calcitriol na próstata e, somado a redução da 

expressão de VDR nas áreas de PIN (Campolina-Silva, 2016), é possível que a perda da 

sinalização do complexo VDR/ RXRα, inclusive nas células basais, possa ser um fator 

importante para a carcinogênese prostática.  

Portanto, a presente proposta visa investigar o padrão de expressão dos principais 

componentes que integram o sistema endócrino vitamina D no tecido prostático, como 

um importante passo para melhor compreender a relação da vitamina D na fisiopatologia 

da próstata em envelhecimento. Para isso, ratos Wistar machos em diferentes idades 

foram adotados como modelo experimental, visto que esses animais possuem a 

vantagem de desenvolver naturalmente alterações histopatológicas na próstata, em 

especial lesões epiteliais benignas e pré-malignas (Morais-Santos et al. 2015). 

Adicionalmente, um modelo de indução crônica da carcinogênese prostática também foi 

estabelecido para confirmar possíveis diferenças entre a expressão das proteínas-alvo 

desse estudo em áreas normais e malignas da próstata. 
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II. OBJETIVOS 
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II. OBJETIVOS 

1. Objetivo geral 

 Investigar o efeito do envelhecimento na expressão de componentes do sistema 

endócrino vitamina D no complexo prostático de ratos Wistar, por meio da avaliação dos 

níveis circulantes e teciduais de calcitriol e da expressão das enzimas CYP27B1 e 

CYP24A1, bem como do receptor RXR, correlacionando os resultados obtidos com o 

padrão de expressão observado para o receptor de vitamina D (VDR) no local. 

 

2. Objetivos específicos 

 

a) Mapear a distribuição celular e subcelular das enzimas CYP27B1 e CYP24A1, 

bem como do receptor retinoide X (RXR) nos lobos prostáticos. 

b) Investigar se o padrão de expressão das proteínas-alvo desse estudo altera com 

o envelhecimento, especialmente em áreas de alterações epiteliais comuns na 

próstata senil, ou em lesões prostáticas induzidas pela exposição prolongada a 

hormônios esteroides. 

c) Determinar os níveis plasmáticos e intraprostáticos de calcitriol; 

d) Correlacionar a expressão da CYP27B1, CYP24A1 e RXR com os níveis 

mensurados de calcitriol e o padrão de expressão previamente observado para 

VDR no complexo prostático durante o envelhecimento; 

e) Confirmar a identidade das células do epitélio prostático similares a células basais 

que apresentaram expressão diferencial para o VDR. 

 



39 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

_______________________________________ 

III. ARTIGOS RESULTANTES 
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III. ARTIGOS RESULTANTES 

 

Os resultados assim como a metodologia empregada foram compilados em três 

artigos científicos que resultaram diretamente do projeto desenvolvido, a saber: 

 

1. Reduced vitamin D receptor (VDR) expression and plasma vitamin D levels are 

associated with aging-related prostate lesions  

• Artigo publicado em 2018, no volume 78 do periódico internacional “The 

Prostate”, sob o registro DOI:10.1002/pros.23498.  

 

2. Altered expression of the vitamin D metabolizing enzymes CYP24A1 and 

CYP27B1 under the context of prostate aging and pathologies 

• Manuscrito enviado em 14 de maio de 2020 para avaliação pelo corpo editorial 

do periódico internacional “The Journal of Steroid Biochemistry and Molecular 

Biology”. 

•  

3. Targeting Wistar rat as a model for studying benign, premalignant and malignant 

lesions of the prostate 

• Artigo publicado em 2020, no volume 242 do periódico internacional “Life 

Sciences”, sob o registro DOI: 10.1016/j.lfs.2019.117149 

 

 

 

 

https://doi.org/10.1016/j.lfs.2019.117149
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ARTIGO 1: Reduced vitamin D receptor (VDR) expression and 

plasma vitamin D levels are associated with aging-related prostate 

lesions. Prostate, 78: 1-15. 
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Background: Protective roles have been proposed for vitamin D in prostate cancer,

which has the advanced age as themajor risk factor. However, little is known about the

expression of the vitamin D receptor (VDR) in the aging prostate and its association

with the development of epithelial lesions that affect tissue homeostasis and may

precede prostate tumors.

Methods: VDR expression in the prostatic complex of young adults to senile Wistar

rats, a natural model to study age-related prostatic disorders, was evaluated by

immunohistochemical, Western blotting, and image-assisted analyzes. Results were

correlated with the plasma levels of vitamin D and testosterone, the occurrence of

punctual histopathological changes in the aging prostate, and the expression of

retinoid X receptors (RXR).

Results:VDRwas widely distributed in the prostatic complex at all ages analyzed, with

the highest immunoexpression found in basal epithelial cells. As the animals aged, VDR

levels increased, except in punctual areas with intraepithelial proliferation, metaplasia,

or proliferative inflammatory atrophy, which had reduced expression of this receptor

concomitantly with increased cell proliferation. Interestingly, RXR expression in the

agingprostatewas similar to that found for its partnerVDR, indicating that components

of the VDR/RXR complex required for vitaminD signaling are affected in aging-related

prostatic lesions. Moreover, plasma vitamin D levels declined at the same ages when

prostatic alterations appeared. Although circulating levels of testosterone also

decreased with aging, the changes observed in the components of the vitamin D

system were not correlated with androgens.

Conclusions:Ourdata indicate that theagingprostate suffers froman imbalanceon the

intricatemechanismof tissue regulation by the vitaminD responsive system.Weargue

that the status of VDR expression might be determinant for the development of

histopathological alterations in the aging prostate, which include premalignant lesions.
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1 | INTRODUCTION

Although vitamin D is recognized by its classic role in bone health, a

growing body of evidence has linked its deficiency, a re-emerging

global health problem, with increased risk for several diseases1,2

including prostate cancer.3–5 Prostate cancer is one of the most

commonly diagnosed neoplasms and the fifth leading cause of cancer

death worldwide.6

Experimental studies involving primary cultures,7,8 cell lines,8,9

xenograft systems,10 and transgenic models of prostate cancer11,12

showed that vitamin D in its biologically active form, the 1,25-

dihydroxyvitamin D, plays a growth-inhibitory effect on the prostate.

Despite these encouraging results, epidemiological data have kept an

ongoing debate concerning vitamin D and prostate cancer. Indeed,

while studies have associated the low circulating levels of vitamin D

with increased prostate cancer risk or progression,4,5,13,14 other

investigations did not support this association.15–20 One possible

explanation for these conflicting data may be differences in prostatic

levels of the vitamin D receptor (VDR), which varies in normal and

tumor tissues.21–23 Upon binding to 1,25-dihydroxyvitamin D, VDR

forms a heteromeric complex with retinoid X receptors (RXR) to

mediate most of the vitamin D signaling effects on target cells.

It is well known that advancing age is the major risk factor for the

development of prostate lesions that affect tissue homeostasis and

may even progress to cancer.24–27 However, the occurrence of

age-dependent variation in VDR expression as well as its association

with prostatic disorders is still poorly understood. Therefore, in the

present study, we mapped the expression pattern of VDR in the

prostates of young adults to senile Wistar rats, since this animal model

has the advantage of naturally developing aging-related prostate

lesions that mimic most of those affecting the human prostate. We

correlated VDR expression in the prostatic tissue with the expression

of its partner RXR and the circulating levels of Vitamin D. Furthermore,

as the prostate is an androgen-dependent organ and some studies

indicate a relationship between vitamin D and the androgen

responsive system,28–31 we also compared the results with testoster-

one levels and investigated whether the expression pattern of VDR in

the prostatic tissue is influenced by androgens.

2 | MATERIALS AND METHODS

2.1 | Ethics statement

All the experimental procedures described herein were approved by

the Ethical Committee for Animal Experimentation of theUniversidade

Federal de Minas Gerais-UFMG, Brazil (CEUA, process 286/2008).

2.2 | Animals and sample collection

The investigation was performed in the prostates of adult maleWistar

rats at different ages (3, 6, 12, 18, and 24 months). The rats were

purchased with approximately 1month of age from the Central Animal

House (UFMG) and then housed in the animal facility at the Institute of

Biological Sciences (UFMG) under a constant light cycle (12 h of light

and 12 h of darkness) and temperature (22°C). The animals received ad

libitum access to water and standard pelleted chow containing

2.000 IU vitamin D3/kg (Nuvital Nutrientes S.A, Colombo, Brazil). No

changes in food consumption were observed between groups along

the experiment.

After reaching the ages of interest, the animals were weighed,

anesthetized, and perfused transcardially with Ringer's solution

followed by 10% neutral buffered formalin (NBF). The NBF-fixed

prostatic complex, comprising the ventral, dorsal, lateral, and anterior

prostate lobes, was dissected and embedded in paraffin for

immunohistochemistry and immunofluorescence. In addition to aging,

the ventral prostates of castrated and sham rats (4months of age) were

obtained as described26 and processed for paraffin embedding.

For Western blotting assays, anesthetized animals were perfused

only with Ringer's solution and the fresh tissues from each prostate

lobewere dissected, frozen in liquid nitrogen, and stored at−80°C until

use. The kidney and liver were also processed forWestern blotting and

immunohistochemistry to be used as high and low control of VDR

levels, respectively.

2.3 | Antibodies

All antibodies used herein were checked for amino acid sequence

homology, purchased commercially, and tested by serial dilutions to

determine the optimal concentration before being used in the

techniques described below.

2.4 | Immunohistochemistry

In order to map the expression pattern of VDR in the rat prostate

during aging, NBF-fixed and paraffin-embedded fragments from all

prostate lobes of rats at different ages (n = 5 per age) were sectioned at

5 μm. Additionally, immunostainings for RXR, androgen receptor (AR),

and the cell proliferation marker Minichromosome Maintenance 7

(MCM7), were also performed. For this purpose, the obtained sections

were deparaffinized in xylol, rehydrated through a graded series of

ethanol, rinsed briefly in distilled water, and immersed in a 0.6%

methanol-hydrogen peroxide solution for blocking endogenous

peroxidase. After antigen retrieval with 0.01M sodium citrate buffer

(pH 6.0) and microwave heating (30min at 70% power), the sections

were exposed to the avidin/biotin blocking solution (Vector Laborato-

ries, Burlingame, CA) for 10min. To prevent non-specific binding of

antibodies, the sections were incubated with 10% rabbit (for VDR) or

goat normal serum (for RXR and MCM7) for 1 h at room temperature.

Then, we incubated the sections for approximately 40 h at 4°Cwith rat

monoclonal anti-VDR antibody (clone 9A7y, Thermo Scientific,

Fremont, CA), diluted 1:1500 in phosphate buffer saline (PBS, pH

7.4), or overnight at 4°C with mouse monoclonal anti-RXR (clone F-1,

Santa Cruz Biotechnology, Dallas, TX) or anti-MCM7 (clone 47DC141,

Thermo Scientific), and rabbit polyclonal anti-AR (clone PG21,

Millipore, Burlington, MA), diluted 1:400 in PBS. Negative controls

received only PBS in place of the primary antibody. After washing in
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PBS, the sections were exposed for 1 h at room temperature to the

biotinylated rabbit anti-rat (for VDR), goat anti-mouse (for RXR and

MCM7), or goat anti-rabbit (for AR) secondary antibodies (Dako,

Carpinteria, CA) diluted 1:100 in PBS, and then incubated with the

avidin-biotin complex (Vectastain Elite ABC Kit, Vector Laboratories)

for 30min. Finally, the immunoreaction was visualized by immersion in

0.05% 3,3′ diaminobenzidine solution containing 0.01% hydrogen

peroxide in 0.05M Tris-HCl buffer (pH 7.4), followed by slight Mayer's

hematoxylin counterstaining. To confirm the results, the assays were

performed in triplicates.

2.5 | Immunofluorescence

Colocalization of VDR with high molecular weight cytokeratins (CH

HMW), a basal cell marker, as well aswithMCM7was performed in the

rat prostates following the protocol previously described,27 with a few

modifications. After blocking with 10% normal goat serum, the

sections were exposed at 4°C for approximately 40 h to the rat

monoclonal anti-VDR antibody (clone 9A7y, Thermo Scientific),

diluted 1:50 in Tris-HCl buffer solution (TBS, pH 7.4). After washes

in TBS, the sections were incubated overnight at 4°C with mouse

monoclonal anti-CK HMW (clone 34βE12, Dako) or anti-MCM7 (clone

47DC141, Thermo Scientific) antibodies, diluted 1:25 and 1:300 in

TBS, respectively. Negative controls received only TBS in place of the

primary antibodies. Then, the sections were incubated for 2 h at room

temperature with the secondary antibodies Alexa Fluor 546-conju-

gated goat anti-mouse and Alexa Fluor 488-conjugated goat anti-rat

(Thermo Scientific) diluted 1:100 in TBS. The immunofluorescencewas

examined using a Zeiss ApoTome microscope (Carl Zeiss, Göttingen,

Germany) equipped with filters suitable for detection of Alexa Fluor

488 and 546 signals.

2.6 | Western blotting

Western blotting assays were performed in the prostatic complex

(n = 5 per age) to evaluate changes in total VDR protein levels during

aging. Rat kidney and liver were used as control. For this purpose,

frozen samples were macerated in dry ice and the pulverized tissues

(100mg)were homogenized in 300 µL of protein extraction buffer (8M

urea, 20mM Tris-HCl pH 7.5, 0.5 mM EDTA pH 8.0) containing 10%

protease inhibitor cocktail (Sigma-Aldrich, Dorset, UK). The protein

extract was collected of the supernatant fraction after sample

centrifugation for 10min at 14 000 g at 4°C, and the protein content

was determined by using the NanoDrop ND-1000 spectrophotometer

(Thermo Scientific). The proteins (40 μg/lane) were separated by 10%

SDS-PAGE and transferred to nitrocellulose membranes. Non-specific

bindings were blockedwith 10% normal rabbit serum. After incubation

overnight at 4°C with the rat monoclonal anti-VDR antibody (clone

9A7y, Thermo Scientific) diluted 1:1000 in PBS (pH 7.4), the

membranes were washed with PBS-Tween 0.05% followed by

incubation for 1 h at room temperature with the biotinylated rabbit

anti-rat antibody (Dako), also diluted 1:1000 in PBS. The avidin-biotin

complex solution (Vector Laboratories) was used to amplify the signal.

After several washes with PBS-Tween 0.05%, the immunolabeling was

visualized with a solution of 0.1% of 3,3′ diaminobenzidine in PBS

containing 0.05% (w/v) chloronaphthol, 16.6% (v/v) methanol, and

0.04% (v/v) hydrogen peroxide. β-actin was used as internal control,

being detected by incubation overnight at 4°C with the mouse

monoclonal anti-β-actin antibody (clone AC-74) and then, with the

peroxidase conjugated goat anti-mouse antibody (Sigma-Aldrich, St.

Louis, MI) for 1 h at room temperature, both antibodies diluted 1:5000

in PBS. The Western blotting assays were performed in triplicates for

each prostate lobe to confirm the results.

2.7 | Quantitative studies

A systematic evaluation of VDR immunostaining in the prostate

epithelium was conducted using computer-assisted image analysis.

This approach is a useful tool to evaluate punctual changes in protein

content, which eventually may not be clearly detected by Western

blotting or other techniques that evaluate total extracts.27 For this

purpose, five pictures of different areas of the glandular epithelium

of each prostate lobe per animal were randomly obtained by using

the Panoramic MIDI II slide scanner (3DHISTECH, Budapest,

Hungary). When present, the VDR staining intensity was quantified

in 20-positive epithelial cell nuclei per area of hyperplasic, atrophic,

metaplastic, or intraepithelial proliferative epithelium and compared

with the adjacent normal epithelium.27 The values obtained for

luminal and basal cells within the normal epithelium were also

compared. The amount of immunoreactive cells per 100 epithelial

cells was counted and compared according to epithelial regions of

the glands (normal or altered), prostate lobes, and ages. Immuno-

staining for RXR was also evaluated in the ventral and lateral

prostates as described above.

Total VDR protein levels in the ventral, dorsal, lateral, and anterior

prostates were quantified in Western blotting membranes, as

previously described.32 The staining intensity of the VDR specific

bands was normalized with those found for β-actin and thus

graphically showed as relative VDR expression.

2.8 | Assessment of circulating levels of vitamin D
and testosterone

It has been established that the best form to evaluate vitamin D levels

is through the quantification of its intermediate metabolite 25-

dihydroxyvitamin D [25(OH)D].33 Therefore, circulating levels of 25

(OH)D were measured by Enzyme-linked immunosorbent assay

(ELISA). Testosterone levels were also measured by ELISA in order

to evaluate the androgenic status ofmale rats during aging. To this end,

plasma samples (n = 5 per age) were obtained after centrifugation of

total blood (2200g for 10min) in heparin-coated tubes before 25(OH)

D and testosterone were measured. The assays were performed by

using the commercial ELISA kits EIA-5396 and EIA-1559 (DRG

Instruments GmbH, Marburg, Germany), respectively, following the

manufacturer's instructions. All sampleswere evaluated in triplicates in

two independent assays to confirm the results.
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2.9 | Statistical analysis

Quantitative data were statistically analyzed by using the GraphPad

Prism 5 software (GraphPad Software, La Jolla, CA). Initially, Q-Q plot

and Shapiro-Wilk test were used to check normality of the datasets.

When normality was confirmed, the data were analyzed by Student's

t-test or ANOVA plus Tukey post hoc test to compare means between

two or more groups. Otherwise, nonparametric data were analyzed

using the Mann-Whitney test or Kruskal-Wallis plus Dunn's post hoc

test for comparisons between two or more groups, respectively.

Correlations between circulating levels of 25(OH)D, testosterone, and

total VDR protein levels were calculated by using Pearson's correlation

coefficient. Thedatawereexpressedas themean ± standarderrorof the

mean (SEM), and the significance level used for all tests was P < 0.05.

3 | RESULTS

3.1 | Immunolocalization and distribution of VDR in
the prostatic complex

Regardless the animals’ age, intense positivity for VDRwas detected in

the nuclei of cells localized in both epithelial and stromal compart-

ments of the ventral, dorsal, lateral, and anterior prostates (Figure 1).

Prostatic cells also presented weak cytoplasmic staining. VDR

expression was mainly detected in the glandular epithelium, as most

epithelial cells were positive for the receptor. Some stromal,

endothelial, and perialveolar smooth muscle cells showed positive

nuclear staining for VDR (Figure 1).

In all prostate lobes, the staining intensity for VDR was

significantly stronger in many epithelial cells with localization and

morphology compatible with basal cells, compared to the intensity

observed in the adjacent luminal cells (Figure 2A-D). Other basal-like

cells, albeit at a much lower number, showed moderate or negative

immunoreaction for VDR (inserts in Figures 2B and 2C). The

colocalization of VDR and the basal cell marker CK HMW confirmed

the identity of these cells more intensely stained for VDR as basal

epithelial cells (Figure 2). This data was contrasted with the expression

pattern of androgen receptor in the prostate epithelium, which

occurred primarily in luminal cells, being low or absent in basal cells

(Figure 3A). Moreover, the expression of VDR in the prostate

epithelium appears to be independent of androgen, as castrated and

sham rats presented similar VDR expression (Figures 3B and 3C).

The number of VDR-positive cells in the glandular epithelium

varied significantly between prostate lobes, with ventral > dorsal = lat-

eral > anterior (Figure 3D). In line with the immunohistochemical

results, total VDR protein levels determined byWestern blotting were

higher in the ventral and dorsal prostates than the lateral and anterior

prostates (Figure 3E). Western blotting assays specifically detected

two main reactive bands of 55 kDa and 50 kDa, corresponding to the

expected molecular weights of VDR in the prostate.30,31

Comparisons with other tissues known to present high (kidney) or

low (liver) VDR expression revealed as high VDR protein levels in the

ventral prostates as in the kidney, whereas the liver had the lowest

level of VDR (Figure 3F). The kidney has been classically indicated as

the major organ responsive to vitamin D, where VDR expression is

24-fold higher in the distal than proximal convoluted tubules.34 The

image assisted analysis revealed that the prostate basal cells presented

as strong nuclear staining intensity for VDR as the distal renal

convoluted tubule cells. The prostate luminal cells showed higher VDR

intensity than both proximal renal convoluted tubule and hepatic cells

(data not shown).

3.2 | Aging affects the expression pattern of VDR in
rat prostatic complex

As the animals aged, the number of VDR-positive epithelial cells in the

prostatic complex was similar in acini with normal morphology

(Figure 4A). However, animals aged 12 months and older showed a

discrete but significant increase in the nuclear staining intensity of

these cells, as determined by the image analysis of the ventral and

dorsal prostates (Figures 4B and 4C). Western blotting further

confirmed that the total protein extracts from each prostate lobe of

young adult rats (3 and 6 months) had lower VDR levels compared to

those from older animals (12, 18, and 24 months) (Figure 4D-G).

Recently, we showed that aging Wistar rats naturally develop

epithelial prostatic lesions similar to many of those found in human

prostate such as hyperplasia, intraepithelial proliferation, metaplasia,

and atrophies.27,35 Therefore, we also evaluatedVDRexpression in the

prostate epitheliumwith histopathological alterations related to aging.

Interestingly, a heterogeneous positivity for VDR was observed in

areas of intraepithelial proliferation (IP), including those presenting

characteristics compatible with prostate intraepithelial neoplasia,

which have been previously recognized as premalignant lesions of

the prostate.36 These punctual areas were more frequent in senile rats

(18 and 24 months) and we found a high proportion of unstained cells

alongside with epithelial cells stained for VDR (Figures 5A and 5B).

Image analysis revealed that, although the nuclear VDR intensity did

not change when positive epithelial cells were considered (Figure 5C),

a significant increase in the number of VDR-negative cells in IP areas

was observed when compared to the adjacent normal epithelium

(Figure 5D). As higher rates of cell proliferation are found in these

punctual areas of the aging rat prostates,26 we investigated whether

the increased number of cells lacking VDR were proliferating cells.

Colocalization of VDR and the proliferation marker MCM7 revealed

that many of the proliferating cells found in IP areas, but not in the

adjacent normal epithelium, were also negative for VDR.

In some acini, especially in the ventral prostate, epithelial

proliferation led to cribriform architecture, where we observed a

reduced number and staining intensity of VDR-positive cells in

comparison to the adjacent normal epithelium (Figure 5F-J). On the

other hand, the expression pattern of VDR did not change in the

atrophic acini of the ventral prostate nor in the hyperplastic epithelium

of all aging prostate lobes (data not shown).

In the lateral prostate, inflammatory foci were frequently seen in

the prostate stroma of animals aged 18 and 24 months (Figure 6).

Morphological changes were observed in acini nearby the
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inflammatory foci, which included metaplasia and proliferative

inflammatory atrophy (PIA), as well as in the IP areas, with cells

frequently presenting atypical nucleus. Compared to the normal

epithelium, there was a significant reduction in VDR staining intensity

in these punctual lesions of the senile lateral prostate, which also

presented proliferating cells stained for MCM7 (Figure 6).

3.3 | Expression pattern of RXR in rat prostates is
similar to that for VDR

It is well known that, upon binding to its ligand 1,25-dihydroxyvitamin D,

VDR heterodimers with RXR to mediate most of the vitamin D effects on

target cells. Therefore, we also investigated whether RXR, besides VDR, is

FIGURE 1 Distribution of VDR in the prostatic complex of Wistar rats at different ages. Arrows: indicate immunoreactive glandular
epithelium. Arrowheads: indicate immunoreactive perialveolar smooth muscle cells. S: stroma. Lu: lumen. *: blood vessel. VP: ventral prostate.
DP: dorsal prostate. LP: lateral prostate. AP: anterior prostate. Negative control of each prostate lobe in F, L, R, and X. Scale bars = 100 µm
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FIGURE 2 VDR expression between basal and luminal epithelial cells. (A-D) Immunoexpression of VDR in different prostate lobes. Upper
inserts in A-D show many basal-like cells with stronger nuclear immunostaining (arrowheads 1) compared to the adjacent VDR-positive
luminal cells (arrows 1). Eventually, a lower number of basal-like cells presented moderate nuclear staining (arrowhead 2, insert in C) or were
negative for the receptor (arrowhead 3, insert in B). Some VDR-negative luminal cells were also observed (arrows 2). Colocalization of VDR
and the basal cell marker CK HMW, as well as staining quantification, confirmed that basal cells presented a significantly higher nuclear VDR
staining intensity than adjacent luminal cells. The figures were taken from middle-aged rats (12 months) and are representative of all ages
analyzed. VP: ventral prostate. DP: dorsal prostate. LP: lateral prostate. AP: anterior prostate. Scale bars = 50 µm. * = P < 0.05

6 | CAMPOLINA-SILVA ET AL.



affected in punctual areas of the aging prostate. For this purpose, RXRwas

immunoreacted in the ventral and lateral prostates, the prostate lobes that

presented the most significant age-related alterations.

Interestingly, the distribution pattern of RXR in the prostate

was similar to that found for VDR. Positivity for RXR was detected

in the nucleus of most epithelial cells, with the highest expression

in many cells with localization and morphology of basal cells

(Figure 7). Some stromal, endothelial, and perialveolar smooth

muscle cells also stained for RXR. As the animal aged, the

percentage of RXR-positive cells increased in the normal epithe-

lium. However, compared to the adjacent normal epithelium, RXR

expression significantly reduced in punctual lesions of the aging

prostates, including IP, metaplasia, and PIA (Figure 7), a pattern

matched by VDR as presented herein.

FIGURE 3 VDR expression in the rat prostatic tissues is independent of androgen and varies according to the prostate lobe. A, Androgen
receptor (AR) was mainly detected in luminal cells (arrow), being low or absent in basal cells (arrowheads) of the prostate epithelium. (B and C)
The expression pattern of VDR in the ventral prostate epithelium was similar between sham and castrated rats. D, Percentage of epithelial
cells positive (arrows) or negative (arrowheads) for VDR in the prostatic complex of adult rats at 3-24 months of age. E, Western blotting
comparing the VDR levels measured in protein extracts from the different prostate lobes, as well as (F) from the kidney and liver of rats aged
12 months. G, Immunostaining of VDR showing a higher immunoreaction in the distal (arrowheads) than proximal convoluted tubule cells
(arrow). H, VDR expression in hepatic cells (arrow). VP: ventral prostate. DP: dorsal prostate. LP: lateral prostate. AP: anterior prostate. Dt:
distal renal tubule. Pt: proximal renal tubule. GL: glomerulus. Scale bars = 50 µm. Mean values with different letters represent statistically
significant differences (P < 0.05)
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3.4 | Aging decreases the circulating levels of vitamin
D and testosterone

Young adult rats at 3 and 6 months of age had plasma 25(OH)D levels

around 35 and 45 ng/mL, respectively. From6months of age onwards,

there was a significant reduction (2.8-fold) in plasma 25(OH)D

concentrations, reaching levels below 20 ng/mL in animals aged

12months and older (Figure 8A). A strong inverse correlation between

plasma 25(OH)D and total VDR levels in the prostatic complex was

detected (Pearson r = −0.85, P < 0.001) (Figure 8B).

FIGURE 4 Age-related variation of VDR expression in the rat prostates. The percentage of VDR-positive cells in the normal prostatic
epithelium was similar at all ages analyzed (A). However, these cells showed increased VDR staining intensity from 12 months of age onwards,
as determined by image analysis of the VP (B) and DP (C). Western blotting assays also detected increased VDR levels in total protein
extracts of the VP (D), DP (E), LP (F), and AP (G) with aging, as evidenced by the graphical representation of the band densitometric analysis.
β-actin was used as the internal control. 3M, 6M, 12M, 18M, and 24M: age of the animals expressed in months. VP: ventral prostate. DP:
dorsal prostate. LP: lateral prostate. AP: anterior prostate. Mean values with different letters represent statistically significant differences
(P < 0.05)
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Senile rats also presented decreased plasma testosterone levels

(Figure 8C). However, the changes observed during aging were not

correlated with plasma 25(OH)D (Pearson r = 0.09, P = 0.638,

Figure 8D) or total VDR protein levels (Pearson r = −0.07, P = 0.768,

Figure8E), as circulating testosterone reduced gradually from3months

of age onwards, reaching statistical significance just at 24 months

(Figure 8C).

4 | DISCUSSION

Herein, we mapped the expression pattern of VDR in the prostatic

complex of young adults to senile Wistar rats. Although VDR was

foundwidely distributed in the prostate lobes of all groups analyzed, its

expression varied according to cell type, regions of the gland, and age.

Interestingly, VDR expression was higher in basal cells than in luminal

FIGURE 5 VDR expression is affected in epithelial proliferative lesions of rat aging prostates. (A and B) Heterogenous positivity
for VDR in areas of intraepithelial proliferation (IP), where a high proportion of unstained cells (arrowheads) are found along with
VDR-positive epithelial cells (see upper inserts). Although the nuclear staining intensity did not change (C), there was a significant
increase in the number of VDR-negative cells in IP areas, compared to the adjacent normal epithelium (D). Colocalization of VDR
and the proliferation marker MCM7 showed that many of the VDR-negative cells (arrowheads) restricted to IP areas were also
positive for MCM7 (E). Epithelial proliferation led to a cribriform architecture with intraluminal growing in some acini (F) that also
presented a higher proportion of cells lacking VDR (G), in comparison to the adjacent normal epithelium (H). Image analysis
confirmed a significant reduction in positivity (I) and staining intensity (J) for VDR in this proliferative lesion. IP: intraepithelial
proliferation. Arrowheads: VDR-negative epithelial cells. Arrows: MCM7-positive epithelial cells. Cb: proliferation with cribriform
architecture. Ne = normal epithelium. S: stroma. Lu: lumen. VP: ventral prostate. LP: lateral prostate. AP: anterior prostate. Scale
bars = 50 µm. * = P < 0.05
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FIGURE 6 VDR expression and cell proliferation in the lateral prostate of senile Wistar rats. A, VDR staining in areas of the senile lateral
prostate presenting acini with normal epithelium (Ne) or metaplasia (Me). Note the presence of inflammatory foci in the stroma. As
highlighted by the magnification of panel A, the VDR-positive cells in normal epithelium (arrow in A1) had higher VDR intensity than positive
cells in metaplasia (arrowhead in A2). B, Serial section of the same area represented in A showing high proportion of proliferating cells stained
for MCM7 in metaplasia. (B1) Magnification of panel B highlighting high cell proliferation in the same area of the metaplastic epithelium that
showed reduced VDR staining intensity. Note that MCM7-positive epithelial cells in this area presented small and flattened nucleus
suggestive of basal cells (arrowheads in B1). C, VDR staining in areas of the senile lateral prostate with stromal inflammatory foci and acini
with normal epithelium or showing proliferative inflammatory atrophy (PIA) or intraepithelial proliferation (IP). As highlighted by the
magnification of panel C, the positive epithelial cells in the normal epithelium (arrow in C1) presented higher VDR staining intensity than those
in PIA and IP areas (arrowheads in C2). Note that the epithelium in PIA displayed cells with reduced height and flattened nucleus while some
VDR-positive cells in IP areas presented globose and large nucleus. These altered areas also showed proliferating cells (arrowheads in C3) as
determined by serial sectioning and MCM7 Labeling. The image analysis confirmed a significant reduction in VDR staining intensity in all
these altered areas of the senile lateral prostate nearby inflammatory foci, in comparison with positive cells in the adjacent normal epithelium.
S: stroma. Scale bar = 50 µm. * = P < 0.05
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cells while senile animals presented reduced expression of this

receptor restricted to punctual areas of epithelial lesions, a pattern

also seen for its partner RXR. The changes in VDR expression occurred

concomitantly to reduced plasma 25(OH)D levels, themajor circulating

form of vitaminD, andwere not correlatedwith testosterone level. It is

noteworthy that the data presented herein were obtained under

natural aging conditions, without the use of surgical, drug, or genetic

interferences in the experimental animals.

FIGURE 7 Expression pattern of RXR in the aging prostate is similar to that found for VDR. Distribution of RXR in the ventral (A-E) and
lateral (H-M) prostates of rats at different ages. Inserts in (B) and (I), as well as the quantification represented in (P) highlight the stronger
nuclear staining displayed by basal cells (arrowheads) in comparison with luminal epithelial cells. Note that the percentage of RXR-positive
cells in the normal epithelium of the ventral (N) and lateral (O) prostates increased at 12 months of age onwards. However, there was a
significant reduction in RXR staining intensity restricted to punctual lesions areas showing intraepithelial proliferation (E, M, and Q),
metaplasia (L and R), and proliferative inflammatory atrophy (K and S), which are the same lesions that presented reduced VDR expression.
Negative controls in (F) and (G). Ne: normal epithelium. IP: intraepithelial proliferation. Me: metaplasia. PIA: proliferative inflammatory
atrophy. S: stroma. Lu: lumen. VP: ventral prostate. LP: lateral prostate. 3, 6, 12, 18, and 24M= age of the animals expressed in months. Scale
bars = 50 µm. Mean values with different letters, as well as * represent statistically significant differences (P < 0.05)
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In all prostate lobes and ages, intense positivity for VDR was

detected in the nucleus of most epithelial cells as well as in some

stromal cells. This distribution pattern of VDR follows that previously

showed for rat and human prostates,21,22 and support the evidence

that VDR and, therefore, most probably vitamin D signaling, occurs

mainly in the epithelium but may also occur in the stromal

compartment of the prostate.7,37,38

An intriguing observation reported herein is thatmany of the basal

cells had higher nuclear VDR immunoreactivity than luminal cells.

Other basal cells, but at a much lower number, presented moderate

staining or were unreactive to VDR, thus pointing out that this cell

population may present different degrees of response to vitamin D.

Previous studies hinted at prostate basal cells as a target for vitamin D,

but did not confirm the suggestion.39,40 Other investigations described

immunopositivity for VDR only in luminal cells21,22 or did not formally

distinguish the staining pattern of VDR among the epithelial cell types

of the prostate.39,41

It is well known that, following binding to 1,25-dihydroxyvitamin

D, which is the active metabolite of vitamin D, VDR forms heteromeric

complexeswith RXR subtypes tomediatemost of the vitaminD effects

on target cells.42 Interestingly, Mao et al43 showed that, compared to

luminal cells, the nucleus of human basal cells expressesmore intensely

RXRα, themain RXR isoform acting in the prostate. Therefore, by using

an antibody that binds with a high affinity to RXRα, but that also

detects the other isoforms (RXRβ and RXRγ), we found thatmany basal

epithelial cells of the rat prostate express RXR more intensely than

adjacent luminal cells, a pattern matched by the VDR expression data

presented herein. Taken together, the above-discussed data support a

hypothesis that basal cells may be a primary target for vitamin D and

may be, therefore, important protagonists in mediating the effects of

the active metabolite of vitamin D on the prostate epithelium. Further

studies are needed to confirm this hypothesis and to characterize the

vitamin D signaling pathways taking place in prostate basal cell

populations.

As the animals aged, there was a significant increase in VDR

expression in all prostate lobes. The only other work analyzing the

expression pattern of VDR with age was Krill et al,22 which partially

corroborates our findings. The studywas conducted in normal prostate

tissue and revealed that VDR expression was lowest in the prostate

epithelium of young organ donors aged 10-19 years, then increased at

20-59 years of age and reduced thereafter, although this reduction

was not statistically significant.

One of the main effects of the vitamin D signaling pathway on the

prostate is the inhibition of cell proliferation, either by blocking the G1

to S phase cell cycle transition or by attenuating cell growth stimulating

factors.7,9,44,45 Accordingly, the observed increase in VDR expression

at 12 months onwards corroborates previous works from our

laboratory showing that the normal prostate epithelium of older rats

presents lower rates of cell proliferation than the prostate epithelium

of young animals.26,27 In addition, the rat ventral prostate, which is the

FIGURE 8 Reduction in Plasma 25(OH)D levels with aging is inversely correlated with total VDR protein content in the rat prostate. A,
Circulating levels of vitamin D in its major circulating form, the 25(OH)D, decline from 12 months of age onwards. B, Strong negative
correlation between plasma 25(OH)D concentrations and the total VDR levels in the prostatic tissue of rats at different ages. C, Circulating
levels of testosterone declined gradually from 3 months of age onwards. D, Testosterone levels were not correlated to the 25(OH)D
concentrations and E, total VDR levels in the prostatic tissue of rats at different ages. 3, 6, 12, 18, and 24M = age of the animals expressed in
months. Mean values with different letters represent significant differences (P < 0.05). r = Pearson correlation coefficient
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lobe less affected by spontaneous age-related or androgen-induced

proliferative disorders,46 is also the region where we observed the

highest VDR expression. These data support a role for VDR signaling

pathway in the anti-proliferative mechanisms taking place in the

prostate.

Importantly, while total protein extracts and the normal prostate

epithelium of senile rats showed increased VDR expression, punctual

areas of proliferative lesions in the prostatic complex of these animals

presented a significant reduction of VDR expression. Similar obser-

vations were made in proliferative inflammatory atrophy and

metaplasia of the lateral prostate. These lesions presented increased

cell proliferation and many VDR-negative cells corresponded to

proliferating cells, as well demonstrated in the intraepithelial

proliferation. Moreover, expression of RXR was also significantly

reduced in these prostate lesions. It is noteworthy that the punctual

changes described above were only possible to detect because we

used a combination of immunohistochemical and computer-assisted

image analyses. Our work suggests that decreased presence of VDR

and its partner RXR and, therefore, decreased anti-proliferative effects

of vitamin D signaling mediated by the VDR/RXR complex, may be

impaired in the altered areas of the aging prostate, which include

premalignant lesions.

There is evidence that the anti-proliferative effect of 1,25-

dihydroxyvitamin/VDR in prostate cells is positively influenced by

testosterone and dihydrotestosterone (DHT) levels, being blocked by

androgen withdrawal or anti-androgenic compounds.28–31 Herein, the

VDR expression in the prostate was not affected by castration, a

finding that corroborates previous results.31 Furthermore, the VDR

occurred at high levels in basal cells, which presented low or

undetectable expression of androgen receptor. Moreover, it was

observed a gradual reduction in plasma testosterone concentrations

from 3 months of age onwards, which reached statistical significance

just at 24 months. This data is in agreement with the decrease of

circulating androgens with aging,27,46 but was not correlated with the

changes observed for 25(OH)D and VDR levels at 12, 18, and

24 months of age. However, we have shown that compared to young

animals (3 and 6 months), Wistar rats aged 12 months and older

presented lower intraprostatic concentrations of DHT, the main

androgen acting upon the prostate.27 Therefore, it is possible that the

reduced VDR expression in punctual prostate lesions associatedwith a

tissue environment containing low DHT, impairs even more the anti-

proliferative effect mediated by the vitamin D signaling pathway on

the aging prostate.

The occurrence of prostate lesions and the turning-off of anti-

proliferative factors are thought to precede cancer development.25–27

Studying a transgenic mouse model of prostate cancer, Banach-

Petrosky et al11 showed that the administration of active vitamin D to

animals reduced the development of precancerous lesions in a VDR

expression dependent fashion.We found that although reduced, VDR-

positive cells were still present in the prostate lesions analyzed herein.

Therefore, it is plausible to think that administration of VDR agonists at

early stages of age-related prostatic alterations might prevent the

development of prostate diseases, including cancer. The non-

encouraging results reported by a study investigating the protective

effects of vitamin D in men with premalignant lesions and prostate

cancer could put off future efforts to explore this idea.47 However,

other experimental conditions using different VDR agonists at

different concentrations and length of treatment, among other factors,

may yet have some effect on the prevention or reversal of aging-

related prostatic alterations. We believe that further research is

needed to clarify this matter.

IncreasedVDRexpression in the aging prostateswasmatched by a

significant reduction of plasma 25(OH)D levels. Reduced circulating

levels of vitamin D metabolites with aging have been found for other

studies, and may be a consequence of age-related decline in vitamin D

production, enzymatic activity and/or intestinal absorption.48 The 25

(OH)D is the vitamin D metabolite precursor of the VDR ligand 1,25-

dihydroxyvitamin D which, in turn, depending on its concentration,

negatively regulates VDR expression in prostate cells.38 Thus, low 25

(OH)D levels may impact the 1,25-dihydroxyvitamin D synthesis and

limit the protective effects that this hormone exerts via VDR not only

in the prostate but also in several other target organs. Our results

support the notion that the aging prostate can suffer from an

imbalance on the intricate mechanism of tissue regulation by the

vitamin D responsive system.

While some epidemiological studies associated low circulating

levels of 25(OH)D with an increased risk to develop prostate

cancer,4,5,13,14 others did not support this association (see the meta-

analyses by Yin et al15 and Xu et al49). Hendrickson et al23 examined

VDR expression in 841 patients with prostate cancer and found a

significant association between high VDR expression in prostate

tumors and a reduced risk of advanced cancer or even lethal tumors,

irrespective of plasma 25(OH)D levels. We found a strong inverse

correlation between 25(OH)D levels and total VDR content in the

prostate tissue. Considering the conflicting data about circulating 25

(OH)D and prostate cancer development, the results presented herein,

and those of Hendrickson et al,23 we argue that vitamin D response

should not be based on the levels of 25(OH)D and its respective

metabolite alone, but also on VDR expression in the target cells.

5 | CONCLUSIONS

Our results indicate that VDR is widely distributed in the prostatic

complex of Wistar rats, with the highest immunoexpression found in

basal epithelial cells. As the animals age, VDR levels is increased,

except in lesion areas associated with intraepithelial proliferation,

metaplasia, and proliferative inflammatory atrophy, which presented

reduced expression of this receptor and its partner RXR. The observed

changes coincided with a decline in plasma 25(OH)D levels. We

conclude that declined circulating levels of vitamin D and flaws in VDR

expression and therefore on the vitamin D pathway may be an

important element in the development of histopathological alterations

in the aging prostate. We argue that the status of the receptor

expression in the target cells should not be ignored in future research

on the relationship between vitamin D and prostate disorders.
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ABSTRACT 

 

Low circulating levels of vitamin D are common at older ages and have been linked to an 

increased risk of prostate disease, including cancer. However, it has not yet been 

determined whether aging affects the ability of prostate cells to locally metabolize vitamin D 

into its active metabolite calcitriol and thus mediate the vitamin D signaling in autocrine and 

paracrine ways. By using a powerful rat model to interrogate spontaneous prostatic 

modifications over the course of aging, here we showed that both CYP27B1 and CYP24A1 

enzymes, which are key players respectively involved with calcitriol synthesis and 

deactivation, were highly expressed in the prostate epithelium. Furthermore, as the animals 

aged, a drastic reduction of CYP27B1 levels was detected in total protein extracts and 

especially in epithelial areas of lesions, including tumors. On the other hand, CYP24A1 

expression significantly increased with aging and remained elevated even in altered 

epithelia. Such intricate unbalance in regard to vitamin D metabolizing enzymes was 

strongly associated with reduced bioavailability of calcitriol in the senile prostate, which in 

addition to decreased expression of the vitamin D receptor, further limits the protective 

actions mediated by vitamin D signaling. This evidence was corroborated by the increased 

proliferative activity exactly at sites of lesions where the factors implicated with calcitriol 

synthesis and responsiveness had its expression inhibited. Taken together, our results 

emphasize a set of modifications over the course of aging with a high potential to hamper 

vitamin D signaling on the prostate. These findings highlight a crosstalk between vitamin D, 

aging, and prostate carcinogenesis, offering new potential targets in the prevention of 

malignancies and other aging-related disorders arising in the gland. 
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1. INTRODUCTION 

 
The prostate is regulated by a complex interplay of endocrine, paracrine and 

autocrine signals, including vitamin D that carry out multiple roles in the body other than 

regulation of mineral homeostasis [1], such as anti-inflammatory, anti-carcinogenic and 

metabolic actions [2-6]. Accumulating in vitro and in vivo experimental studies have shed 

light on the mechanisms by which vitamin D signaling plays beneficial actions in the prostate. 

This includes attenuation of cellular proliferation, angiogenesis and synthesis of pro-

inflammatory mediators, as well as induction of cellular differentiation, apoptosis and control 

of energy metabolism [7-12]. Such actions are corroborated in part by epidemiological data 

showing a positive correlation between vitamin D deficiency and increased risk of prostate 

cancer [13-16], one of the most diagnosed malignancies worldwide [17]. However, clinical 

trials enrolling patients with prostatic adenocarcinoma and administration of vitamin D or its 

bioactive metabolite, known as 1,25(OH)2D or calcitriol, have provided limited antitumor 

benefits, especially in those patients with hormone-refractory prostate cancer [18-24]. This 

intriguing issue draws attention to the urgent need for understanding factors hampering the 

vitamin D signaling in the gland. 

The classic paradigm for vitamin D signaling is that prior to binding to the vitamin D 

receptor (VDR), vitamin D molecules produced in the skin upon exposure to sunlight 

(cholecalciferol, vitamin D3) or supplied as a component of the diet (ergocalciferol, vitamin 

D2 as well as vitamin D3) need to be first converted to an intermediate metabolite called 

25(OH)D and then metabolized into calcitriol [25]. Therefore, some players other than VDR 

are critical to ensure this signaling, including the enzymes 1α-hydroxylase CYP27B1 and 

24-hydroxylase CYP24A1, which play antagonistic roles in vitamin D metabolism. While 

CYP27B1 is responsible for synthesizing calcitriol from its precursor 25(OH)D, the CYP24A1 

acts reducing calcitriol into less active metabolites, thereby controlling the bioavailability of 
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the VDR ligand [25]. Thus, the levels of VDR, as well as calcitriol and its metabolizing 

enzymes are thought to dictate the action spectrum of the vitamin D signaling in target 

tissues. In line, evidence has demonstrated that the growth-inhibitory action of vitamin D 

supplementation in prostate cells correlates positively with the endogenous amounts and/or 

activity of CYP27B1 and VDR, and inversely with CYP24A1 expression [26-29]. However, 

the status of these potential predictive factors of vitamin D response has been overlooked 

in the clinical outcome of vitamin D-based therapies, and very little is known about their 

spatial-temporal distributions in the prostate gland. 

In this scenario, a recent study reported that VDR, as well as its heterodimeric 

partner, the retinoid X receptor (RXR), are downregulated specifically in aging-related 

prostate lesions that exhibited pronounced proliferative activity and include tumor initiation 

sites [30]. Such lesions appeared in the prostatic epithelium at the same advanced ages in 

which plasma 25(OH)D drastically declined, pointing to a plausible relationship between 

vitamin D, aging, and prostate disorders. However, little is known about the vitamin D 

metabolizing enzymes under the context of prostate aging and pathologies. Moreover, most 

investigations targeting such enzymes in the gland employed cell cultures, so that a 

comprehensive study describing their distribution in the prostatic tissue is still needed. 

Therefore, in the present study, we systematically examined the expression pattern of the 

vitamin D metabolizing enzymes CYP27B1 and CYP24A1 in the prostates of young adults, 

middle-aged and senile Wistar rats, a valuable in vivo model for studying aging-related 

prostatic disorders including cancer. 
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2. MATERIALS AND METHODS 

 
2.1 Experimental animals 

The investigation was undertaken in the prostate of young adults (3 and 6 months), 

middle-aged (12 months), and senile (18 and 24 months) Wistar rats kept in the absence of 

surgical and chemical interference. The animals (n= 10 per age) were housed in a proper 

animal facility at the Universidade Federal de Minas Gerais (UFMG), receiving ad libitum 

access to water and standard pelleted chow (Nuvilab CR1, Nuvital Nutrientes S.A, Colombo, 

Brazil) containing 2.000 IU vitamin D3/Kg [30]. No changes in food consumption were 

observed among the groups.  

Complementarily, prostate tissues from a previous cohort of senile Wistar rats 

chronically treated with testosterone and estradiol to induce prostate carcinogenesis [31] 

were also employed. Animal experiments received the approval of the Ethical Committee 

for Animal Experimentation of the UFMG (CEUA licenses 286/2008 and 344/2018). 

 

2.2 Sample collection and processing 

Prostate samples were obtained from rats under deep anesthesia (i.p injection of 87 

mg ketamine/Kg and 13 mg xylazine/Kg) and perfused transcardially with Ringer’s solution 

followed by 10% neutral buffered formalin (NBF). The prostatic complex consisting of the 

ventral (VP), lateral (LP), dorsal (DP), and anterior (AP) prostate lobes was harvested from 

5 animals per group, dissected, immersed in NBF solution, and then processed for paraffin 

embedding (FFPE samples). Otherwise, a similar number of animals per group was 

perfused only with Ringer’s solution and their prostate lobes were harvested, snap-frozen in 

liquid nitrogen, and stored at -80 ºC. Blood samples were collected immediately before 

perfusion through cardiac puncture and placed in heparin-coated tubes for plasma 

separation, by centrifugation at 800 g for 5 min. 
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2.3 Calcitriol dosage 

Liquid-phase extraction of steroids was applied to plasma and tissue samples before 

calcitriol measurements [32]. Briefly, frozen ventral prostates were macerated in dry ice and 

200 mg of the pulverized tissue was solubilized in 1 mL of chilled PBS. Tissue homogenates 

and plasma samples (200 μL) were then vigorously mixed to diethyl ether at 5:1 (v/v) 

solvent:sample ratio. After complete phase separation by centrifugation (800 g for 5 min), 

samples were frozen in dry ice/ethanol bath and the floating solvent fraction was transferred 

into a new centrifuge tube. Two other rounds of diethyl ether mixing and supernatant 

collection were performed for every sample. The pooled steroid-enriched solvent fraction 

was dried in a Savant SpeedVac® Concentrator and stored at -20 ºC. Matched samples 

spiked with 50 pg/mL of calcitriol were used to assess the hormone recovery rate following 

steroid extraction. 

Circulating and intraprostatic concentrations of calcitriol were determined by using a 

competitive ELISA assay (Cat. nº OKEH02542, AVIVA Systems Biology), following the 

manufacture’s instruction. To this end, dried extracted samples were resuspended in 100 

μL of 1x ELISA buffer immediately prior to assay and measured in duplicate. The sensitivity 

of the assay was 3.6 pg/mL and proper recovery rates of calcitriol were obtained from 

plasma (93%) and tissue (88%) samples.  

 

2.4 Histopathology 

Histopathological changes arising spontaneously in the prostate parenchyma of 

aging Wistar rats or those hormonally-induced by testosterone plus estradiol were described 

according to established parameters [30,33,34]. In this approach, FFPE sections stained 

with hematoxylin and eosin as well as supportive immunohistochemical preparations were 

examined. 
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2.5 Immunohistochemistry 

FFPE prostate sections at 5μm thickness were submitted to immunohistochemical 

detection of targets related to vitamin D metabolism and responsiveness, cell proliferation, 

and basal cell phenotype, based on our previous protocol [30]. Primary and secondary 

antibodies used in the assays are listed in Table S1. The immunoreaction was acquired 

using an Avidin-Biotin Complex (ABC)-based detection system (Cat. nº PK-6100, Vector 

Laboratories) followed by 3,3’-diaminobenzidine (DAB) reaction. Negative controls received 

only PBS in place of each primary antibody. To confirm the results, the assays were 

performed in triplicate. 

 

2.6 Immunofluorescence 

Immunofluorescence assays were employed to colocalize CYP27B1 and CYP24A1 

with each other or with VDR, RXR, and the basal cell marker CKHMW. For this purpose, 

5μm thick FFPE sections were submitted to antigen retrieval and nonspecific binding 

blockage [30] prior to 40 h incubation at 4 ºC with a solution containing the primary antibodies 

of interest (Table S1). Negative controls were established by omitting primary antibodies. 

After several washes in PBS, the tissue sections were exposed for 2 h at RT to Alexa Fluor-

conjugated secondary antibodies (Table S1). Monovalent unconjugated Fab fragments of 

affinity-purified secondary antibodies (Jackson ImmunoResearch) were employed to enable 

multiple labeling. Cell nuclei were counterstained with 1 μg/mL DAPI. The fluorescent 

signals were examined in the Zeiss ApoTome.2 microscope equipped with an epi-

illumination module and specific filters for suitable detection of the Alexa Fluor dyes 

presently used. 
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2.7 Western blotting 

Total protein levels of CYP27B1 and CYP24A1 in rat prostates were evaluated by 

Western blotting. For this purpose, protein extracts from VP and LP frozen samples of rats 

at different ages (3, 6, 12, 18, and 24 months, n= 5) were first obtained using 8M urea buffer, 

electrophoretically separated and transferred to nitrocellulose membranes [30]. After 

blocking nonspecific bindings with 10% normal goat serum, the membranes were incubated 

overnight at 4ºC with primary antibodies raised against CYP27B1, CYP24A1, or β-actin 

protein, washed in PBS, and then exposed (for 1h at RT) to biotinylated secondary 

antibodies followed by ABC incubation. The list of antibodies used is provided in Table S1. 

The correspondent immunoreactive bands of rat CYP27B1 (54 kDa), CYP24A1 (55 kDa), 

and β-actin (42 kDa) were visualized following enhanced chemiluminescence (ECL 

detection) and quantified by densitometric analysis [35]. β-actin was used for data 

normalization. The assays were performed in triplicate to confirm the results. 

 

2.8 Computer-assisted image analysis 

To estimate the positivity rates of CYP27B1 and CYP24A1 in the prostate epithelium 

at different ages, pictures at 400x magnification were randomly taken in each 

immunofluorescence section of the VP and LP. The number of cells positive or negative for 

each or both enzymes was determined in 6 distal acini with normal morphology, totalizing 

approximately 765 cells counted per animal. The expression of CYP27B1 and CYP24A1 

was also compared between basal and luminal cells [36]. The epithelial cell types were 

differentiated based on their positioning within the epithelium, nuclear morphology, and 

CKHMW staining pattern. Next, we evaluated the number and staining intensity of both 

CYP27B1+ and CYP24A1+ cells in immunohistochemistry sections of the ventral and lateral 

prostate presenting atrophic, metaplastic and proliferative aging-related lesions, and 

compared with the adjacent normal epithelium, as previously described [30]. The number of 
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MCM7+ proliferating cells was also established in epithelial lesions and normal adjacent 

epithelium. 

2.9 Statistical analyses 

GraphPad Prism 7 software (GraphPad Software, La Jolla, CA) was used for 

statistical analyses. After normality assessment using Q-Q plot and Shapiro-Wilk test, 

comparisons between two or more parametric datasets were performed by Student's t-test 

or one-way ANOVA plus Tukey post hoc test, respectively. Otherwise, the Wilcoxon 

matched-pairs signed rank test or Kruskal-Wallis plus Dunn's post hoc test were used to 

compare nonparametric data between two or more groups, respectively. Statistical 

dependence between two variables was assessed by Spearman’s correlation. The 

significance level used for all tests was p <0.05. 
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3. RESULTS 

 

3.1 Immunolocalization of CYP27B1 and CYP24A1 in the prostate 

Although there is some evidence that prostate cells express vitamin D metabolizing 

enzymes [37,38], a detailed characterization of the cellular and subcellular distribution of 

CYP27B1 and CYP24A1 in the gland is still needed. Hence, we first sought to determine the 

expression pattern of such enzymes in the prostatic complex of adult Wistar rats (Fig. 1A). 

As shown by Western blot assays, molecular weight compatible bands for CYP27B1 

(54 kDa) and CYP24A1 (55 kDa) were specifically detected throughout the adult rat prostate 

(Fig. 1B). However, the levels of each enzyme varied according to the prostate lobe. The 

CYP24A1 expression was significantly higher in the VP, whereas the CYP27B1 signal was 

more pronounced in both VP and LP and occurred at comparable levels to that from whole 

kidney extracts (Fig. 1B), one of the main organs fully competent in metabolizing and 

responding to vitamin D [39,40].  

Concerning the spatial distribution of the enzymes within the adult prostate, 

immunoreactivity for CYP27B1 and CYP24A1 were primarily found in the cytoplasm of 

epithelial cells (Fig. 1C) and did not vary between luminal (CKHMW-) and basal (CKHMW+) 

epithelial cells (Fig. 1D, E). Interestingly, few cells unreactive for CYP27B1 or CYP24A1 

were observed in colocalized areas within the normal-appearing epithelium. These epithelial 

cells usually exhibited a slightly enlarged rounded nucleus with a prominent nucleolus (Fig. 

1F). Therefore, we next checked whether the prostate epithelium could harbor a small 

population of atypical cells lacking the machinery necessary to locally produce and 

deactivate calcitriol. Multiple labeling immunofluorescence assay showed that 98% of all 

epithelial cells displayed cytoplasmic staining for both CYP27B1 and CYP24A1, whereas 

1.1% and 0.9% of the cells did not express any of these enzymes or only had the CYP27B1, 

respectively (Fig. 1G,H). Although such epithelial cells appear to be unable to locally 
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metabolize calcitriol, they still retain the ability to mediate the vitamin D signaling as they 

express VDR and its partner RXR (Fig. 1I). 

 

3.2 An intricate imbalance between CYP27B1 and CYP24A1 limits calcitriol 

bioavailability in the aging prostate 

 It is well known that advancing age sharply raises the risk of prostate disorders 

including cancer [41,42]. This relationship likely reflects an exacerbation of environmental 

interferences throughout life including changes in the vitamin D status, since vitamin D 

deficiency is a common condition in older adults [43-45].To gain insights into the plausible 

link between vitamin D, aging and prostate health, we next evaluated the expression of 

CYP24A1 and CYP27B1 as well as calcitriol levels over the course of aging.  

Through Western blotting assays, we observed higher CYP27B1 expression in the 

prostate gland of young rats (3 and 6 months) in comparison with those aged 12 or more 

months, opposing that observed for CYP24A1, whose expression markedly increased as 

the animals aged (Fig. 2B). The measurements were performed in total protein extracts from 

more than one prostate lobe (VP and LP) to confirm the result. Strikingly, additional analysis 

of transcriptomic data annotated in 79 non-pathological prostate samples contemplated by 

the GTEx project [46] showed a very similar aging-related change regarding the expression 

of CYP27B1 and CYP24A1 in the human prostate (Fig. 2C). These results prompted us to 

investigate whether such intricate unbalance between the vitamin D metabolizing enzymes 

could limit the availability of calcitriol in the aged prostate. Indeed, the intraprostatic 

concentrations of calcitriol determined in the VP, the prostatic lobe exhibiting pronounced 

expression of both CYP27B1 and CYP24A1, was significantly lower in middle-aged and 

senile rats compared to young ones (Fig. 2D). Plasma calcitriol levels, despite presenting a 

gradual and subtle decline over aging, remained statistically similar at all ages evaluated 

(Fig. 2D). Correlation analysis confirmed that the age-related reduction of calcitriol levels 
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within the prostate was inversely correlated to CYP24A1 expression (Spearman r= -0.45, 

p=0.039) and mainly positively correlated to CYP27B1 expression (Spearman r= 0.61, p= 

0.0035) (Fig. 2E). 

 

3.3 Altered expression of CYP27B1 but not CYP24A1 occurred restricted to sites of 

histopathological lesions   

To further investigate the changes observed in total protein extracts, the vitamin D 

metabolizing enzymes were immunohistochemically evaluated in the prostate gland of 

Wistar rats at different ages. As previously described [30,31,47], one advantage of using 

such experimental model takes into account the spontaneous development of age-related 

prostatic alterations, which include atrophic, metaplastic, and proliferative lesions. These 

altered areas are more frequent in the LP and VP of senile animals, being adjacent to 

unaltered epithelia, and also exhibit reduced expression of VDR and RXR [30].  

Regardless the animals’ age, nearly all epithelial cells lining normal-appearing ducts 

and acini of the prostate expressed CYP27B1 (Fig. 3B). The few CYP27B1-negative 

epithelial cells (~1%) present in areas devoid of morphological changes occurred isolated 

or forming small groups, as shown in Fig. 1F-I. However, lower and heterogenous CYP27B1 

expression was found in areas of epithelial lesions that arose in the prostate of rats aged 12 

months and older, as numerous unstained cells were found alongside cells barely or 

moderately stained (Fig. 3B and Fig. S1). These histopathological lesions include focal 

epithelial atrophies, hyperplasia and squamous metaplasia (Fig. S1), all alterations of benign 

nature, as well as the two recognized precursor lesions of prostate cancer [48]: the 

proliferative inflammatory atrophy (PIA) and prostatic intraepithelial neoplasia (PIN) (Fig. 

3B). Moreover, some lesioned areas histopathologically-compatible with adenocarcinomas 

were also observed in the prostate gland of rats aged 18 and 24 months (Fig. 3B), albeit at 

lower frequencies than other alterations (Table S2). The malignant sites were actively 
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proliferative, similarly to that observed for their precursor lesions PIN and PIA, and displayed 

an abnormal growth pattern where crowded, basophilic, and dysplastic-appearing cells 

arranged in a microacinar architecture, in which the CYP27B1 expression appeared to be 

downregulated (Fig. 3B). The computer-assisted image analyses confirmed that both the 

number and staining intensity of CYP27B1+ cells significantly reduced in all lesions 

evaluated, compared to the adjacent normal epithelium (Fig. 3C,E and Fig. S1). Such a 

specific decrease of CYP27B1 expression goes in line with the aging-related changes 

detected from 12 months onwards by Western blotting assays (Fig. 2B). 

Unlike CYP27B1, no difference existed when the CYP24A1 expression was 

compared between aging-related epithelial lesions and the adjacent normal epithelium (Fig. 

3B,D and Fig. S1). However, it was noteworthy that CYP24A1+ epithelial cells from VP and 

LP of rats aged 12 months and older had stronger cytoplasmic immunoreactivity than those 

from younger animals (Fig. 3B, F). This finding points to an increased abundance of 

CYP24A1 per cell with advancing age, thus corroborating the Western blotting results (Fig. 

2B). 

 

3.4 Age-related reduction of CYP27B1 expression strongly correlates with epithelial 

cell proliferation 

 In vitro experiments have shown that endogenous 1α-hidroxilase activity of 

CYP27B1 and, consequently, the local production of calcitriol functions as an important 

mitosis inhibitor in normal, hyperplastic and tumor cells of the prostate [27,29]. Herein, by 

using serial sections from the ventral and lateral prostate of middle-aged and senile rats, we 

also showed that high number of MCM7+ proliferating cells occurred exactly in the altered 

areas presenting significant reduction in CYP27B1 expression (Fig. 3B). Correlation analysis 

confirmed the existence of a strong inverse correlation between cell proliferation and the 
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number (r= -0.96, p <0.0001) and staining intensity (r= -0.89, p < 0.0001) of CYP27B1+ cells 

in the aging prostate epithelium (Fig. 3E). 

Complementary to the natural aging model, we also investigate the expression status 

of components implicated in the synthesis and response to calcitriol in proliferative prostate 

lesions of 18-month-old Wistar rats chronically treated with testosterone plus estradiol. The 

use of this additional experimental model, in which 100% of animals develop prostate 

adenocarcinomas [31], was important to confirm the changes presently observed in those 

few malignant lesions that arose spontaneously in the senile prostate. As expected, the 

expression of CYP27B1, VDR and RXR but not CYP24A1 was downregulated at sites of 

adenocarcinomas, concomitantly with an enhanced cell proliferation activity (Fig. 4). 

Furthermore, similar changes were observed in non-cancerous prostate lesions that also 

arose in this model of hormonally-induced prostate tumorigenesis, such as PIN, PIA, 

hyperplasia, and squamous metaplasia (Table S3). 
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4. DISCUSSION 

The present study describes the spatial-temporal expression of CYP27B1 and 

CYP24A1 in the prostate gland, the two major enzymes responsible, respectively, for the 

synthesis and deactivation of calcitriol, the vitamin D active metabolite. Our results show 

that both enzymes are highly expressed in the prostate epithelium and had their expression 

markedly changed over the course of aging, with significant consequences for the 

bioavailability of calcitriol and its downstream beneficial effects on the gland (outlined in Fig. 

5). 

Regardless the animals’ age, positivity for CYP27B1 and CYP24A1 were mainly 

observed in the cytoplasm of cells localized in the epithelial compartment, which includes 

both luminal and basal epithelial cells. Previous studies evaluating non-pathological human 

prostates have also detected the expression of such enzymes primarily in the epithelium, 

despite the authors have not distinguished the different epithelial cell types [37,49]. These 

data place the glandular epithelium as the main prostate compartment competent for 

metabolizing vitamin D. Circulating in the bloodstream, calcitriol acts in an endocrine way at 

sites of VDR expression, a ligand-induced transcription factor found in nearly every tissue 

and that acts in cooperation with RXR receptors [50]. It was recently shown [30] and 

presently reaffirmed that both VDR and RXR are highly expressed in the prostatic 

epithelium. Together with the possibility that prostate cells locally synthesizing calcitriol from 

its precursor 25(OH)D by the 1α-hydroxylase action of CYP27B1, our findings evidence in 

vivo that vitamin D signaling can be autocrinally and/or paracrinally triggered in the gland. 

Although the kidney has long been thought to be the central source of circulating calcitriol 

(reviewed by Bikle et al. [51]), the finding that some regions of the rat prostate express 

CYP27B1 at comparable levels to kidneys opens perspectives to further investigate the 

relevance of the prostate gland for contributing to the body levels of calcitriol in males. 
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One of the most explored therapeutic potential of calcitriol against prostate cancer is 

its growth-inhibitory effect, which occurs in a dose-dependent manner and involves 

downregulation of cell growth stimulating factors, thereby triggering G1/S cell cycle arrest 

[6,7,9,10]. However, a significant antitumor effect may be difficult to achieve in vivo, given 

that exogenous calcitriol can potentially cause extreme hypercalcemia and thus, the 

administration of calcitriol is only considered safe at low doses, since exogenous calcitriol 

has high potential to cause dangerous hypercalcemia [52]. The present finding that the 

majority of prostate epithelial cells express CYP27B1 raises the possibility that 

supplementation with the precursor 25(OH)D or even vitamin D, which hardly cause side 

effects because of their low binding affinity to VDR, could potentially increase intraprostatic 

levels of calcitriol and therefore inhibits the growth of prostate cancer cells. In line with this 

interpretation, Hsu et al. [29] showed that 25(OH)D was capable to block the growth of 

different primary epithelial cell strains derived from normal and pathologic human prostates. 

However, the growth-inhibitory effect played by 25(OH)D was higher in normal than 

hyperplastic and tumor cells, which was ascribed to differences in the CYP27B1 activity 

concerning epithelial cells derived from normal and altered prostates [29]. 

An important observation reported herein was that the prostatic expression of 

CYP27B1 drastically reduced with advancing age in altered areas exhibiting atrophies, 

hyperplasia, metaplasia, premalignant lesions and tumors. Paradoxically, the CYP24A1 

expression significantly increased in both normal and altered epithelia of the aged prostate. 

This aging-related shift concerning the major enzymes involved in calcitriol synthesis and 

deactivation played a significant role in limiting the local availability of calcitriol, since the 

intraprostatic concentration of this hormone also decreased with age, paralleling changes in 

the enzymatic expression. Taken together, these results provide solid evidence that the 

prostatic synthesis of calcitriol from its precursor 25(OH) coming from the bloodstream is 

affected by aging. Based on the fact that circulating 25(OH)D is commonly found at low 
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levels in older adults [30,43-45] and that age-related declines in CYP27B1 expression has 

also been reported for kidney, bone, small intestine, and parathyroid glands [53-55], it is 

likely that local synthesis of calcitriol might be compromised at advanced ages in numerous 

other tissues other than the prostate. 

Importantly, we have recently shown [30] and presently reaffirmed that, similar to 

CYP27B1, the expression of VDR and RXR, both transcript factors required to form the 

vitamin D signaling complex, is specifically attenuated in the aging-related prostate lesions. 

Altogether, these data suggest that, while maintaining a normal CYP24A1 expression and 

thereby the basal ability to inactivate calcitriol, the altered areas of the aging prostate 

epithelium, which includes sites of premalignant lesions and tumors, exhibited reduced 

capability not only to synthesize calcitriol but also to transduce its local protective effects. In 

line with this, the cell proliferation rates in the prostates of aging Wistar rats were inversely 

correlated with the CYP27B1 levels, as well as with the expression previously portrayed for 

VDR and RXR [30]. In vitro experiments have also showed that the anti-proliferative effect 

played by vitamin D signaling in prostate cells is positively dependent on the CYP27B1 

activity and VDR expression [29,56], and can be enhanced by pharmacological inhibition of 

CYP24A1 [28]. Therefore, individual differences on these components could explain the 

limited antitumor effect provided by administration of vitamin D or calcitriol in patients 

diagnosed with prostate cancer [18-24], as well as shed light on the conflicting 

epidemiological data concerning the circulating levels of vitamin D metabolites and prostate 

cancer risk or progression [57,58]. We argue that future studies on the administration of 

calcitriol or a less calcemic VDR agonist, in association with strategies to regulate the 

expression and/or activity of CYP27B1, CYP24A1, VDR, and RXR may open new avenues 

concerning the use of vitamin D-based therapies against prostate diseases including cancer. 

Nonetheless, we emphasize that our results were unable to establish a cause-effect 

relationship between the modifications involving the components of the vitamin D system 
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and the onset of histopathological lesions in the prostate, even though both events were 

observed in experimental animals at the same ages (from 12 months onwards). However, it 

is plausible to consider that reduced capacity of response to calcitriol and, consequently, the 

maintenance of a high proliferative activity in the senile prostate, might contribute 

significantly to prostate carcinogenesis. Reinforcing this point of view, Banach-Petrosky et 

al. [59] demonstrated that the administration of calcitriol was able to inhibit cellular 

proliferation and suppress the progression of premalignant lesions into tumors by using mice 

mutant for Nkx3.1 and Pten, which recapitulate stages of prostatic carcinogenesis from PIN 

to adenocarcinoma. 

In summary, our work highlights a combinatory modification over the course of aging 

with a high potential to impair the protective effects mediated by the vitamin D signaling on 

the prostate, and thereby favoring the appearance of histopathological alterations in the 

aging prostate that may disrupt tissue homeostasis and even progress to cancer. 
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MAIN FILES 

Legends followed by their respective figures  

 

 

Figure 1: Expression pattern of CYP27B1 and CYP24A1 in the prostatic complex of 

adult Wistar rats. (A) Experimental strategy. (B) Representative Western blotting 

comparing the levels of CYP27B1 and CYP24A1 among different prostate lobes and kidney, 

as control tissue. Mean values accompanied by standard error bars with different letters 

represent statistically significant differences (p < 0.05) assessed by Kruskal-Wallis plus 

Dunn's post hoc test. n= 5 per tissue. (C) Immunofluorescence showing that CYP27B1 and 

CYP24A1 are primarily expressed in the prostatic epithelium. (D) Double labeling assay 

showing that both enzymes are expressed by basal (CKHMW+) and luminal (CKHMW-) 

epithelial cells. (E) Quantification of the mean fluorescence signals represented in (D) 

between basal cells and the adjacent luminal cells. p > 0.05 by paired t test. n= 10 per lobe. 

(F) Serial sections immunostained for CYP27B1 and CYP24A1 showing a group of 

unreactive epithelial cells occurring in colocalized areas. (G, H) Double labeling evidencing 

that most epithelial cells expressed both vitamin D metabolizing enzymes (arrowhead 1), 

while few cells presented neither enzyme (arrowhead 2) or only CYP27B1 (arrowhead 3). 

(I) Multiple labeling immunofluorescence showing that the cells unreactive for CYP27B1 and 

CYP24A1 express the VDR and RXR transcription factors. The images were taken in the 

ventral prostate of rats aged 3 to 6 months and are representative of all prostate lobes. VP: 

ventral prostate. DP: dorsal prostate. LP: lateral prostate. AP: anterior prostate. Lu: lumen. 

S: stroma. IHC: immunohistochemistry. IF: immunofluorescence. WB: Western blotting. 
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Figure 2: Aging-related unbalance between CYP27B1 and CYP24A1 with 

consequences in the intraprostatic concentration of calcitriol. (A) Experimental 

strategy. (B) Western blotting comparing the total protein levels of CYP27B1 and CYP24A1 

in the ventral and lateral prostates of rats at different ages. Mean values accompanied by 

standard error bars with different letters represent statistically significant differences (p < 

0.05) assessed by one-way ANOVA plus Tukey post hoc test. n= 5 per age. (C) 

Transcriptional activity of CYP27B1 and CYP24A1 genes in non-pathological prostate 

samples from young (<40 years old, n= 35) and elderly (>60 years old, n= 44) men 

contemplated by the GTEX consortium. p < 0.05, unpaired t test. (D) Calcitriol 

concentrations determined by ELISA in the plasma and VP samples of rats at different ages. 

Box plots with different letters represent statistically significant differences (p < 0.05) 

assessed by one-way ANOVA plus Tukey post hoc test. n= 5 per age. The whiskers go from 

each the 25th to 75th percentiles to the minimum or maximum value. (E) Spearman 

correlation analysis between individual values obtained for calcitriol levels and the ventral 

prostate expression of CYP27B1 and CYP24A1. VP: ventral prostate. LP: lateral prostate. 

3, 6, 12, 18, and 24M = age of the animals expressed in months. 
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Figure 3: CYP27B1 expression but not CYP24A1 is affected in histopathological 

altered areas of the aging prostate epithelium. (A) Experimental strategy. (B) 

Representative images taken from unaltered and altered regions of the lateral prostate 

highlighting a reduction of CYP27B1 expression specifically at proliferative sites (MCM7+) 

of premalignant and malignant nature that arose in the prostate epithelium of rats aged 12 

months and older and exhibit prominent expression of CYP24A1. Details on the incidence 

of lesions were provided in table S1. Arrowhead: indicates cells unreactive or barely stained 

for CYP27B1, as well as epithelial cells expressing CYP24A1 or MCM7 localized in alteration 

sites. #: indicates inflammatory foci located within the lumen and surrounding the atrophic 

epithelium, an important diagnostic factor for PIA lesions. *: indicates microacinar 

formations. (C and D) Quantification of the number and staining intensity of epithelial cells 

positive for CYP27B1 according to the epithelial lesion. Values obtained in areas of 

alteration (right circles; pseudocolored orange and red lines) were compared with those 

determined in the matched adjacent normal areas (left circles; pseudocolored black line) by 

the Wilcoxon matched-pairs signed rank test (C) or paired t test (D). n.s: not statistically 

significant. (E) Spearman correlation analysis evidencing the significant inverse relationship 

between cell proliferation and the number and staining intensity of CYP27B1+ positive cells 

in the prostate epithelium of aging rats. (F) Quantification of the overall signal determined in 

the cytoplasm of CYP24A1+ epithelial cells according to age. Normal and altered areas of 

the ventral and lateral aging prostate were considered together, as they showed similar 

staining pattern as depicted in (B). Mean values accompanied by standard error bars with 

different letters represent statistically significant differences (p < 0.05) assessed by one-way 

ANOVA plus Tukey post hoc test. n= 5 per age. H&E: hematoxylin-eosin staining. Ne: 

normal epithelium. PIA: proliferative inflammatory atrophy. PIN: prostatic intraepithelial 

neoplasia. PCa: prostate cancer. 3, 6, 12, 18, and 24M = age of the animals expressed in 

months.  
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Figure 4: Expression pattern of components involved in the metabolism and response 

to calcitriol in prostate tumors of aging Wistar rats treated with testosterone plus 

estradiol. (A) Histology and immunohistochemistry showing differential expression of the 

target proteins in malignant epithelial sites compared to adjacent normal ones. The images 

are representative of a tumor arising in the ventral prostate. (B) Comparison of the cell 

proliferation rate as well as the number and immunoreactivity of epithelial cells expressing 

CYP27B1, CYP24A1, VDR, or RXR in the tumors and the matched adjacent normal areas 

by using paired t test. n= 10 per lesion. n.s: not statistically significant. Ne: normal epithelium. 

PCa: prostate cancer. 
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Figure 5: Schematic representation of the main findings of this study. (A) Calcitriol 

metabolism and mechanism of action evidencing the participation of the target enzymes and 

receptors involved. The multiple actions mediated by the transcriptional VDR/RXR complex 

result in protective effects on the prostate, and the abrogation of this signaling pathway leads 

to aberrant cellular proliferation. (B) Summary of the results highlighting that aging, the main 

risk factor linked to prostate disorders including cancer, plays significative effects on the 

three classes of components related to the vitamin D signaling: (i) hormone; (ii) metabolizing 

enzymes; and (iii) receptors. The changes presently found provide strong evidence that 

vitamin D signaling and, consequently, its protective effect is attenuated in the aging prostate 

and may be important for development of benign, pre-malignant and malignant epithelial 

changes. 
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SUPLEMENTARY DATA 

Following the order cited in the text 

 

Table S1: List of antibodies used in this study. 

a Antibodies were diluted in PBS (pH 7.4).  
IHC: immunohistochemistry. IF: immunofluorescence. WB: Western blotting. 
  

Antigen Type Manufacturer, Cat. No. a Dilution (technique) Conjugation 

CYP27B1 Rabbit mAB Invitrogen, PA5-26065 
1:800(IHC),1:400(IF), 
1:500 (WB) 

none 

CYP24A1 Rabbit mAB Invitrogen, PA5-21704 1:200(IHC, IF), 1:500 (WB) none 

VDR Rat pAB Thermo Scientific,  1:1500 (IHC), 1:500 (IF) none 

RXRα/β/γ Mouse mAB Santa Cruz,  1:400 (IHC) none 

CKHMW Mouse mAB DAKO, M0630 1:250 (IHC) none 

MCM7 Mouse mAB Neomarkers, MS-862-P0 1:600 (IHC) none 

β-actin Mouse mAB Sigma-Aldrich, A5316 1:5.000 (WB) none 

mouse IgG Goat pAB DAKO, E0433 1:200 (IHC), 1:1000 (WB) Biotin 

Rabbit IgG Goat pAB DAKO, E0432 1:200 (IHC), 1:1000 (WB) Biotin 

Rat IgG Rabbit pAB DAKO, E0468 1:200 (IHC) Biotin 

Rabbit IgG Goat pAB Invitrogen, A-11008 1:200 (IF) AlexaFluor™488 

Rabbit IgG Goat pAB Invitrogen, A-11035 1:200 (IF) AlexaFluor™546 

Mouse IgG Goat pAB Invitrogen, A-11045 1:200 (IF) AlexaFluor™350 

Rat IgG Goat pAB Invitrogen, A-21247 1:200 (IF) AlexaFluor™647 
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Table S2: Incidence of spontaneous epithelial lesions in the ventral and lateral prostate of 

young adult to senile Wistar rats. 

a Ventral and lateral prostates were considered together. PIA: proliferative inflammatory 
atrophy. PIN: prostatic intraepithelial neoplasia. PCa: prostate cancer (adenocarcinomas). 
n= 5 per age. 
 

  

Experimental 
group 

a Epithelial lesion (No. animals) 

Atrophy Hyperplasia 
Squamous 
metaplasia 

PIA PIN PCa 

3 months 0/0 0/0 0/0 0/0 0/0 0/0 

6 months 0/0 0/0 0/0 0/0 0/0 0/0 

12 months 4/5 3/5 1/5 1/5 2/5 0/0 

18 months 5/5 4/5 4/5 3/5 3/5 1/5 

24 months 5/5 4/5 5/5 4/5 5/5 2/5 
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Figure S1: Immunolocalization of vitamin D metabolizing enzymes in aging-related prostate 

lesions of benign nature. (A) Representative images from immunohistochemistry 

highlighting the staining for CYP27B1 and CYP24A1 in atrophic (Ae), hyperplastic (He) and 

metaplastic (Me) epithelium. (B) Quantification of the number and staining intensity of 

CYP24A1+ cells according to the epithelial lesion. Values obtained in areas of alteration 

(right circles; pseudocolored green lines) were compared with those determined in the 

matched adjacent normal areas (left circles; pseudocolored black line) by paired t test. n.s: 

not statistically significant (p>0.05). n= 14 (atrophy), 11 (hyperplasia), 10 (squamous 

metaplasia). Ne: normal epithelium. He: hyperplastic epithelium. Ae: atrophic epithelium. 

Me: metaplastic epithelium. 
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Table S3: Expression of components implicated with the metabolism and response to 

calcitriol as well as cell proliferation in non-cancerous epithelial lesions diagnosed in the 

prostate of senile Wistar rats treated with testosterone plus estradiol. 

 

a Paired t test or Wilcoxon matched-pairs signed rank test taking into account individual 

values determined in epithelial lesions and the matched adjacent normal epithelium. N/A: 

not assessed. n = 10 per lesion.   

 

 

Epithelial Lesion Target  Positive Cells (% + S.E.M) 
  
  

Staining intensity (% + S.E.M) 

    
Normal Altered a p value  Normal Altered a p value 

Prostatic 

intraepithelial 

neoplasia (PIN) 

CYP27B1 98.6 + 1.3 55.4 +2.0 <0.0001  89.5 + 2.8 50.8 + 2.9 <0.0001 

CYP24A1 95.1 + 1.1 94.3 + 0.7 0.8370  91.7 + 3.1 90.0 + 2.9 0.6935 

VDR 90.3 + 1.8 73.1 + 1.4 <0.0001  88.2 + 3.9 58.2 + 4.1 <0.0001 

RXR 92.4 + 1.7 70.4 + 0.9 <0.0001  90.7 + 3.0 59.1 + 2.9 <0.0001 

 MCM7 12.4 + 3.2 35.0 + 5.9 0.0003  N/A N/A N/A 
         

Proliferative 

inflammatory 

atrophy (PIA) 

CYP27B1 97.5 + 1.2 48.8 + 0.7 <0.0001  91.2 + 3.4 42.8 + 3.6 <0.0001 

CYP24A1 95.4 + 1.0 95.6 + 0.7 0.9271  94.1 + 2.5 89.6 + 2.8 0.2461 

VDR 91.2 + 1.9 60.0 + 1.5 <0.0001  90.3 + 2.9 62.2 + 2.8 <0.0001 

RXR 90.7 + 1.7 66.5 + 1.9 <0.0001  91.8 + 3.2 55.0 + 3.2 <0.0001 

 MCM7 10.1 + 3.4 31.7 + 3.7 0.0004  N/A N/A N/A 
         

Squamous 

Metaplasia 

CYP27B1 97.2 + 0.9 51.8 + 2.0 <0.0001  89.3 + 3.6 40.7 + 4.4 <0.0001 

CYP24A1 95.7 + 1.0 96.1 + 0.8 0.6359  90.8 + 2.4 90.5 + 2.7 0.9347 

VDR 89.6 + 2.4 56.6 + 1.9 <0.0001  89.0 + 3.4 43.1 + 3.5 <0.0001 

RXR 91.4 + 1.1 63.0 + 1.4 <0.0001  90.2 + 4.0 58.5 + 3.6 <0.0001 

 MCM7 10.8 + 3.5 37.1 + 4.0 0.0001  N/A N/A N/A 
         

Hyperplasia 

CYP27B1 95.3 + 1.4 69.4 + 3.3 <0.0001  89.3 + 2.8 45.2 + 4.6 0.0004 

CYP24A1 96.3 + 1.1 95.2 + 1.3 0.4203  92.3 + 2.9 91.2 + 2.8 0.7881 

VDR 90.9 + 1.7 72.5 + 1.9 <0.0001  88.4 + 3.6 80.2 + 4.0 0.1449 

RXR 90.4 + 1.5 61.8 + 2.2 <0.0001   91.1 + 2.8 61.4 + 2.5 <0.0001 

 MCM7 13.4 + 3.3 25.6 + 3.4 0.0191  N/A N/A N/A 
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A B S T R A C T

Aims: The purpose of this study was to describe a suitable experimental model for studying aging-related
prostate disorders including cancer.
Materials and methods: 12-month old Wistar rats were kept in control conditions (n= 12) or treated (n= 16) for
6 months with Silastic implants filled with testosterone (T) and estradiol (E2). After the experiment period (at
18 months of age), animals were euthanized and the prostate and other organs were harvested, dissected,
weighed, and processed for morphological, ultrastructural and molecular analyses.
Key findings: We demonstrated that male rats of Wistar strain nicely recapitulate the carcinogenesis process
taking place in the aging prostate through the arising of benign, precancerous and malignant lesions, and above
all yields a modest incidence of spontaneous PCa (~36%). Moreover, our results highlight that 100% incidence
of PCa and precancerous lesions such as prostatic intraepithelial neoplasia and proliferative inflammatory
atrophy were achieved in this rat strain after T + E2 treatment, without changing the broad spectrum of changes
that naturally emerge in the prostate at advanced ages. Such enhancement of precancerous lesions and tumors
was linked to a decreased expression of E-cadherin and β-catenin in parallel with an increase in Vimentin and N-
cadherin, hallmark modifications of epithelial-mesenchymal transition.
Significance: Our findings provide solid evidence that aged Wistar rats may be an excellent model for studies
regarding human prostate biology and related disorders including cancer.

1. Introduction

Living long enough, nearly all men will develop some histologically
detectable alteration in the prostate. This fact puts the advancing age as
the major risk factor for some prostate diseases including the prostate
cancer (PCa), one of the most frequently diagnosed neoplasms world-
wide and whose incidence raises sharply from the 4th decade of life
[1,2]. The relationship between aging and the prostate diseases likely
reflects an exacerbation of factors that influence the gland throughout
life, particularly the increased androgen:estrogen ratio [3–8]. In this
regard, researches conducted in rats have shown that the chronic ex-
posure to androgenic and estrogenic compounds strongly predisposes
the prostate gland to develop dysplastic foci and adenocarcinomas at
senescence [9–15].

The use of laboratory rodents in experimental research has ex-
pressively advanced our comprehension of PCa biology. Since the

arising of precancerous lesions and the eventual detection of tumors in
the prostate gland is a long and silent process, preclinical investigations
performed in spontaneous models of PCa are assumed to be time-con-
suming and still have to cope with the relatively low incidence of tu-
mors [16]. Furthermore, the incidence of spontaneous PCa varies ac-
cording to animal strain [3,17,18]. Thus, efforts have been employed
over the last decades to design in vivo models capable of yielding a high
frequency of prostate tumors in a shorter period of time. These models
include rats or mice that undergo chemical, genetic or tissue re-
combinant interference (reviewed by [16,19]), which have been ap-
plied to generate new insights into the initiation, progression, and
treatment of PCa. However, the adoption of contrived and highly ab-
normal conditions to truncate the long latency period needed for PCa
development does not precisely provide the ideal properties to mimic
the natural history of the disease [20]. Therefore, defining new PCa
models that yield a high incidence of malignant lesions spontaneously
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or through less drastic interferences could be valuable to proper un-
derstand the molecular basis underlying the disease.

In the early 1970s, Morris Pollard showed that male rats of Wistar
strain are genetically predisposed to develop prostatic adenocarcinoma
at senescence [21]. More recently, we have presented evidence that
aged Wistar rats are highly susceptible to the onset of histopathological
alterations that mimic most of those affecting the human prostate and
include both non-neoplastic and neoplastic lesions [6]. Such data entice
attention to the potential use of these animals as a suitable experi-
mental model for studying aging-related prostate disorders including
PCa. However, a systematic evaluation of the changes affecting the
prostates of Wistar rats as well as their incidence, is still lacking.
Moreover, it is not known whether a sex steroid-induced imbalance
during the window in which this rat strain becomes more susceptible to
the onset (12 months) and intensification (18 months) of prostatic al-
terations could enhance the development of specific lesions such as
adenocarcinomas. Therefore, the aim of the present study was to pro-
vide a detailed description of the broad spectrum of changes found in
the prostate of Wistar rats at 18 months of age, and compared the in-
cidence of each lesion between control and the age-matched rats treated
with testosterone plus estradiol.

2. Materials and methods

2.1. Ethics statement

The experimental procedures involving animals were approved by
the Ethical Committee for Animal Experimentation of the UFMG (pro-
cess No. 344/2018) and conducted in accordance to the ARRIVE
(Animal Research: Reporting In Vivo Experiments) guidelines.

2.2. Experimental approach

Male Wistar rats were obtained from the Central Animal House of
the Universidade Federal de Minas Gerais (UFMG) and kept in a proper
animal facility under controlled environmental conditions (50 ± 10%
relative humidity, 22 ± 2 °C, 12 h light/ 12 h dark), with ad libitum
access to water and food (Nuvilab CR1, Nuvital Nutrientes S.A,
Colombo, Brazil). At 12 months of age, a group of animals (n = 16)
received two Silastic capsules (2.0 cm length each) tightly filled with
testosterone propionate (Cat. No. T-1875, Sigma-Andrich, USA) and
one of 1.0 cm length with estradiol (Cat. No. E-8515, Sigma-Andrich,
USA), both hormones in powder form. These animals (referred as
T + E2-treated rats) constituted the treatment group. The hormone-
containing implants were constructed from Silastic tubes (Cat. No. 508-
009, 1.98 mm inner diameter, 3.18 mm outer diameter, Dow-Corning

Fig. 1. Testosterone plus E2 treatment induces significant structural changes in the rat prostate at 18 months of age. (A) Experimental design. (B) Kaplan-Meier plot
showing statistically similar survival curves between groups. (C) Progressive weight loss in the T + E2-treated animals over the experiment course. (D) Gross
morphology of whole prostatic complex with seminal vesicles and each dissected prostate lobe highlighting the difference in the size and appearance between groups.
(E) Scatter plots showing the circulating level of testosterone, dihydrotestosterone, and estradiol. (F) Wet weights of reproductive and non-reproductive organs. All
paired organs were weighted together. AP: anterior prostate. DP: dorsal prostate. LP: lateral prostate. VP: ventral prostate. BU: bulbourethral gland. ED/EP: epi-
didymis containing the efferent ductules. SV: seminal vesicle. n.s: not statistically significant.

G.H. Campolina-Silva, et al. Life Sciences 242 (2020) 117149

2



Corporation, USA) as previously described [14], and placed sub-
cutaneously under sterile surgical conditions into the flank region of
anesthetized rats (ketamine-xylazine in combination at 60 and 8 mg/kg
of body weight, respectively). To ensure consistent steroid release over
time, the implants were replaced at 15 months and kept until animals
reached 18 months of age. Control animals (n = 12) received empty
Silastic implants. The animals were constantly monitored for changes in
food consumption and health appearance.

2.3. Sample collection and processing

After deep intraperitoneal anesthesia (87 mg ketamine/kg and
13 mg xylazine/kg), the animals were perfused through the left ven-
tricle with Ringer's solution followed by 10% neutral buffered formalin
(NBF). The ventral, dorsal, lateral, and anterior prostatic lobes were
dissected, weighed, immersed for at least 24 h in the NBF fixative so-
lution, and then processed for paraffin embedding. Immediately prior to
fixation, a small fragment (~50 mg) of each prostatic lobe was snap
frozen in liquid nitrogen and stored at −80 °C. Additionally, other
reproductive (seminal vesicle, bulbourethral gland, testis, and epidi-
dymis) and non-reproductive (spleen, kidney, adrenal and pituitary
gland) tissues were removed, weighed and processed for future studies.
Paired organs were weighted together.

2.4. Hormone measurements

Plasma samples were obtained after blood collection in heparin-
coated tubes through cardiac puncture and followed by centrifugation
(at 800 g for 5 min). The concentrations of testosterone, dihy-
drotestosterone, and estradiol were assessed in the plasma of control
and T+ E2-treated rats with commercial ELISA Kits (Cat. No. EIA-5396,
EIA-5761, and EIA-1559, DRG Instruments GmbH, DE). The assays
were performed in duplicate and followed the manufacturer's instruc-
tions.

2.5. Stereology and histopathological assessment

Microscopic alterations between groups were evaluated by using
routine histology and stereological analysis. For this, NBF-fixed and
paraffin-embedded fragments of the prostates were sectioned at 5 μm,
stained with hematoxylin and eosin (HE) or periodic acid-Schiff (PAS),
and then scanned in a digital pathology system (Panoramic MIDI II,
3DHISTECH, HU). In addition, cryosections of 12 μm thickness from
ventral prostates embedded in OCT compound (Sakura Finetek, USA)
were stained with oil red to detect lipid-rich contents.

The relative proportion of each compartment of the gland was de-
termined through stereological assessment. For the measurement, the

Table 1
Microscopic alterations and their incidence in the prostate of control and T + E2-treated Wistar rats at 18 months of age.

Histopathology Cytological aspects Differential features (Control vs.
T + E2)

Incidence of epithelial lesions No.
(%)

p value

Entity Control T + E2

Hydropic vacuolation Luminal cells with cytoplasmic vacuolation of
presumably aqueous appearance. Nuclei often flattened
and disposed toward to the periphery.

None. VP (only) 4 (36,4) 11 (91.7) 0.0094⁎

Squamous metaplasia Basal cells undergoing aberrant proliferation that
confer to the glandular epithelium a squamous
stratified appearance.

None. LP (only) 3 (27.3) 5 (41.7) 0.6668

Mucinous metaplasia Luminal cells of globet-like morphology with
accumulated mucinous materials in their supranuclear
area of the cytoplasm.

None. VP (only) 1 (9.1) 1 (8.3) > 0.999

Abscess Massive inflammatory infiltrate with the predominance
of granulocytes closely associated with an injured
epithelium

None. LP (only) 3 (27.3) 11 (91.7) 0.0028

Hyperplasia Cellularity augmentation leading to epithelium
unfoldings.Predominance of proliferating luminal cells
with no nuclear atypia.

Epithelial unfolding is more
pronounced in T + E2.

Overall 11 (100) 12 (100) > 0.999
LP 11 (100) 6 (50.0) 0.0137⁎

VP 10 (90.9) 11 (91.7) > 0.999
DP 10 (90.9) 11 (91.7) > 0.999
AP 10 (90.9) 12 (100) 0.4783

Simple atrophy Predominance of luminal cells with reduced height and
scant cytoplasm. Cells are often in interphase and non-
associated to inflamatory infiltrate.

None. Overall 11 (100) 12 (100) > 0.999
LP 7 (63.6) 12 (100) 0.0373⁎

VP 10 (90.9) 8 (66.7) 0.3168
DP 9 (81.8) 9 (75.0) > 0.999
AP 4 (36.4) 3 (25.0) 0.3707

Proliferative inflammatory
atrophy (PIA)

Predominance of atrophic luminal cells and normal-
appearing basal cells. Cells often proliferate and are
neighbored by inflammatory foci.

Widespread in T + E2 and may be
found in continuity with HG-PIN.

LP (only) 4 (36,4) 11 (91.7) 0.0094⁎

Low grade prostatic
intraepithelial neoplasia
(LG-PIN)

More than two layers of cells with normal or slightly
enlarged nuclei sustained by a preserved basement
membrane.

Unifocal in control and multifocal in
T + E2.

Overall 10 (90.9) 12 (100) 0.4783
LP 9 (81.8) 12 (100) 0.4545
VP 8 (72.7) 10 (83.3) 0.6404
DP 8 (72.7) 11 (91.7) 0.3168
AP 6 (54.5) 11 (91.7) 0.0686

High grade prostatic
intraepithelial neoplasia
(HG-PIN)

Three or more layers of crowded cells of irregular size
and often exhibiting enlarged nuclei with prominent
nuclei, sustained by a preserved basement menbrane.

Unifocal and usually present tufted
and cribriform architecture in
control. Multifocal and mostly of flat
pattern in T + E2.

Overall 7 (63.6) 12 (100) 0.0373⁎

LP 6 (54.5) 9 (75.0) 0.4003
VP 3 (27.3) 6 (50.0) 0.4003
DP 0 6 (50.0) 0.0137⁎

AP 0 10 (83.3) <0.0001⁎

Adenocarcinoma Predominance of crowded cells exhibiting dysplastic
features and undergoing proliferation. Basal cells are
often absence in nearly but not all tumors.

Mostly invasive and poorly
differentiated in T + E2.

Overall 4 (36.4) 12 (100) 0.0013⁎

LP 4 (36.4) 12 (100) 0.0013⁎

VP 1 (9.1) 6 (50) 0.0686
DP 2 (18.2) 6 (50) 0.1930
AP 0 (0.0) 1 (8.33) > 0.999

LP: lateral prostate. VP: ventral prostate. DP: dorsal prostate. AP: anterior prostate.
⁎ Statistically significant difference between control and treated (p < 0.05).
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prostate compartments were subdivided into epithelium (normal or
altered), lumen (with secretion or having sloughed and/or in-
flammatory cells), and stroma (fibers and connective tissue cells, peri-
alveolar smooth muscle layer, blood vessels, and inflammatory foci).
For all animals, 10 images were randomly taken (at 40× magnifica-
tion) from each prostatic lobe and the proportion of compartments was
determined by counting the coincident points in a graticulate system
with a total of 135 points. The results were expressed as the percentage
per constituent.

The histopathological alterations observed in the prostate of control
and treated rats were described based on previous investigations
[22,23]. In this approach, each prostatic lobe was fragmented into 2 to
4 parts, and at least 8 different sections (stained with HE or PAS) from
each fragment were evaluated. The tissue sections were scored for the
presence of lesions that include epithelial vacuolation, metaplasia, hy-
perplasia, atrophy, prostatic intraepithelial neoplasia, and adenocarci-
noma. The results were expressed as the incidence of animals affected
by each lesion.

2.6. Immunohistochemistry and immunofluorescence

We performed immunohistochemical and immunofluorescence

assays to evaluate the epithelial cell type predominant in each prostatic
lesion and the expression status of markers implicated with tissue
homeostasis and tumorigenesis. For this purpose, tissue sections of NBF-
fixed and paraffin-embedded prostate fragments were obtained after
serial sectioning at 4 μm and submitted to the protocol previously es-
tablished [24]. The panel of antibodies used herein is specified in Table
S1 and includes markers of basal cells (CK5, CKHMW), cellular pro-
liferation (MCM7), epithelial-mesenchymal transition (E-cadherin, N-
cadherin, and Vimentin), and ion transport (NA+/K+-ATPase).

After mounting the slides, the immunofluorescence images were
acquired using the inverted Nikon Eclipse Ti confocal microscope
coupled to an A1 scanning, while those from immunohistochemistry
assays were obtained in the 3DHISTECH Panoramic MIDI II slide
scanner.

2.7. Transmission electron microscopy (TEM)

Fragments of approximately 1 mm3 from the ventral prostate were
fixed in 2,5% glutaraldehyde for 24 h and post-fixed in 2% osmium
tetroxide and then proceeded for standard epoxy resin embedding.
Digital images were acquired after examination of ultrathin sections
with a Tecnai- G2-Spirit FEI/Quanta electron microscope, operating at

Fig. 2. Hydropic vacuolation in the ventral prostate
epithelium of T + E2-treated Wistar rats. (A)
Panoramic view of the ventral prostate epithelium
highlighting numerous unstained dilated vacuoles.
Insert represents few epithelial vacuolation observed
in the control group. (B) PAS and oil red staining
showing absence of positive content inside the va-
cuoles. (C) Cytoplasmic vacuoles in the initial (black
arrowhead), intermediate and final (white arrow-
head) stages of formation. (D and D′) Ultrastructure
of vacuolated epithelial cells. In the supranuclear
region, rough endoplasmic reticulum cisternae (RER)
and numerous secretory vesicles (black arrowhead)
were seen close to small spaces containing residual
material that appears to be the initial stage of va-
cuolation (white arrowhead). As the vacuolation
advances, the vacuoles become dilated and merge
with each other, as shown in v1, v2, and v3. (E)
Confocal microscopy image showing NA+/K
+-ATPase expression (red) in the vacuole surface.
Cell nucleus was labeled with DAPI (blue). Insert
represents an overlap of the image with bright field.
Lu: lumen. S: stroma. (For interpretation of the re-
ferences to color in this figure legend, the reader is
referred to the web version of this article.)
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120 kV.

2.8. Protein extraction and Western blotting

Frozen tissues (50 mg) from the ventral and lateral prostates were
macerated in dry ice and then solubilized in 150 μL of urea buffer (8 M
urea, 20 mM Tris-HCl pH 7.5, 0.5 mM EDTA pH 8.0, 5% protease in-
hibitors) using a rotor-stator homogenizer. After centrifugation
(10 min, 14.000 g, 4 °C), the supernatant fraction was collected from
each sample (n = 5 per group) and the protein content was determined
by spectrophotometer (NanoDrop 1000, Thermo Scientific, USA).

Western blotting assays were used to evaluate changes in total
protein levels of E-cadherin, β-catenin, N-cadherin, and vimentin, re-
cognized markers implicated with epithelial-mesenchymal transition.
Initially, 40 μg protein was loaded onto an 8% SDS-PAGE, separated by
electrophoresis and then transferred to nitrocellulose membranes. After
blocking with 5% BSA/TBST solution, the membranes were incubated
overnight at 4 °C with the primary antibodies diluted in blocking solu-
tion. The immunoreaction was visualized after exposure for 1 h at room
temperature to horseradish peroxidase (HRP)-conjugated secondary
antibody followed by ECL detection (Cat. No. 20-500-500, Biological
Industries, USA). Protein levels were compared between groups by
evaluating the signal intensity of target protein bands normalized to
that of β-actin (internal control) [25].

2.9. Statistical analyses

Statistical analyses were carried out by using the GraphPad Prism 7
analytical tools. After assessment of normality with the D'Agostino-
Pearson test, quantitative variables from control and T + E2-treated

rats were compared by two-tailed unpaired t-test or the Mann-Whitney
test, when appropriate. The data were presented as mean ± standard
error of the mean (SEM). As a categorical data, the incidence of pro-
static lesions between groups was presented as frequency and analyzed
by Fisher's exact test. Differences were considered significant when
obtaining a p < 0.05.

3. Results

3.1. Macroscopic and microscopic changes in the rat prostates in parallel to
increased levels of testosterone and estradiol

To drive histopathological alterations in the prostate, intact 12-
month old Wistar rats were treated for 6 months with Silastic implants
containing testosterone plus estradiol. Control animals received empty
implants (Fig. 1A). The survival analysis showed that although 5 out of
28 animals died over the experimental course (1/12 controls; 4/16
treated), the long-term hormone exposure was tolerated by the majority
(75%) of the animals (Fig. 1B). The treated rats terminated the ex-
periment period in a good health appearance similar to controls, even
after undergoing a progressive weight loss of 82 ± 13 g (Fig. 1C). As
expected by the hormonal treatment, the concentration of testosterone,
dihydrotestosterone, and estradiol was significantly higher in the
plasma of T + E2-treated rats (Fig. 1E).

The treatment induced notorious macroscopic modifications in re-
gard to sizes and appearance of the prostatic complex, especially the
lateral prostate, which presented firm and dense bands of yellow-brown
tissue (Fig. 1D). In addition, the weight of all the prostate lobes was
significantly higher in T + E2-treated than in control animals (Fig. 1F).
The treatment schedule appeared to play primary adverse effects

Fig. 3. Metaplastic lesions in the prostate of senile Wistar rat. (A) Lateral prostate acinus exhibiting squamous metaplasia. CKHMW and MCM7 staining were used to
identify basal and proliferating cells, respectively. (B) Ventral prostate epithelium undergoing mucinous metaplasia characterized by atypical cells showing a strong
PAS positive content and surface well delimited by E-cadherin staining. The figures were taken from control animals. Lu: lumen. S: stroma.
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mainly on the organs most responsive to steroid hormones, since dif-
ferences in weights and gross morphology were also observed for
seminal vesicle, testis, epididymis, and pituitary gland, but not for other
organs such as kidney, adrenal gland, and spleen (Fig. 1D, F and Fig.
S1A). As previously portrayed in this type of chronic intervention
(13–15), testicular atrophy and pituitary adenomas were commonly
found in T + E2-treated rats (Fig. S1A, B).

At the microscopic level, significant modifications were detected in
the prostatic tissue after treatment. As evidenced by stereological
analysis (Table S2), such modifications were more prominent in the
lateral followed by the ventral, dorsal and anterior prostates, and in-
cluded: (i) marked decrease of acini and ductus with normal features
associated with higher prevalence of epithelial sites exhibiting histo-
pathological alterations; (ii) increased density of blood vessels and in-
flammatory foci in the stroma; (iii) prevalence of leukocytes and
sloughed epithelial cells into the lumen; and (iv) lobe-specific variation
in the thickness of perialveolar smooth muscle layer.

3.2. Chronic combination of testosterone plus estradiol enhances the
incidence of benign, pre-malignant and cancerous lesions in the prostate
epithelium

A broad spectrum of lesions was observed in the rat prostate at
18 months of age, in both control and treatment group; however, the
changes observed in control animals were punctual and restricted to
few epithelial areas randomly distributed alongside acini and ducts
with unaltered morphology, whereas a large extent of the prostatic
epithelium of T + E2-treated animals presented some histopathological
alteration (for an overview, see Fig. S2). The changes included benign,
pre-malignant and tumor lesions, whose incidence and extent varied
according to experimental group and prostate lobe (Table 1). For a
better understanding, herein we provide a detailed comparative

description of each epithelial lesion that arose in the prostates of con-
trol and treated rats.

3.2.1. Hydropic vacuolation
Some epithelial cells presenting cytoplasmic vacuoles were ob-

served primarily in the ventral prostate epithelium. They likely corre-
spond to atypical luminal cells, based on the absence of CK5 and
CKHMW staining (data not shown). Notably, the treatment with T + E2
functioned as a potent inducer of epithelial vacuolation, since the
number of animals presenting vacuolated epithelial cells was sig-
nificantly higher in the treatment group (4/11 controls vs. 11/12
treated, p = 0.0009, Table 1). The vacuoles were often larger and oc-
cupied a space of the epithelium that could fit two or more luminal cells
(Fig. 2A and C). After careful histological and ultrastructural analysis,
we found that the vacuolation appeared to involve a progressive bal-
looning of vesicles in the supranuclear cytoplasm which coalesced to
form dilated vacuoles. As the vacuoles increase in size, they merge with
each other and usually force the nucleus and residual cytoplasm toward
the cell margin (Fig. 2C, D). Thus, it was possible to see within the same
epithelial area, cells exhibiting visible cytoplasmic vacuoles at different
stages of formation (Fig. 2C). Noteworthy, the vacuoles neither pre-
sented electron-dense content nor were stained for HE, PAS or oil red,
thereby being structures of presumably aqueous character (Fig. 2B–D).
This hypothesis of hydropic vacuolation was corroborated by the in-
tense expression of NA+/K+-ATPase located especially in the vacuole
surface (Fig. 2E), which is suggestive of hydrolytic imbalance.

3.2.2. Squamous metaplasia
The prostate of aged Wistar rats also displayed areas of squamous

metaplasia, a benign lesion in which the aberrant proliferation of basal
cells conferred to the prostatic epithelium a squamous stratified ap-
pearance (Fig. 3A). The accurate identification of this lesion was

Fig. 4. Hyperplasia and abscess in the prostate of senile Wistar rats. (A) Hyperplastic epithelium from the lateral prostate of T + E2-treated animals showing
cellularity augmentation and projecting moderate unfolding toward the lumen. Hyperplastic foci were actively proliferating as they presented immunoreactivity for
MCM7, and showed predominance of luminal cells (CKHMW negative). (B) Occasionally in the treatment group, the anterior prostate also exhibited areas of basal cell
hyperplasia, as detected by the high number of CKHMW-positive cells. (C) Prostate abscess in the lateral prostate of a T + E2-treated rat. This lesion shows focal areas
with vast infiltrate of polymorphonuclear cells (*) reaching the lumen and rupture of the associated epithelium, as indicated by the absence of epithelial cells
expressing E-cadherin. MCM7-positive proliferating cells were observed in the lesioned epithelium. Lu: lumen. S: stroma.
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performed by using the routine histology in association with im-
munohistochemical staining for recognized markers of basal cells
(CKHMW) and cellular proliferation (MCM7). Acini exhibiting squa-
mous metaplasia were observed only in the lateral prostate. The
number of animals having this lesion was quite similar between groups
(3/11 control vs. 5/12 treated, p = 0.6668, Table 1).

3.2.3. Mucinous metaplasia
It was characterized by cells displaying goblet-like morphology and

that accumulate mucinous materials (strongly positive for PAS) in their
supranuclear cytoplasm (Fig. 3B). Based on the absence of CKHMW
staining, the mucinous cells likely correspond to luminal cells (Fig. 3B).
These metaplastic cells occurred scattered or forming small groups in
the ventral prostate epithelium and affected only one animal of each
group (Table 1). The atypical cells presented a precise delimitation as
indicated by the staining pattern of the membrane-anchored protein E-
cadherin (Fig. 3B).

3.2.4. Hyperplasia
Present in the prostate of all control and treated rats (Table 1),

hyperplasia was identified by a glandular epithelium showing cellu-
larity augmentation and immunopositivity for MCM7 (Fig. 4A). In the

control group, hyperplastic acini were punctual and showed slight to
moderate unfolding toward the lumen. Conversely, numerous hyper-
plastic sites projecting moderate to extensive epithelial unfolding that
often occupied a great area of the lumen were found within the pros-
tates of T + E2-treated rats (Fig. 4A). In most cases, hyperplastic cells
corresponded to luminal cells as they did not express CKHMW, except
in the anterior prostate of some treated rats, where basal cell hyper-
plasia was also observed (Fig. 4B).

3.2.5. Abscess
Focal areas presenting a vast inflammatory infiltrate with pre-

dominance of polymorphonuclear cells closely associated with a le-
sioned epithelium were observed in the prostate of few controls but
almost all T + E2-treated rats (3/11 controls vs. 11/12 treated,
p = 0.0028, Table 1) (Fig. 4C). These areas were found only in the
lateral prostate and correspond to abscesses, in which the acute in-
flammatory response leads to injury of the associated epithelium. Such
tissue damage was easily observed since the epithelium in contact with
the inflammatory infiltrate underwent a discontinuity, as confirmed
histologically and by the absence of epithelial cells expressing E-cad-
herin specifically at this site. In addition, it was common to detect
MCM7-positive epithelial cells in the lesioned epithelium (Fig. 4C).

Fig. 5. Atrophic lesions in the prostates of senile Wistar rats. (A) Representative ventral prostate of a control animal exhibiting atrophic luminal cells (CK5 negative).
Double arrow highlights the difference in height between normal-appearing and atrophic cells. (B) Atrophic lesion in the lateral prostate of a T + E2-treated rat
showing features of PIA, in which the lesioned acini are actively proliferating (MCM7 positive) and occur in a tight association with inflammatory cells that surround
the acini (#) and/or localize within the epithelium (arrowheads) and lumen (*). PIA exhibited a characteristic enrichment of basal cells (CKHMW positive). (C) Some
PIA lesions occurred in continuity with HG-PIN. Lu: lumen. S: stroma. bv: blood vessel. PIA: proliferative inflammatory atrophy. HG-PIN: high grade prostatic
intraepithelial neoplasia.
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3.2.6. Atrophies
Another frequently observed prostatic lesion was epithelial atrophy,

in which ducts and acini were lined by a cubic to squamous epithelium
composed of luminal cells with reduced height and scant cytoplasm, as
well as normal-appearing basal cells (Fig. 5). Regardless of experi-
mental group, epithelia undergoing atrophy were observed in the
prostate of all animals (Table 1). Despite the majority of atrophies were
histologically correspondent to focal simple atrophies, this group of
lesions showed to be heterogeneous among prostate lobes and even
within the same gland. Accordingly, in the ventral prostate, which was
the lobe with the highest extent of atrophic lesions, it was possible to
observe glands either partially or completely lined by an atrophic epi-
thelium (Fig. 5A). Particularly in the lateral prostate, glandular atrophy
often corresponded to proliferative inflammatory atrophy (PIA), as such
lesions were actively proliferative and occurred in a tight association
with inflammatory cells surrounding the acini and/or located within
the epithelium and lumen (Fig. 5B and C). Differently from simple
atrophy, PIA also exhibited a characteristic enrichment of basal cells
that usually were arranged beneath or alongside the atrophic luminal
cells (Fig. 5B). Importantly, the chronic treatment with T + E2 po-
tentiated the development of PIA, as these lesions were found wide-
spread in the lateral prostate of almost all treated rats (11/12, ~92%).
It is noteworthy that PIA was often found in continuity with prostatic
intraepithelial neoplasia, within the same acini (Fig. 5C). In contrast,
limited sites containing PIA were found in the lateral prostate epithe-
lium of control animals (36%, 4/11) (Table 1).

3.2.7. Prostatic intraepithelial neoplasia (PIN)
Lesioned areas compatible with PIN were defined through the ob-

servation of intraepithelial stratification sustaining luminal cells of
varying sizes and nuclear appearance, and a preserved basement

membrane (Fig. 6). PIN lesions were classified as low (LG-PIN) or high
grade (HG-PIN) according to the predominant morphological features
of epithelial cells. LG-PIN was characterized by more than two layers of
cells displaying normal or slightly enlarged nuclei with prominent nu-
cleoli (Fig. 6A), whereas the HG-PIN showed three or more layers of
crowded cells of irregular size often exhibiting enlarged nuclei with
prominent nucleoli and immunopositivity for MCM7 (Fig. 6B and C).
Regardless of experimental group, both PIN lesions affected mainly the
glands of the lateral prostate. However, LG-PIN and HG-PIN were
unifocal within the glands of control animals, since they uniquely af-
fected isolated sites scattered throughout the normal epithelium,
whereas in the treatment group, the lesions could be seen in multiple
epithelial sites. Noteworthy, as presented in Table 1, the number of
animals carrying HG-PIN was significantly higher in the treatment
group (7/11 controls vs. 12/12 treated, p = 0.0373). The same did not
occur for LG-PIN, since this lesion was commonly present in almost all
animals (10/11 controls vs. 12/12 treated, p = 0.4783). Moreover, the
architectural patterns of HG-PIN varied according to the experimental
group, as the lesion frequently assumed a tufted or cribriform pattern in
the lateral and ventral prostate of controls (Fig. 6A and B), respectively,
and a flatter architecture in the prostatic lobes of T + E2-treated rats
(Fig. 6C). It is important to emphasize that, because inflammatory foci
were frequently observed close to or associated with HG-PIN in the
treatment group (Fig. 5C and 6C), this proliferative lesion could be
misidentified as the reactive hyperplasia, a non-neoplastic/in-
flammatory lesion of the prostate [22,23]. However, the diagnostic
features to discriminate these lesions rule out the possibility of reactive
hyperplasia [23], as HG-PIN presented many atypical cells and the as-
sociated inflammatory infiltrate was not suppurative.

Fig. 6. Prostatic intraepithelial neoplasia in the prostates of senile Wistar rats. (A) Representative HE staining from the lateral prostate of a control animal presenting
a LG-PIN. (B) Ventral prostate of a control rat showing a HG-PIN with cribriform pattern and some proliferative MCM7-positive cells. (C) HG-PIN from the lateral
prostate after T + E2 treatment. Layers of epithelial cells with enlarged nuclei and prominent nucleoli (arrowheads), many of them in proliferation, are arranged in a
flat architecture. LG-PIN: low-grade prostatic intraepithelial neoplasia. HG-PIN: high-grade prostatic intraepithelial neoplasia.
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3.2.8. Adenocarcinoma
The occurrence of the premalignant lesions HG-PIN and PIA raised

the possibility of detecting tumors in the rat prostate at 18 months of
age. After a systematic screening of several histological slides from each
prostate lobe, we were able to detect lesions histologically-compatible
with adenocarcinomas in the prostates of both groups analyzed. The
malignant sites had an abnormal growth pattern with the predominance
of crowded, basophilic, dysplastic-appearing cells. The majority of tu-
mors were actively proliferative and did not present positive staining
for the basal cell markers CKHMW and CK5 in the epithelium (Fig. 7).
One exception was observed in a tumor growing in an intraductal
pattern within the lateral prostate of a control animal, where the re-
tention of the basal cell layer, characteristic in this type of adeno-
carcinoma, was observed (Fig. S3). However, it is important to note that
the effects of long-term hormone exposure for inducing prostatic ade-
nocarcinoma surpassed those of physiological aging. Indeed, while a
modest incidence of malignant lesions (4/11, 36%) was computed in

the control group, 100% (12/12) of T + E2-treated rats had adeno-
carcinomas in their prostates. Moreover, unlike the control group in
which both in situ and invasive adenocarcinomas were observed, the
majority of malignant sites found in the treated animals corresponded
to invasive adenocarcinomas arranged in a microacinar architecture or
entirely widespread in the stroma (Fig. 7). In consonance with the
observation of premalignant lesions, in both control and treated rats,
the lateral lobe was the major target for tumors, followed by the dorsal,
ventral, and anterior prostates (Table 1).

3.3. The effects of T + E2 treatment on the rat prostate include induction of
epithelial-mesenchymal transition

The epithelial-mesenchymal transition (EMT) is a cellular transdif-
ferentiation program highly implicated with the prostate tumorigenesis,
and both androgens and estrogens can modulate EMT-inducing signals
[26–28]. Thus, in this study, we sought to investigate whether the

Fig. 7. Adenocarcinoma in the prostates of senile Wistar rats. (A) Ventral prostate of a control animal showing malignant cells forming microacini. (B) Invasive
adenocarcinoma in the lateral prostate of a T + E2-treated rat. Microacini arrangement is present, as well as malignant cells diffused through the stroma in close
association with inflammatory infiltrate. (C) Treated anterior prostate in panoramic view, showing different stages of adenocarcinoma: 1 - adenocarcinoma in situ,
with dysplastic cells; 2 - microacini formations; 3 - poorly differentiated invasive adenocarcinoma spread through the stroma. Regardless of experimental group, the
majority of malignant sites showed high proliferative activity (MCM7-positive) and exhibited predominance of CKHMW-negative cells. S: stroma. Ne: normal
epithelium. bv: blood vessels. *: indicates microacini arrangement.
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enhanced malignant transformation of the prostate epithelium fol-
lowing chronic exposure to T + E2, such as that observed in the ventral
and especially in the lateral prostate, might be associated with changes
indicative of EMT.

Western blotting results showed that, while the total level of the
cell-cell adhesion molecules E-cadherin and β-catenin remained un-
changed in the ventral prostate, their expressions were drastically re-
duced in the lateral prostate of T + E2-treated rats (Fig. 8A). On the
other hand, the treatment upregulated the expression of vimentin and
N-cadherin in the ventral and especially in the lateral prostate (Fig. 8A).
Accordingly, in the lateral prostate of treated rats, epithelial cells fre-
quently expressed vimentin and N-cadherin, both mesenchymal pro-
teins that upon physiological conditions are absent in the epithelium.
These epithelial cells eventually presented an elongated mesenchymal-
like morphology and were found restricted to lesioned areas including
HG-PIN and invasive adenocarcinoma, which often showed flaws in
expressing epithelial markers such as E-cadherin (Fig. 8B). Altogether,
the chronic combination of testosterone plus estradiol affects the ex-
pression of epithelial and mesenchymal proteins characteristic of EMT
phenotype in a lobe-specific manner. This finding goes in line with the
higher incidence of tumors and the pre-malignant lesions HG-PIN and
PIA in the lateral prostate of T + E2 rats (Table 1).

4. Discussion

The present study explored two relevant issues for prostate health:
aging and the influence of androgen and estrogen balance. By using the
Wistar rat as an experimental model, we showed that at advanced ages,
the prostate is targeted by histopathological alterations including be-
nign, premalignant, and malignant lesions, which resemble the aging
human prostate in many respects. Strikingly, the incidence of most
prostatic alterations including precancerous lesions and adenocarci-
nomas increased expressively after treatment of middle-aged rats with
testosterone plus estradiol, an enhancement that was associated with
molecular changes hallmark of epithelial-mesenchymal transition
(EMT).

The results presented herein, as well as those from previous in-
vestigations [6,21,29,30], demonstrated that aged Wistar rats are
highly susceptible to the arising of prostate lesions. Even in the control
group, punctual areas exhibiting proliferative, atrophic, metaplastic
and inflammatory lesions were observed in the prostate. Since the
control animals received empty hormone implants, the changes ob-
served in this group are assumed to be spontaneous and resultant from
the aging process. It is important to highlight that, besides the non-
neoplastic lesions found in control rats, around 36% of them developed

Fig. 8. The effects of T + E2 treatment on the rat prostate include induction of epithelial-mesenchymal transition. (A) Representative images of Western blotting
assays followed by densitometric quantification of immunoreactive bands correspondent to EMT-associated proteins. Note that the changes were more pronounced in
the lateral than ventral prostate (B) In line with the main changes observed in total protein extracts, numerous prostate epithelial cells of T + E2-treated rats became
positive for vimentin and N-cadherin while showing flaw in the expression of E-cadherin (arrowheads). Such epithelial cells occurred restricted to areas with altered
morphology and portraying lesions such as invasive adenocarcinoma (arrows). Lower inserts highlight the presence of immunoreactive epithelial cells displaying
elongated morphology. Pictures were taken from the lateral prostate. VP: ventral prostate. LP: lateral prostate.
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malignant prostatic tumors. Such tumor rate is close to the 26% pre-
viously found for this rat strain at advanced ages [29] and far away
exceeds those observed in senescent mouse (< 1%) and hamster (2%)
[[31],32]. It also exceeds those reported for other rat strains, such as
NBL (0.45%, over 13 months old [9]), F344 (3,4%, at 24 months [33]),
Copenhagen (10%, at 36 months [3]), and AXC rats (17%, at 34 to
37 months [17]). Only the ACI/Seg rats aged 33 months and beyond
presented a higher incidence of PCa than the presently found, which
was reported to reach up to 80% [3,34]. These data suggest that the use
of Wistar rats provide advantages over other experimental animals,
since they present a modest incidence of spontaneous tumors within a
shorter period of time (18 months). Additionally, similar to that com-
monly found in elderly men, malignant tumors arising in the prostate of
aged Wistar rats corresponded to adenocarcinomas, as reported here
and by others [21,29].

Besides the animal's age and strain, the detection of naturally oc-
curring PCa is also dependent on the success in sampling the target
area. In this study, malignant lesions occurred in punctual areas sur-
rounded by normal-appearing acini and ducts and were not present in
the majority of histological slides. Such difficulty in sampling the
proper site of prostate lesions had been noticed by others [18,33].
Furthermore, doubts concerning histological discrimination between
the precancerous lesion HG-PIN and non-invasive adenocarcinoma
have made the diagnosis of PCa and the reliable estimation of its in-
cidence challenging. In this regard, we argue that our approach suc-
ceeded in detecting a tumor rate of 36% in untreated Wistar rats due to
an exhaustive evaluation of several histological slides taken from dif-
ferent regions of the prostate, in association with key im-
munohistochemical assays. This fact may explain why we hinted at the
possibility but did not confirm previously the occurrence of prostatic
adenocarcinomas in aged Wistar rats at that time [6].

The treatment with T + E2 provided an environment conducive to a
greater development of some specific lesions in Wistar rats. One of them
was prostatic adenocarcinoma, whose incidence rose from 36% to
100% after the treatment. Such an impressive increment in tumor rate
was accompanied by an enhancement of HG-PIN and PIA, recognized
precursor lesions of PCa [35]. This data suggests that, like the human
disease, PCa development in Wistar rat appears to result from a mul-
tistep process involving the onset and progression of premalignant le-
sions. Intriguingly, it has been thought that a prolonged period of
treatment with T + E2 is needed to effectively induce PCa in rats. For
instance, Drago (1984) [12] showed that the incidence of microscopic
carcinomas in the prostate of NBL rats jumped from 3.3% to 88% when
the treatment period went from 3 to 18 months or longer. Similarly,
Bosland et al. (1995) [14] demonstrated that the significant induction
of PCa was achieved in NBL and Sprague-Dawley rats after treatment
with T + E2 for approximately 12 months. Conversely, we succeeded in
inducing PCa in 100% of middle-aged rats followed by 6 months of
treatment. Therefore, it is reasonable to infer that such a high induce-
ment of PCa was not entirely due to the prolonged duration of treat-
ment, but rather the time-life period in which the changes in androgen
and estrogen levels occurs. In this line, by evaluating Wistar rats from 3
to 24 months of age, we have recently shown that changes in the cir-
culating and intraprostatic ratio of androgen:estrogen begin at
12 months and intensify at 18 months [6], the time window at which
we hereupon performed the treatment.

Recent studies on prostate cells have addressed that key factors
involved with EMT can be modulated by androgens and estrogens
[22–27,36]. By evaluating the expression of the EMT hallmark proteins
E-cadherin, N-cadherin, β-catenin, and vimentin, herein we presented
evidence that EMT might be linked to the greater development of
precancerous lesions and adenocarcinomas observed after T + E2
treatment. The EMT-associated modifications were more pronounced in
the lateral prostate, which was the prostatic lobe that exhibited the
highest incidence of histopathological alterations of premalignant and
malignant nature. These data are in agreement with other studies

showing that EMT is a putative mechanism of carcinogenesis and tumor
progression in the prostate gland [26,27], although they do not exclude
the possibility of androgens and estrogens may also be acting via other
mechanisms to induce the adverse effects presently observed, as such
hormones are well known to have a broad action in the prostatic tissue.

It has been shown that both androgen and estrogen play a role in
recruiting inflammatory cells to the prostate [37–39]. This fact entices
special attention because it was notorious the presence of neutrophils
and mononuclear inflammatory cells in the stroma and within the
lumen and epithelium of the prostate of all T + E2-treated rats, which is
indicative of active prostatitis [22]. Moreover, the treatment ex-
pressively increased the occurrence of prostate abscess. Although this
lesion is often caused by bacterial infections [40], the animals of both
groups were maintained under the same environmental conditions and
without documentable infections. Thus, the increased frequency of
abscesses in the treatment group is likely resulting from a complication
of prostatitis. Importantly, besides being the lobe more affected by in-
flammatory disorders, the lateral prostate was the major site where
premalignant lesions and adenocarcinomas arose. Although it was not
the focus of the current study, the proper identification of leukocyte
subsets as well as their products could be valuable to better understand
the crosstalk between inflammation and the enhancement of malig-
nancies in the prostate of T + E2-treated rats.

Furthermore, the hormonal intervention functioned as a potent in-
ducer of epithelial vacuolation. Vacuolated cells were primarily ob-
served in the ventral prostate epithelium, which has been noticed as the
prostatic lobe most susceptible to this alteration [6,18,41,42]. If on the
one hand this data highlights the influence of sex steroids triggering
vacuolation, on the other there is not yet a consensual term to designate
this morphological phenomenon in the prostate [6,18,22,41,42]. Ad-
ditionally, little is known about the nature of the vacuoles. In the pre-
sent investigation, we used a combination of light, confocal and
transmission electron microscopy to better characterize this alteration.
The ultrastructural changes in association with the absence of lipid or
glycoprotein rich content within the vacuole led us to propose the hy-
dropic degeneration as the most plausible cause of vacuolation. In line
with this piece of evidence, hydropic degeneration followed by va-
cuolation was also observed in the human prostate epithelium after
treatment with the estrogenic compound diethylstilbestrol (DES) [43].
Moreover, it was observed an intense expression of NA+/K+-ATPase at
the vacuole surface, which can disturb the equilibrium of osmotic
pressure and contribute to water inflow into the vacuole.

Given the above background, our results highlight the potential use
of aged Wistar rats as a suitable model to study prostatic lesions.
Besides its advantages in regard to the higher PCa incidence and shorter
latency period over the pre-existent spontaneous and hormonally-in-
duced rodent models [16,44], the proposed animal model could serve
as a valuable alternative to identify preventive or therapeutic measures
for the prostate gland. Accordingly, a plethora of non-neoplastic and
neoplastic lesions was presently described, thereby allowing evaluating,
simultaneously, whether a particular target exerts effective actions
against one or more histopathological alteration. On the other hand, for
researchers who aim to generate preliminary or rapid insights into
prostate diseases, the in vitro assays or other animal models such as
those established from more drastic conditions (e.g. genetically en-
gineered mice) might be more attractive. Nevertheless, a plausible al-
ternative to circumvent the relatively long period of animal aging
presently proposed would be purchasing animals at an advanced age, a
service already offered by some animal production facilities. Also, in
this study, we did not investigate if the invasive adenocarcinomas could
metastasize to other organs. Further investigations are needed to
evaluate the potential use of aged Wistar rats to study the metastatic
PCa.
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5. Conclusion

Taken together, our results provide solid evidence that male Wistar
rats may be useful as a suitable preclinical model for studying aging-
related prostate disorders including PCa. This statement is based upon
the observation that such rat strain nicely recapitulates the prostate
carcinogenesis through the arising of benign, precancerous and malig-
nant lesions, and above all naturally yields a modest incidence of PCa
that can be increased up to 100% following exposure to testosterone
plus estradiol.
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Table SI: List of antibodies used in this study 

Antigen Type Manufacturer, Cat. No. Dilution (technique) Conjugation RRID 

HMWCK Mouse mAB DAKO, M0630 1:200 (IHC) none AB_2335714 

Cytokeratin 5 Rabbit pAB Biolegend, 905501 1:20.000 (IHC) none AB_2565050 

MCM7 Mouse mAB Neomarkers, MS-862-P0 1:600 (IHC) none AB_145298 

NA+/K+-ATPase α1 Mouse mAB Santa Cruz, sc-514614 1:200 (IF) none AB_2802165 

E-cadherin Mouse mAB BD Biosciences, 610181 1:1.000 (IHC and WB) none AB_397580 

β-catenin Mouse mAB BD Biosciences, 610153 1:1.000 (IHC and WB) none AB_397554 

Vimentin Mouse mAB DAKO, M7020 1:400 (IHC); 1:1.000 (WB) none AB_2304493 

N-cadherin Mouse mAB Thermo Scientific, 33-3900 1:1.000 (WB) none AB_2313779 

β-actin Mouse mAB Sigma-Aldrich, A5316 1:5.000 (WB) none AB_476743 

mouse IgG Goat pAB DAKO, E0433 1:100 (IHC) Biotin AB_2687905 

mouse IgG Goat pAB Sigma-Aldrich, A2304 1:5.000 (WB) Peroxidase AB_257993 

mouse IgG Goat pAB Thermo Fischer, A-11003 1:100 (IF) AlexaFluor®546 AB_2534071 

rabbit IgG Goat pAB DAKO, E0432 1:100 (IHC) Biotin AB_2313609 



Table SII: Stereological analysis showing the relative proportions of each component according to prostate lobe 

Lateral Prostate (LP) 

Group 

Lumen Epithelium Stroma 
∑ of 
sites Secretion a Cells Normal Altered 

Smooth 
muscle 

layer 

Blood 
vessels 

Inflammatory 
foci 

Fibers and 
connective 

cells 

Control 40.49±1.13 0.12±0.09 14.29±0.41 5.93±0.69 3.12±0.56 1.11±0.14 0.47±0.08 34.48±1.27 100 

T+E2 23.41±1.71 14.26±2.11 1.69±0.63 17.37±1.29 7.59±0.75 2.73±0.25 2.56±0.26 30.39±2.32 100 

p  <0.001* <0.001* <0.001* <0.001* 0.0029* 0.0016* <0.001* 0.2652 - 

Ventral Prostate (VP) 

Group 

Lumen Epithelium Stroma 
∑ of 
sites Secretion a Cells Normal Altered 

Smooth 
muscle 

layer 

Blood 
vessels 

Inflammatory 
foci 

Fibers and 
connective 

cells 

Control 59.54±1.58 0 13.84±1.48 1.76±0.44 2.13±0.21 0.97±0.20 0.09±0.07 21.67±0.69 100 

T+E2 56.17±4.13 0 1.61±0.32 15.37±2.61 2.61±0.37 0.78±0.24 0.30±0.03 23.15±1.32 100 

p 0.5694 - <0.001* 0.0040* 0.3821 0.6028 0.0130* 0.4417 - 

Dorsal Prostate (DP) 

Group 

Lumen Epithelium Stroma 

∑ of 
sites Secretion a Cells Normal Altered 

Smooth 
muscle 

layer 

Blood 
vessels 

Inflammatory 
foci 

Fibers and 
connective 

cells 

Control 28,80±2,37 0  20,62±1,52 1,75±0,46 8,21±0,67 0,83±0,30 0,36±0,18 39,44±3,35 100 

T+E2 41,35±2,06 0,55±0,25 8,83±1,74 8,62±1,34 5,86±0,42 1,44±0,26 1,36±0,21 31,94±1,99 100 

p  0.0026* 0.0935 0.0007* 0.0020* 0.0107* 0.1632 0.0074* 0.0677 - 

Anterior Prostate (AP) 

Group 

Lumen Epithelium Stroma 

∑ of 
sites Secretion a Cells Normal Altered 

Smooth 
muscle 

layer 

Blood 
vessels 

Inflammatory 
foci 

Fibers and 
connective 

cells 

Control 26,43±1,03 0 20,77±1,79 5,60±2,08 12,25±1,18 1,66±0,47 0,15±0,05 33,21±2,90 100 

T+E2 32,66±1,98 1,02±0,37 21,38±3,16 8,51±0,94 12,13±1,38 3,41±0,64 0,99±0,28 19,91±1,38 100 

p  0.0330* 0.0025* 0.8844 0.1877 0.9506 0.0703 0.0455* 0.0010* - 

Data are presented as mean percentage of each constituent ± SEM. * = p<0.05. 
a Refers to leukocytes and sloughed epithelial cells into the gland lumen. 



 

Fig. S1: Testosterone plus estradiol treatment led to macroscopic and 

microscopic changes in testes and pituitary glands. (A) Reduction of testis size and 

enlargement of pituitary gland were observed in animals that received T+E2 treatment, 

when compared to the control group. Scale bar = 2,5 cm. (B) HE staining showing that 

the treated animals were affected by testicular atrophy (upper right). Moreover, the 

treatment induced pituitary adenomas (Ad) in the pars distalis, which contained a 

homogeneous population of enlarged cells showing discreet nuclear pleomorphism and 

evident nucleolus (arrow), associated with moderate vascular neoformation 

(arrowheads). An unaffected area (Ua) of pars distalis is shown adjacent to the adenoma. 

Scale bars = 20 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. S2: Overview of the prostatic gland of control and treated animals at 18 

months of age. The pictures are representative of the lateral prostate of control and 

T+E2-treated Wistar rat. (A)  Note that in the control group, the changes were observed 

in punctual sites (arrows) surrounded by normal acini and ducts. Conversely, in the 

treatment group, a large extent of the prostatic epithelium exhibits altered morphology, 

and only a few acini with normal-appearing features can be seen (arrowhead). In 

addition, it is evident the occurrence of inflammatory foci in the stroma and within the 

lumen of treated animals, which is indicative of prostatitis. (B) Diagram representative of 

the total amount of epithelium (including all prostate lobes) with normal or altered 

morphology according to experimental groups. The data was extracted from the 

stereological analysis presented in table S2 and took into account only the coincident 

points computed in the epithelial compartment. Scale bars = 500 µm. 

 

 

 



 

Fig. S3: Intraductal adenocarcinoma from the lateral prostate of a control 

rat. Retention of the basal cell layer (CKHMW positive) is a common event 

observed in this type of malignancy. Nuclear positive staining for MCM7 indicates 

proliferating tumors cells. Lu: lumen. S: stroma. Scale bar = 50µm. 
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IV. DISCUSSÃO INTEGRADA DOS RESULTADOS  

O sistema endócrino vitamina D abrange um conjunto de enzimas, receptores e 

moléculas precursoras do metabólito ativo da vitamina D, o qual é denominado 

1α,25(OH)2D ou calcitriol e cuja ação desencadeia efeitos protetores na maioria – senão 

em todos – os tecidos corporais (Bikle, 2014). No presente trabalho, a distribuição e 

abundância de importantes componentes do sistema endócrino vitamina D foram 

avaliadas no contexto da fisiopatologia da próstata, um dos principais órgãos masculinos 

alvo de desordens benignas e malignas. Panoramicamente, nossos resultados 

demonstram que a próstata é um órgão sensível à vitamina D e altamente capaz de 

metabolizar o calcitriol localmente; e que o envelhecimento, principal fator de risco 

associado ao desenvolvimento de HPB e câncer de próstata (Leitzmann & Rohrmann, 

2012; Lim, 2017), exerce efeitos sobre as três classes de componentes do sistema 

endócrino vitamina D, sendo elas: (i) ligantes; (ii) enzimas metabolizadoras; e (iii) 

receptores.  

Os resultados apresentados na sessão III desta tese foram obtidos através do 

emprego de um modelo experimental que consiste na utilização de ratos da linhagem 

Wistar em diferentes idades, de modo a abranger animais adultos jovens (3 e 6 meses), 

de meia idade (12 meses) e senis (18 e 24 meses). Esse modelo tem sido adotado para 

compreender in vivo as modificações morfológicas e bioquímicas da próstata em 

envelhecimento (Morais-Santos et al. 2015; Gonzaga et al. 2017; Morais-Santos et al. 

2018; Campolina-Silva et al. 2018; Werneck-Gomes et al. 2020), e tem  como principal 

vantagem o desenvolvimento espontâneo de alterações histopatológicas com o avançar 

da idade. Tais alterações mimetizam aquelas observadas na próstata humana senil e 
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incluem tanto lesões benignas e pré-malignas, quanto, em menor frequência, 

adenocarcinomas (Morais-Santos et al. 2015; 2018; Campolina-Silva et al. 2020). 

Contudo, vale ressaltar que a baixa constatação de tumores observados nos fragmentos 

de próstatas avaliados em um primeiro momento e cuja frequência (n=1 tumor entre 25 

próstatas) não transmitia confiabilidade para avaliações seguintes nos levou a 

desenvolver um modelo de indução da carcinogênese prostática nos ratos Wistar, 

baseado na administração combinatória de testosterona e estradiol dos 12 aos 18 meses 

de idade (Campolina-Silva et al. 2020). Este modelo induzido configura-se como um 

valioso modelo pré-clínico de câncer e outras patologias da próstata e foi utilizado para 

complementar os dados obtidos no modelo de envelhecimento natural.  

Por meio da utilização combinatória de técnicas histológicas, de biologia molecular 

e análise de imagens, foi observado que as células do epitélio prostático expressam os 

receptores VDR e RXR, bem como as enzimas CYP27B1 e CYP24A1, as quais estão 

envolvidas respectivamente com a síntese e inativação do calcitriol. Esse achado 

independe da idade avaliada e indica que a próstata, assim como o rim, pele, osso e 

intestino (Bikle et al. 2018), é um órgão responsível ao calcitriol e altamente capaz de 

sintetizá-lo localmente a partir de seu precursor 25(OH)D advindo da circulação 

sanguínea. No final da década de 80, Dusso e colaboradores comprovaram a existência 

de produção extra-renal de calcitriol por meio da administração de 25(OH)D à pacientes 

anéfricos sob hemodiálise (Dusso et al. 1988). Desde então, vários tecidos têm sido 

identificados como “autossuficientes” em produzir calcitriol, sendo os rins um dos 

principais órgãos a expressar a enzima CYP27B1 (Bourlon et al. 1997; Li et al. 2002; van 

Etten & Mathieu, 2005; Liu et al. 2006; Marini et al. 2010; Feldman et al. 2014; Wang et 
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al. 2017). Apesar de não haver evidências na literatura que denotem importância para a 

próstata como fonte extra-renal de calcitriol, a constatação de que níveis de CYP27B1 

similares aos renais foram observados na VP e LP de ratos adultos abre perspectivas 

para se investigar a relevância da glândula para manutenção dos níveis corpóreos desse 

hormônio nos machos. Ainda, vale ressaltar que a atividade 1α-hidroxilase da CYP27B1 

nas células da próstata e consequentemente, a síntese local do metabólito ativo da 

vitamina D, permite que os efeitos mediados pelo complexo transcricional VDR-RXR 

ativado possam ocorrer também de maneira autócrina e parácrina.  

Na próstata, um dos principais efeitos da via de sinalização supracitada é a inibição 

da proliferação celular, seja pela supressão de fatores de crescimento ou pelo bloqueio 

do ciclo celular na fase G1 (Peehl et al. 1994; Yang et al. 2003; Moreno et al. 2005; 

Feldman et al. 2014). É devido a esse conhecido efeito que a vitamina D passou a ser 

considerada como um potencial agente terapêutico contra o câncer de próstata, uma 

desordem proliferativa que afeta 1 a cada 6 homens com idade igual ou superior a 65 

anos (Pollock et al. 2015; Rawla, 2019). Sabe-se que além das concentrações de 

calcitriol, a magnitude do efeito mediado pela via de sinalização da vitamina D nas células 

da próstata depende também dos níveis endógenos dos receptores e enzimas 

associadas à via (Miller et al. 1992; Skowronski et al. 1993; Peehl et al. 1994; Konety et 

al. 1996; Hsu et al. 2001; Leman et al. 2003; Moreno et al. 2005; Banach-Petrosky et al. 

2006; Tannour-Louet et al. 2014). De forma pioneira, o presente trabalho mostrou que, à 

medida que os animais envelhecem, o número de células positivas e a imunoreatividade 

para a enzima CYP27B1 bem como para os receptores VDR e RXR reduzem 

especificamente em lesões benignas, pré-malignas e malignas que surgem 
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espontaneamente no epitélio da próstata senil. Adicionalmente, alterações similares 

também foram observadas restritas às lesões epiteliais induzidas pela exposição 

prolongada a testosterona e estradiol. Em contraste, a enzima CYP24A1 foi mais 

expressa no epitélio prostático a partir dos 12 meses de idade e manteve-se inalterada 

nas lesões histopatológicas. Todas essas modificações ocorreram nas mesmas idades 

em que os níveis circulantes de 25(OH)D e a concentração intraprostática de calcitriol 

foram significativamente menores. Juntos, esses dados evidenciam que o 

envelhecimento exerce um importante efeito sobre os componentes do sistema endócrino 

vitamina D de forma a limitar sua ação protetora no tecido prostático. Essa evidência é 

corroborada pelo aumento da atividade proliferativa celular exatamente nas regiões em 

que a maquinaria de síntese e reposta ao calcitriol teve sua expressão inibida.  

Uma limitação do presente estudo é que não foi possível estabelecer uma relação 

de causa ou efeito entre as modificações envolvendo os componentes do sistema 

endócrino vitamina D e o surgimento de lesões histopatológicas na próstata, mesmo 

embora ambas alterações foram observadas exatamente nas mesmas idades 

experimentais (a partir dos 12 meses). Entretanto, é plausível considerar que a redução 

da capacidade de resposta ao calcitriol e consequentemente, a sustentação da alta 

atividade proliferativa na próstata senil, possam contribuir significativamente para a 

carcinogênese prostática. Reforçando essa ideia, Banach-Petrosky et al. (2006) 

utilizando camundongos mutantes para Nkx3.1 e Pten, os quais recapitulam estágios da 

carcinogênese prostática, desde PIN até adenocarcinoma, demonstraram que a 

administração de calcitriol foi capaz de suprimir a progressão das lesões pré-malignas, 
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um efeito atrelado à inibição da proliferação celular e aos níveis elevados de VDR no 

epitélio. 

Devido à natureza do modelo experimental utilizado e a ausência de dados sobre 

o comportamento do sistema endócrino vitamina D na próstata humana ao longo do 

envelhecimento, estudos futuros serão necessários para confirmar a translacionalidade 

dos dados aqui apresentados. Entretanto, reduções significativas dos níveis e atividade 

da CYP27B1, VDR e RXR já foram detectadas restritas às células da próstata humana 

cometida por HPB, PIN ou câncer (Hsu et al. 2001; Mao et al. 2004; Hendrickson et al. 

2011), o que corrobora nossos resultados comparativos entre o epitélio normal e alterado 

da próstata de ratos. Além disso, é inegável que as constatações aqui realizadas 

evidenciam a necessidade de se considerar o status dos componentes do sistema 

endócrino vitamina D em investigações futuras que visam avaliar a eficácia terapêutica 

dos metabólitos da vitamina D no tratamento de patologias da próstata senil. Nesse 

sentido, evidências in vitro e in vivo indicam que ação antiproliferativa mediada pela 

sinalização da vitamina D nas células prostáticas depende positivamente da expressão 

de CYP27B1 e VDR, e inversamente dos níveis e atividade da CYP24A1 (Skowronski et 

al. 1993; Hsu et al. 2001; Banach-Petrosky et al. 2006; Tannour-Louet et al. 2014). 

Portanto, uma expressão diferencial dos receptores VDR e RXR e/ou das enzimas 

CYP27B1 e CYP24A1 poderia explicar os efeitos anti-tumorais limitados obtidos por 

ensaios clínicos utilizando a vitamina D3 ou o calcitriol contra o câncer de próstata (Beer 

et al. 2004; Flaig et al. 2006; Marshall et al. 2012). 

Para explorar esse ponto de vista, a atividade diferencial dos genes que codificam 

os receptores e enzimas alvo desse estudo em uma coorte de 494 pacientes 
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diagnosticados com câncer de próstata (TCGA, Pan Cancer Atlas) foi representada na 

figura 7. Como evidenciado, é notório que os níveis de RNAm para CYP27B1, CYP24A1, 

VDR e a isoforma α do receptor de retinoide X (RXRα), variam consideravelmente entre 

as amostras tumorais. Enquanto cerca da metade dos indivíduos possuem níveis de cada 

RNAm acima da média, a outra metade possui níveis reduzidos. Essa simples 

comparação evidencia que a atividade transcricional e possivelmente os níveis proteicos 

dos fatores que ditam o espectro de ação da sinalização de vitamina D são altamente 

heterogêneos nos tumores prostáticos, inclusive quando considerado a variação 

intergênica entre as mesmas amostras (Figura 7B). Tal heterogeneidade pode estar 

atrelada aos relevantes achados feitos por Marshall et al. (2012). Na ocasião, os 

pesquisadores avaliariam o prognóstico da administração diária de 4.000 UI de vitamina 

D3 em homens diagnosticados com câncer de próstata de baixo risco (Escore de Gleason 

< 7; PSA <10; idade entre 49 e 78 anos) e sobre vigilância ativa. Após um ano de 

intervenção, observou-se que 55% dos pacientes tiveram uma redução no número de 

biopsias positivas e no escore de Gleason, enquanto 11% e 34% dos pacientes 

apresentaram, respectivamente, nenhuma melhora ou até mesmo uma piora das 

variáveis avaliadas. Portanto, além de apresentar evidências de que o envelhecimento 

afeta a ação do sistema endócrino vitamina D, nós arguimos que o status dos 

componentes desse sistema deve ser considerado tanto no recrutamento de pacientes 

quanto na interpretação dos resultados obtidos por ensaios clínicos utilizando agonistas 

naturais ou sintéticos do VDR como estratégia terapêutica para tratar desordens 

histopatológicas da próstata, incluindo o câncer.     
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Figura 7 | Heterogeneidade da atividade transcricional dos genes VDR, RXRa, CYP27B1 e CYP24A1 
em 494 tumores de próstata humana. (A) Distribuição dos valores individuais em torno da média 
centralizada para cada RNAm. (B) Heatmap representativo mostrando não haver clusterização intergênica 
de acordo com o produto dos 4 genes avaliados. Esses dados foram extraídos dos transcriptomas anotados 
para 494 indivíduos da coorte TCGA – Pan Cancer Atlas.  
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V. CONCLUSÃO 

Os resultados do presente trabalho demonstram que a próstata é um órgão alvo 

da sinalização de vitamina D sendo também capaz de metabolizar o calcitriol localmente, 

conforme revela a ampla distribuição dos receptores VDR e RXR, bem como das enzimas 

CYP27B1 e CYP24A1 no tecido prostático. Variações idade-dependentes na expressão 

desses componentes bem como nos níveis plasmáticos e teciduais dos metabólitos da 

vitamina provêm fortes evidências de que a sinalização da vitamina D e 

consequentemente, seus efeitos protetores no local, são atenuados no tecido prostático 

à medida que os indivíduos envelhecem e alterações benignas, pré-malignas e malignas 

surgem no local, evidenciando, assim, uma relação entre envelhecimento, fisiopatologia 

prostática e o sistema endócrino vitamina D. 
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