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Parte |
RESUMO:

A vitamina A (retinol) e seus derivados, os retindides, sdo importantes reguladores do
ciclo celular, exercendo um papel central na proliferacdo, apoptose e diferenciacdo de
diversos tipos celulares. Atualmente, o papel dos retindides na proliferacdo e
diferenciacéo celular tem sido bastante investigado. Nesse contexto, diversos estudos tém
demonstrado que formas ativas de retindides como o 4&cido retindico inibem a
proliferacdo em modelos de células tumorais e ndo-tumorais, caracterizando-os como
potenciais agentes quimioterdpicos. Entretanto, um crescente nimero de estudos tem
sugerido que os retindides apresentam propriedades pro-oxidantes em sistemas
biol6gicos, as quais podem induzir dano celular, ativacdo de proto-oncogenes e, até
mesmo, transformacdo neoplésica. Essas contradigdes estimularam-nos a investigar as
propriedades proliferativas/antiproliferativas e antioxidantes/pré-oxidantes dos principais
retindides presentes no meio intracelular - retinol e acido retindico- e 0s mecanismos
envolvidos nesses efeitos em células de Sertoli, um dos principais alvos fisiologicos da
vitamina A em mamiferos. Nossos dados demonstram que concentracdes supra-
fisiologicas de retinol, mas ndo de acido retindico, induzem aumento na producdo de
espécies reativas em células de Sertoli. Dependendo das concentragcdes de retinol
utilizadas, o efeito pro-oxidante desta molécula pode desencadear diferentes eventos
celulares. Em concentracfes geradoras de baixos niveis de estresse (7 uM), o tratamento
com retinol induziu proliferacdo celular em um mecanismo mediado pela ativagdo rapida,
ndo-gendmica e redox-dependente das rotas de JNK1/2, p38 e ERK1/2. Essa sinalizacdo
redox do retinol foi mediada pelas espécies reativas produzidas no compartimento
mitocondrial. O tratamento com 7 UM de retinol causou disfuncdo no transporte de
elétrons mitocondrial levando ao aumento na taxa de producdo de anion superoxido nesta
organela. A inibicdo do transporte de elétrons na mitocondria inibiu tanto a da producéo
de espécies reativas mitocondriais quanto a ativacdo redox das MAPKS, caracterizando
um novo mecanismo de agdo ndo-gendmica da vitamina A. Em concentragdes elevadas
de retinol (10-20 pM), o dano oxidativo foi elevado o suficiente para induzir um
significante decréscimo na viabilidade celular. A diminuigdo na viabilidade foi mediada
pela ativacdo da xantina oxidase, uma vez que concentracdes elevadas de retinol
induziram ativacdo desta enzima e aumentaram a producdo de espécies reativas, e a
inibicdo da xantina oxidase com alopurinol atenuou tanto a producdo de espécies reativas
quanto o dano oxidativo a proteinas e a citotoxicidade induzida pelo retinol. Além disso,
demonstramos que a incubacdo da xantina oxidase com retinol promove a producdo de
superoxido in vitro, e investigamos alguns fatores envolvidos nesse evento. Por outro
lado, o principal derivado ativo do retinol, o &cido retindico, ndo apresentou qualquer
efeito pro-oxidante ou proliferativo, nem ativou MAPKSs. Ao contrério do retinol, o acido
retindico apresentou efeitos antiproliferativos, diminuindo os niveis do inibidor de CDKs
p21 e induzindo parada no ciclo celular. Os dados apresentados nesse trabalho podem
contribuir para a elucidacdo dos efeitos pré-oxidantes, proliferativos/antiproliferativos e
citotdxicos da vitamina A e seus derivados em sistemas bioldgicos.



ABSTRACT:

Vitamin A (Retinol) and its derivatives, retinoids, are important regulators of the cell
cycle, playing a role on proliferation, apoptosis and differentiation of diverse cell types.
In recent years, the influence of retinoids on cell growth and differentiation has been
investigated. There is a growing body of in vitro data demonstrating that active retinoids
as retinoic acid antagonize cell growth in a variety of normal and tumour cells,
characterizing them as potential chemotherapeutic agents. On the other hand, a growing
body of evidence has suggested that retinoids present pro-oxidant properties in biological
systems, which might induce cell damage, proto-oncogene activation and neoplasic
transformation.  These  discordances  stimulated us to  investigate the
proliferative/antiproliferative properties of two major intracellular retinoids, retinol and
retinoic acid, and its mechanisms in a model of Sertoli cells, a major vitamin A
physiological target. Our data showed that supra-physiological concentrations of retinol,
but not retinoic acid, are able to increase reactive species production in Sertoli cells.
These pro-oxidant effects may induce different cellular fates depending on of retinol
concentrations. At low pro-oxidant levels (7 pM), retinol induced an oxidant-dependent
proliferation, which was mediated by a rapid, nonclassic and redox-sensitive activation of
the MAPKs JNK1/2, p38 and ERK1/2. The investigation of potential sites of reactives
species production indicated that mitochondria act as a primary source of reactive species
involved in retinol redox signaling. Retinol 7 pM induces dysfunction in the
mitochondrial electron transfer system leading to increases in superoxide anion
production. Inhibition of the mitochondrial-dependent superoxide formation blocked both
reactive species production and MAPKSs activation, characterizing a new mechanism of
nongenomic action of the vitamin A. MAPKSs inhibition blocked retinol-induced
proliferation. On the other hand, at high concentrations (10 to 20 uM) the pro-oxidant
effects of retinol were significantly high to induce extensive oxidative damage and
decreases in cell viability. At high concentrations, retinol-induced decreases in cell
viability were mediated by stimulation of the xanthine oxidase activity in Sertoli cells,
since retinol treatment increased xanthine oxidase activity and reactive species
production, and inhibition of the enzyme with allopurinol attenuated retinol-induced
reactive species, protein oxidative damage and cytotoxicity. In addition, we showed that
incubation of xanthine oxidase with retinol promotes superoxide generation in vitro, and
investigated the potential factors involved in this effect. On the other hand, the principal
retinol derivative, retinoic acid, induced neither reactive species production or
proliferation nor MAPKS activation. In contrast to retinol, retinoic acid presented its well
documented antiproliferative effects by decreasing DNA synthesis and increasing the
level of the CDK inhibitor p21 leading to cell arrest. Data presented in this work, may
contribute to elucidation of the mechanisms involved in pro-oxidants,
proliferatives/antiproliferatives and cytotoxic actions of vitamin A and its derivatives in
biologycal systems.



1. LISTA DE ABREVIATURAS

AP-1 — Proteina ativadora 1

Cdk - quinases dependentes de ciclinas

CRBP - proteina celular ligadora de retinol

ERK1/2 - quinases reguladas por sinal extracelular 1 e 2
JNK1/2 - c-Jun N-terminal quinases 1 e 2

LRAT - lecitina:retinol aciltransferase

MAPK - proteina quinase ativada por mitdgenos

NFkB — Fator nuclear kappa B

PKB/AKt - proteina quinase B

PKC - proteina kinase C

p21 — inibidor de proteinas quinases dependentes de ciclinas
RAR - receptor de acido retindico

RARE - elementos responsivos ao acido retindico

RBP - proteina ligadora de retinol

REH - ésteres de retinol

RXR - receptor retindide X

SNC - sistema nervoso central



1. INTRODUCAO
1.1 Os retinodides

A vitamina A (retinol) e seus analogos, conhecidos como retindides, exercem um
papel central na modulacdo de diversos eventos celulares como proliferacéo,
diferenciacdo e morte (Gudas et al., 1994). O termo “retindides” compreende o retinol,
considerado o precursor primario dos retindides, bem como o acido retindico, que é
formado no meio intracellular durante o metabolismo oxidativo do retinol, além de outros
metabolitos naturais como o retinaldeido e o 11-cis-acido retindico, e, também, analogos
sintéticos com similaridade estrutural e functional. Apesar da grande diversidade de
moléculas presentes na familia retindide, pode-se considerar o retinol como o principal
composto obtido na dieta, e o &cido retindico como o principal e mais abundante
metabolito intracelular em mamiferos. Em geral, os retindides naturais sdo compostos
isoprenodides de 20 carbonos com um anel beta-ionilideno, uma cadeia lateral de carbonos
contendo ligagdes duplas conjugadas que possibilitam diversas configuraces isoméricas,

e um grupo funcional terminal em um dos trés estados de oxidacdo (Bollag, 1983).

1.2 Sintese e obtencao

A sintese de novo de retinol € restrita as plantas e a alguns microorganismos
(Goodwin, 1963). Animais obtém Vitamina A a partir da dieta, sob a forma de pro-
vitamina A, ou como vitamina A pré-formada. Uma das formas de pro-vitamina A mais
comumente encontradas na dieta sdo os carotenoides, ao passo que a principal forma de
vitamina A pré-formada encontrada na dieta é o retinol esterificado com acidos graxos de

cadeia longa (estearato ou palmitato), o qual pode ser obtido através de uma dieta



composta de figado, leite e derivados (Olson, 2001). Além disso, diversos alimentos
industrializados sao, atualmente, enriquecidos com vitamina A, além da possibilidade de

obtencédo desta em suplementos vitaminicos.

1.3 Metabolismo:
1.3.1 Absorcao:

Quando o precursor retindide é o beta-caroteno, a formacéo de retinol ocorre
através de dois passos enzimaticos envolvendo a clivagem de beta-caroteno em duas
moléculas de retinal pela beta caroteno monooxigenase, e a subsequente oxidacdo do
retinol a acido retinodico pela retinaldeido desidrogenase (figura 1). Quando o precursor
de vitamina A sdo os ésteres de retinol, estes sdo hidrolisados no lIimen intestinal por
enzimas pancreaticas e da mucosa intestinal a retinol e &cido graxo (estearato ou
palmitato). Independente do tipo de molécula precursora, o retinol recém formado é,
entdo, absorvido na mucosa intestinal e novamente reesterificado a ésteres de acidos
graxos de cadeia longa atraves da enzima lecitina:retinol aciltransferase, LRAT
(McDonald & Ong, 1988). Os ésteres de retinol resultantes sdo incorporados aos

quilomicrons e liberados no sistema linfatico (Harrison & Mussain 2001).
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Figura 1: Vias de metabolismo dos retindides’.

1.3.2 Distribuicéo tecidual:

Uma vez no sistema linfatico, os ésteres de retinol nos quilomicrons tornam-se
biodisponiveis a todos os tecidos. Nos tecidos extra-hepaticos, algumas células absorvem
retinol pela acdo da lipase lipoprotéica, que cliva os ésteres de retinol liberando o retinol
no meio intracellular (Miano & Berk, 2000). Nesses tecidos, o retinol pode ser oxidado a
acido retindico, ou estocado sob a forma de ésteres de retinol em gotas de gordura. Os
quilomicrons remanescentes sdo captados pelo figado. Junto com o figado, algumas
células testiculares como as células de Sertoli, também possuem alta capacidade de
estocar retinol. Uma vez captados pelo figado, o retinol presente nos quilomicrons é
desesterificado pela hidrolase de ésteres de retinol (REH) presentes nos hepatdcitos, e o
retinol livre é rapidamente complexado a proteinas citoplasmaticas ligadoras de retinol

(cellular retinol binding proteins, CRBPs - Thompson & Gal, 2003). Devido a sua



natureza hidrofdbica, o retinol possui certa dificulade em difundir pelo ambiente aquoso
do citosol, sendo que o excesso de retinol formado nesses processos tende a se acumular
em membranas celulares (Napoli, 1996). Além disso, o retinol em excesso também é
captado pelas células hepaticas estreladas, onde € reesterificado pela acdo da acil-coa:
retinol aciltransferase (ARAT) e pela LRAT, sendo armazenado em gotas lipidicas no
citosol. As células estreladas hepéaticas armazenam cerca de 80% do retinol presente no
organismo. O retinol hepatico é mobilizado através da acdo de uma REH nas células
estreladas hepaéticas, e o retinol hidrolisado é complexado com proteinas ligadoras de
retinol plasmaticas (retinol binding proteins, RBP) nos hepatdcitos, e secretados na
circulacdo (Soprano & Blaner, 1994).

As RBP sdo as principais proteinas envolvidas no transporte extra-hepatico de
retinol. Uma vez nos tecidos extra-hepaticos, o retinol é captado pelas células e pode ter
diversos destinos metabdlicos. Neste contexto, foram propostos dois modelos de captacéo
de retinol pelos tecidos extra-hepaticos, embora, atualmente, 0 mecanismo exato ainda
permaneca desconhecido. O primeiro modelo propBe que o passo-limitante da captacédo
de retinol é a lenta dissociacdo do complexo retinol-RBP no ambiente extracelular
(Hussain et al., 2001); o segundo sugere uma captacdo mediada por receptor de
membrana especifico para o complexo retinol-RBP, embora este receptor ainda ndo tenha
sido descrito (Ross, 1993). Uma vez dentro das células, o retinol complexa-se novamente
com as CRBPs.

O retinol citoplasmatico pode ter diversos destinos metabdlicos, dependendo do
tipo e das funcdes de cada tipo celular. Em células da retina, o retinol € oxidado a 11-cis-

retinal, o qual tem um papel central na transmissdo do estimulo visual. No hepatécito, o



retinol pode ser metabolizado pelo complexo citocromo P450 (Noy, 2000), ao passo que,
em testiculos, a formagdo de &cido retindico a partir do retinol através de dois passos
enzimaticos envolvendo a retinol desidrogenase e a retinaldeido desidrogenase tem um
papel fundamental na manutencdo das fungbes reprodutivas masculinas (Sporn et al.,
1994). O &cido retindico (forma all trans) formado pode, ainda, ser isomerizado a formas
cis, como o &cido 9-cis retindico, ou ser degradado pela acdo de enzimas da familia 26 do

complexo citocromo P450 (Noy, 2000).

1.4 Mecanismos de Acéo
1.4.1 Acéo Classica — Nuclear ou gendémica:

Durante muito tempo, a comunidade cientifica detinha o consenso de que todas as
acOes celulares da vitamina A eram mediadas pela ativacdo de receptores nucleares, 0s
quais agiriam diretamente como fatores de transcricdo modulando a expresséo génica e
regulando processos como a diferenciacdo e o crescimento celular. Esse mecanismo foi
elucidado a partir de 1987, com a clonagem dos receptors nucleares para retinoides, e a
identificacdo dos elementos responsivos (A/G)G(G/T)TCA-(n)-(A/G)G(G/T)TCA
contendo alta afinidade por esses receptores na regido promotora de diversos genes
(Chambon, 1994). Esses receptores pertencem a grande familia de receptores nucleares
para horménios esteroides/tireoideos/vitamina D, e sdo subdivididos em dois grupos:
RAR (retinoic acid receptors) and RXR (retinoid X receptors). Os receptors RAR e RXR
possuem 3 isoformas, alpha, beta e gama, sendo codificadas por diferentes genes, e

podendo interagir na forma de homo e heterodimeros (figura 2). Isso proporciona uma



gama de possibilidades de combinacdo, as quais podem regular diferentes genes e
desencadear efeitos bioldgicos muito distintos (Kastner et al., 1997).

A modulagdo da expressdo génica pela vitamina A é mediada pela ativagdo de
RARs e RXRs a qual é dependente da intera¢do entre a molécula retindide e seu sitio de
ligacdo no respectivo receptor. Entre 0os metabdlitos do retinol, o &cido retindico é o que
detém a maior importancia bioldgica, sendo citado em muitos trabalhos com a “forma
ativa da vitamina A” (Kurlandsky et al., 1994; Zile, 2001). O retinol e o retinal possuem
baixa afinidade pelos receptores nucleares para retindides, servindo basicamente como
precursores diretos do &cido retindico in vivo. A ligacdo do acido retindico formado a
partir do retinol aos RAR promove a interacdo deste receptor com RXR, e o heterodimero
formado pode, entdo, ligar-se a regibes do DNA responsivas ao &cido retindico
denominadas RARE (retinoic acid response elements), modulando a expressao génica
(Mangelsdorf & Evans, 1995) (figura 2). Os eventos modulados pela acdo gendmica da
Vitamina A podem demorar horas ou, até mesmo, dias para produzir alteracbes
bioldgicas significativas, uma vez que estes preconizam ativacdo génica, transcricdo,
traducdo e acumulacdo de novas proteinas (Aggarwal et al., 2006). Esse mecanismo de
acdo via receptores retindides RAR/RXR € referido, atualmente, como mecanismo
“genémico”, ou “classico”, de acdo bioldgica dos retindides.

Mechanism of RA Action
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Figura 2: Interacdo dos heterodimeros de RAR e RXR com RARE (Acéo gendmica).

1.4.2 AcBes ndo-classicas — Nao-gendmicas:

Recentemente, diversos estudos tém demonstrado que o tratamento com
retindides pode induzir a ativacdo rapida de fatores citoplasmaticos em um mecanismo
indepedente da ativacdo génica mediada pelos receptores retindides, e da sintese de novas
proteinas. Esses efeitos sdo caracterizados principalmente pela sua insensibilidade a
inibidores da transcricdo e sintese protéica, bem como pela velocidade de acdo
incompativel com o tempo necessario para se observarem alteracGes dependentes da
ativacdo/supressédo génica. Tais mecanismos tém sido denominados “ndo-gendmicos”,
“ndo-classicos”. Em um trabalho pioneiro, Aggarwal e colaboradores (2006)
demonstraram que o tratamento com &acido retindico 1 uM induziu uma répida ativacao
de ERK1/2 em células com RAR e RXR silenciados por siRNA, sugerindo que 0s
receptores retindides ndo sao requeridos na acdo do acido retindico sobre a ERK1/2.
Hoyos e colaboradores (2000) caracterizaram sitios de ligacdo para retinol em PKC
(proteina kinase C) e c-Raf, cuja ligacdo promove a ativacdo dessas vias de sinalizacdo
classicamente citosélicas. Estes fendmenos indicam que os retindides sdo capazes de
exercer funcBes de maneira indepedente da ativacdo dos seus receptores nucleares. Além
disso, observou-se que outros agonistas de receptores nucleares como hormonios
esteréides, vitamina D e hormonios da tiredide também exercem fungdes similares
(Pedram et al., 2002).

Atualmente, tem-se sugerido que estas ag¢bes ndo-gendmicas da vitamina A
possuem uma importancia fisioldgica que permaneceu negligenciada durante muito

tempo. Por exemplo, estudos demonstraram que o acido retindico pode bloquear canais
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de potassio em linfocitos (Sidell & Schlichter, 1986) e ativar canais de célcio em células
de Sertoli (Wassermann et al., 1995). Estudos mais recentes tém demonstrado que o
tratamento com retindides afeta significativamente o estado de ativacdo de diversas vias
de sinalizacao celular como as MAPKs, PKB/Akt e CREB (Masia et al., 2007; Gelain et
al., 2006). Masia e colaboradores (2007) demonstraram que a ativagdo rdpida e néo-
gendémica de PKB é requerida para a diferenciacdo neuronal induzida por &cido retingico
em células SHSY-5Y. Recentemente, foi demonstrado que o tratamento com retinol
induz a ativacéo por fosforilacdo da tirosina hidroxilase, a enzima marca-passo da sintese
de catecolaminas, em um mecanismo mediado por ERK e PKC em células cromafin
(Gelain et al., 2008). Nesse estudo foi demonstrado o envolvimento de espécies reativas
de oxigénio na ativagdo de ERK e PKC por retinol. O mecanismo de a¢do ndo-gendmica
mediado por espécies reativas de oxigénio foi também observado em modelos de células
de Sertoli, nas quais a ativagdo ndo-gendémica de ERK1/2 modulou fenbmenos de
transformacéo fenotipica (Gelain et al., 2006). Apesar de inovadores, esses estudos nao
contemplaram a possibilidade de outros retindides como, por exemplo, o acido retindico
também possuirem agdes ndo-gendmicas mediadas por espécies reativas. Considerando
importantes eventos celulares modulados por agdes ndo-classicas, acreditamos que o
melhor entendimento das acGes ndo-gendmicas da vitamina A pode ter um papel

importante na elucidacdo das acdes biologicas deste micronutriente.

1.5 Possiveis diferencas entre as propriedades redox-ativas dos retinoides:
Além das acdes sinalizadoras acima citadas, as propriedades redox-ativas da

vitamina A vém despertando atencdo de pesquisadores desde meados da década de 80,
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quando comegou-se a especular que alguns de seus efeitos biol6gicos poderiam estar
ligados a propriedade de alterar o estado redox celular (Diplock, 1991; Brown &
Goodman, 1998). Devido a sua capacidade de reagir com os até entdo temidos redicais
livres, a vitamina A, junto com outros micronutrientes como as vitaminas C e E, foi
considerada por muito tempo um composto antioxidante, que poderia desempenhar
funcbes importantes na prevencdo e tratamento de patologias como o cancer, doengas
neurodegenerativas e, até mesmo, combater o envelhecimento (Jeandel et al., 1989). N&o
apenas o conceito de redicais livres como “vil6es celulares”, mas também o conceito de
vitamina A como antioxidante cairam por terra nas ultimas décadas. Atualmente, esta
bem estabelecido que as espécies reativas sdo fisiologicas e essenciais para a manutengdo
e equilibrio das funcdes celulares, e que a vitamina A pode agir como um composto pro-
oxidante (Omenn et al., 1994; Murata & Kawanishi, 2000; De Oliveira et al., 2007).
Neste contexto, estudos epidemioldgicos que foram realizados visando a avaliar o efeito
da suplementacdo com vitamina A na prevencdo do cancer em fumantes tiveram de ser
interrompidos devido a elevada incidéncia de neoplasia pulmonar (Omenn et al., 1994;
Omenn, 2007). Somando-se a estes estudos, dados coletados em estudos in vitro, modelos
animais e humanos permitiram-nos chegar a conclusao de que a vitamina A pode exercer
um papel pré-oxidante, aumentando inclusive a incidéncia de dano oxidativo ao DNA
(Murata & Kawanishi, 2000), e induzindo a ativacao de proto-oncogenes (Omenn, 2007).
Entretanto, é consenso entre os pesquisadores que a deficiéncia de vitamina A também ¢é
capaz de promover dano oxidativo a biomoléculas, o que caracterizaria-a como
antioxidante. Portanto, a observacdo de que a vitamina A pode exercer tanto acbes pro-

oxidantes como antioxidantes (Chiu et al., 2008), indica que a mesma pode ser
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considerada uma molécula redox-ativa, ou seja, ela apresenta atividade redutora ou
oxidante depedendo do micro-ambiente em que se encontra.

Apesar de alguns estudos apontarem a classe “retindides” como possiveis agentes
pré-oxidantes, nenhum estudo comparou as propriedades redox-ativas de diferentes
moléculas desta familia. Além disso, a maioria dos estudos que relatam efeitos pro-
oxidantes in vivo estd centrado na administracdo de palmitato de retinol e beta-caroteno,
ndo sendo possivel determinar se a atividade redox-ativa esta relacionada a essas
moléculas per se ou aos produtos da metabolizagdo desses compostos. Considerando 0s
compostos mais comumente encontrados no meio intracellular - retinol, retinal e &cido
retindico- os estudos apontam as formas oxidaveis (retinol e retinal) como os principais
candidatos a serem os protagonistas da a¢do pro-oxidante da vitamina A (Gimeno et al.,
2003; Gelain & Moreira, 2008). Em fibroblastos, por exemplo, tanto o retinol, quanto o
retinal, mas ndo o &cido retindico, induzem apoptose dependente de estresse oxidativo
(Gimeno et al., 2004). Um efeito semelhante ocorreu em células PC12, nas quais somente
o0 retinol aumentou a producdo de espécies reativas (Gelain & Moreira, 2008). Em um
interessante trabalho, Murata & Kawanishi mostraram que a auto-oxidacao do retinol e
do retinal em pH fisiol6gico promove a geracao do anion superoxido in vitro e em células
HeLa, além de radicais livres centrados no atdmo de carbono da molécula de retinol
(Murata & Kawanishi, 2000). Contextualizando a sinalizacdo celular, foi determinado
que regides ricas em cisteina presentes nos dominios regulatérios de c-Raf e das
isoformas alpha, teta, mi e zeta de PKC servem como sitios de ligacdo de retinol, mas nao
de &cido retindico (Radomiska-Pandya et al., 2000), e que essa ligacdo influencia na

ativacdo dessas enzimas por radicais livres (Hoyos et al., 2000). Em modelos animais, foi
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observado que a suplementagdo com palmitato de retinol por 3 ou 28 dias induziu dano
oxidativo a cortex, cerebelo e hipocampo, os quais foram acompanhados de déficits
motores e cognitivos (De Oliveira et al., 2007; De Oliveira et al., 2008). Por outro lado,
poucos estudos relatam efeitos pro-oxidantes relacionados ao acido retindico, devendo-
se, ainda, considerar que estes trabalhos utilizaram concentrages bastante elevadas e
longos periodos de incubacédo (Tan et al., 2008).

N&o apenas as moléculas retindides com atividade pré-oxidante, mas também os
possiveis mecanismos envolvidos na produgdo de espécies reativas precisam ser melhor
avaliados. Utilizando preparagbes de mitocondrias isoladas, Klamt e colaboradores
(2005) demonstraram que a incubagdo com retinol era capaz de aumentar a taxa de
producdo de superoxido pela cadeia de transporte de elétrons, promovendo o inchamento
(swelling) desta organela. Semelhante aumento na producdo de superdxido foi verificado
em mitocondrias isoladas do SNC de ratos suplementados com palmitato de retinol (De
Oliveira et al., 2007). Portanto, a mitocondria parece ser uma potencial fonte de espécies
reativas envolvidas nas acGes pro-oxidantes do retinol. Entretanto, ndo foi determinado se
0 aumento da producdo de espécies reativas na mitocondria poderia estar envolvido nos
mecanismos de sinalizacdo redox dos retindides. Além disso, estudos recentes
demonstraram que a xantina oxidase, uma enzima produtora de superoxido, é capaz de
metabolizar retinol a &cido retindico, embora uma possivel producdo de radicais livres

neste processo ndo foi avaliada (Taibi & Nicrota, 2007).
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1.6 O retinol e &cido retindico na modulacao da proliferacéo, morte e diferenciacao
celular.

Diversos estudos apontam 0s retindides como agentes indutores de morte e
diferenciacdo celular, caracterizando-os como potenciais agentes quimioterapicos
(Pahlman et al., 1984; Liu et al., 1996). De fato, existe uma gama de trabalhos
demonstrando que doses elevadas de acido retindico podem promover melhoras clinicas
em leucemias, tumores gastricos, nasofaringeos, pulmonares entre outros (Leithner et al.,
2000; Kuratomi et al., 1999; Windbichler et al., 1996; Pastorino et al., 1993). Além disso,
0 &cido retindico j& é bem reconhecido como um agente promotor de diferenciacéo
celular (Liu et al., 1996; Altucci et al., 2007). Este potencial tem sido aplicado tanto
como ferramenta para diferenciar linhagens celulares na pesquisa, quanto em protocolos
de quimioterapia visando promover diferenciacdo de tumores caracterizados por células
imaturas/blasticas como os neuroblastomas, gliomas e leucemias. Um fato importante é
essa abordagem utiliza doses elevadas de acido retindico, e tratamentos por longos
periodos de tempo. Fisiologicamente, os niveis intracelulares de acido retindico flutuam
entre 0,1 e 10 nM, e a maioria dos estudos utiliza niveis tdo altos quanto 1 a 10 uM para
induzir morte e diferenciagdo celular (Liu et al., 1996; Cafion et al., 2004; Cemaiano et
al., 2008). Por outro lado, os efeitos ndo-genémicos do &cido retindico foram relatados
tanto em concentragdes fisiologicas quanto em doses elevadas, dependendo da via de
sinalizacdo analisada. Por exemplo, a ativacdo ndo-gendmica de Akt ocorre em niveis tao
baixos quanto 1 nM (Masia et al., 2007), ao passo que a ativacdo de ERK1/2 ocorre em

concentracdes mais elevadas (0.5 - 1 uM) de acido retindico (Aggarwal et al., 2006).
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Portanto, a extrapolacdo destes dados in vitro para situac¢des in vivo tem sido bastante
debatida.

Apesar da quantidade elevada de trabalhos descrevendo as propriedades
antiproliferativas do acido retindico, poucos trabalhos descrevem os efeitos do seu
precursor, retinol, na proliferacdo celular. Entreatanto, diferentemente do &cido retindico,
o0s estudos com retinol citam eventos como a ativacdo de proto-oncogenes, proliferacéo,
transformacéo celular e, até mesmo, neoplasia (Murata & Kawanishi, 2000; Klamt et al.,
2003 b; Omenn, 2007). Tudo isso indica, de fato, que, embora estruturalmente
semelhantes, o retinol e o &cido retindico podem exercer diferentes acGes em nivel

celular, e isso precisa ser melhor definido.

1.7 As espécies reativas e a modulacédo da proliferacéo e morte celular.

Durante muito tempo acreditou-se que os radicais livres e as espécies reativas
agiam apenas como compostos indutores de dano oxidativo as estruturas celulares, e que
isto estaria intimamente relacionado com efeitos deletérios como o envelhecimento,
morte e a transformacao celular. Entretanto, os trabalhos mais recentes tém demonstrado
que as espécies reativas sdo constantemente produzidas em um nivel basal no ambiente
intracelular, e isso € essencial para a manutencdo das funcdes celulares (Stone & Yang,
2006). Quando a taxa de producdo de espécies reativas aumenta em relacdo as defesas
celulares, estabelece-se um quadro de estresse oxidativo. Nesse ambiente oxidante,
diversas proteinas e vias de sinalizacdo sdo estimuladas/inibidas mediando respostas
celulares ao estresse (Ichijo, 1999; Kefaloyianni et al., 2006) . A estimulagéo ou inibicéo

de vias de sinalizacdo pelas espécies reativas ocorre, principalmente, pela oxidacdo de
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residuos cisteinas em proteinas envolvidas nessas vias (Stone & Yang, 2006). A oxidacdo
dos residuos de cisteina causa modificacdes conformacionais que podem ativar ou inibir
uma proteina, e isso acaba estimulando ou inibindo a via na qual ela estd envolvida. Entre
as vias/proteinas que atuam como sensores do estado oxidativo celular, destacam-se 0s
fatores de transcricdo como NF-kappa B, AP-1 e MAPKs como a ERK, JNK e p38
(Ichijo, 1999; Kefaloyianni et al., 2006). Devido a existéncia de proteinas sensiveis a
alteracGes no estado redox celular, atualmente considera-se as espécies reativas (ER)
como moléculas sinalizadoras, e a relacdo “ER-proteina sensor redox-resposta celular” é
conceituada com o termo “sinalizacdo redox”.

Em ambientes pro-oxidantes, a ativacdo de vias de sinalizagdo redox pode
modular tanto a proliferacdo quanto a morte celular dependendo do tipo celular e da
duracdo do estimulo pro-oxidante. Atualmente, existe o consenso de que baixos niveis de
estresse oxidativo (ou seja, baixa taxa de producdo de ER e por um tempo reduzido) séo
capazes de induzir proliferacdo celular, ao passo que niveis elevados de ER, em geral,
estdo relacionados a inducdo de morte celular apoptética ou necrotica (Stone & Yang,
2006). Na figura 3 estdo ilustrados os eventos celulares desencadeados por diferentes
niveis intra e extracelulares de peroxido de hidrogénio. Em presenca de baixos niveis de
peréxido ocorre proliferacdo celular, ao passo que a morte celular é o evento
predominante sob altas concentracGes desta espécie reativa de oxigénio. Assim como
ocorre com diversos agentes farmacoldgicos, a relacdo “dose X tempo de estresse
oxidativo” tem um papel fundamental nos destinos celulares. Sob essa mesma Optica
sabe-se que, em situacdes de estresse oxidativo, as vias de MAPKs como JNK e ERK,

além de serem estimuladas, podem modular tanto a morte quanto a proliferacdo celular
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dependendo do tempo em que permanecem ativadas; isso € proporcional ao estimulo proé-
oxidante (Sakon et al., 2003). Os estudos sugerem que uma ativagdo transitoria e rapida
de MAPKSs esta relacionada com proliferacdo celular, ao passo que a ativacéo prolongada
dessas vias estd diretamente relacionada com a inducdo de morte celular em ambientes

pré-oxidantes (Chen et al., 1996; Choi et al., 2006) .
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Figura 3: Modulacdo da morte e proliferacdo celular por diferentes niveis de peroxido de

hidrogénio (Stone & Yang, 2006).

1.8 Os retindides e a célula de Sertoli

Os experimentos realizados nesta dissertacdo utilizaram o modelo de cultura de
células de Sertoli isoladas de ratos Wistar de 15 dias. Nesse periodo de desenvolvimento,
a célula de Sertoli possui uma baixa taxa proliferativa e esta indiferenciada (Jégou &
Sharpe, 1999; Holsberger et al., 2005). Estas células sdo um dos principais alvos
fisiologicos da vitamina A em mamiferos, possuindo ainda uma funcéo de reservatdrio de

vitamina A nos testiculos (Napoli, 1996). A vitamina A armazenada na célula de Sertoli
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serve com uma moduladora direta das suas fungdes reprodutivas relacionadas a
manutengdo da espermatogénese e do sistema reprodutivo masculino (Vernet et al.,
2006). A célula de Sertoli é totalmente dependente de vitamina A; sabe-se que a
deficiéncia de vitamina A, ou a auséncia de receptores para acido retindico, causam
disfuncdo na produgdo de espermatozodides e esterilidade em machos. Por outro lado, o
excesso de vitamina A também induz citotoxicidade testicular e infertilidade (Livera et
al., 2002). Portanto, os niveis de retindides precisam ser finamente regulados neste tipo
celular & fim de prevenir os efeitos deletérios da falta ou excesso dos mesmos. Na célula
de Sertoli, os niveis fisioldgicos de retinol flutuam entre 2 a 5 uM, e os de acido retindico
sdo bem menores, ficando entre 1 a 10 nM (Sporn et al., 1994; Napoli, 1996). Ao longo
desta ultima década, nosso grupo tem demonstrado que o retinol, quando em
concentragfes acima das fisioldgicas para a célula de Sertoli (> 5 pM) induz dano
oxidativo a lipideos, proteinas e DNA (Dal Pizzol et al., 2000; Dal Pizzol et al., 2001 a,b;
Klamt et al., 2003 a,b). Além disso, a ocorréncia de fendmenos relacionados a alteracGes
do ciclo celular, como proliferacdo, também foram observadas. Interessantemente,
poderia ser esperado que mediante um insulto oxidativo, as células fossem levadas a
morte celular, entretanto, o tratamento com 7 UM de retinol induz um aumento
significativo da proliferacdo celular (Dal Pizzol et al., 2001), mudanca fenotipica (Klamt
et al., 2003; de Oliveira et al., 2005), formacdo de focos proliferativos (Klamt et al.,
2003), e producdo de matriz metaloproteinases (Dalmolin et al., 2007), sugerindo que
estas células foram transformadas e retornaram a um estado proliferativo apds o
tratamento retinol (7 a 10 uM). Em um estudo mais recente, foi demonstrado que a

ativacdo redox da via da ERK1/2 mediou a transformacdo fenotipica previamente
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reportada (Gelain et al., 2006). Esses eventos elicitados pelo tratamento com retinol
parecem envolver uma regulacdo muito especifica, uma vez que em doses mais altas
como 15 e 20 uM de retinol, o estresse oxidativo torna-se muito elevado e a morte celular
é o principal evento observado. Foram estas diferencas que nortearam o desenvolvimento

deste trabalho.

1.9 Experimentos iniciais:
As curvas de concentracdo e tempo apresentadas na figura 4 serviram de base para o
desenvolvimento dos experimentos apresentados nesta dissertacdo. Na figura 4B, pode-se
perceber que o tratamento com 7 pM retinol por 24 h néo altera significativamente a
viabilidade celular, ao passo que concentracdes de 10 e 20 uM induzem significante
decréscimo na viabilidade ao final de 24 h de tratamento. Pode-se ainda verificar que em 7
MM de retinol ocorreu uma significante estimulagdo da incorporacgdo de timidina ao DNA
(fig 4A). Este aumento foi totalmente bloqueado pela hidroxiuréia, um inibidor da sintese
de DNA, sugerindo proliferacdo celular. Corroborando, o nimero de células em cultura
apresentou-se 55 % maior em 48 h (72 h total) ap6s o fim do tratamento com 7 uM retinol.
Apesar da concentracdo de 10 uM ter causado decréscimos na viabilidade e na quantidade
de células ao final de 24 h, a sintese de DNA foi estimulada nas células remanescentes
(figura 4A), e o numero de células apresentou-se maior que o grupo controle quando
avaliado ap0s 48 h do fim do tratamento com retinol. Levando em conta os dados prévios,
podemos afirmar que o retinol causa um insulto oxidativo que, em baixos niveis (7 uM)
induz proliferacdo, e em concentracdes mais elevadas (10 a 20 uM) o dano é suficiente

para induzir decréscimos significativos na viabilidade celular. As células que resistem ao
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insulto oxidativo do retinol 10 uM adquirem atividade proliferativa (figura 4C). Em 20 uM
de retinol, observa-se apenas um dano oxidativo extenso e morte celular (fig 4C). Dados
prévios mostram que as células remanescentes do tratamento com 7 UM de retinol sdo
fenotipicamente transformadas e formam focos proliferativos em cultura (Klamt et al.,
2003; Gelain et al., 2006). Entretanto, até o presente momento pouco sabemos sobre 0s
efeitos prd/antioxidantes e proliferativos/antiproliferativos do &cido retindico (o principal
metabolito intracelular do retinol) nesse modelo celular. Também, ndo podemos precisar se
os efeitos previamente observados pelo tratamento com retinol poderiam estar sendo
mediados ndo pelo retinol, e sim pelo &cido retindico formado durante o metabolismo

intracelular do mesmo.
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Figura 4: Efeito das diferentes concentragdes de retinol na proliferagdo e morte celular em células
de Sertoli tratadas por 24 h. (A) Incorporagdo de timidina. Células foram tratadas por 24 h com
retinol, apds timidina marcada foi adicionada ao meio de cultura por mais 12 h e a incorporagéo foi
avaliada na presenca ou auséncia do inibidor da sintese de DNA, hidroxiuréia 3 mM. (B) Ensaio de
MTT para determinacéo da viabilidade celular. Viabilidade foi determinada ao final de 24 h. (C)

NUmero de células em cultura ao final de 24 h de tratamento com retinol, e em 24 h (48 h) e 48 h
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(72 h) apos a retirada do meio com retinol e adicdo de meio de cultura completo. Apos os
determinados tempos, as células foram tripsinizadas e contadas em camara de Neubauer. *diferente

do grupo controle, Oneway ANOVA, p<0,01 (n=3).

2. OBJETIVOS
Levando em conta os dados acima citados, esse trabalho tem por objetivo
investigar os mecanismos envolvidos nos efeitos proliferativos e citotoxicos da
suplementacdo com vitamina A em células de Sertoli, e determinar as possiveis fontes de

espécies reativas envolvidas nas a¢des pré-oxidantes da mesma.

2.1 - Objetivos especificos destes estudos:
Artigo 1

a) Avaliar o papel das rotas de MAPKs JNK e p38 no efeito proliferativo do
retinol (uma vez que trabalhos anteriores sugeriram um papel da ERK nesse efeito).

b) Elucidar o mecanismo de ativacgdo/inibicdo dessas vias, considerando o
possivel envolvimento das espécies reativas.

c) Determinar a fonte primaria das espécies reativas envolvidas na sinalizacdo
redox proliferativa do retinol.

d) Determinar se principal metabolito ativo do retinol, o &cido retindico, poderia
ter um efeito semelhante como indutor de proliferagéo.

e) Avaliar se o acido retindico possui algum efeito pro-oxidante, ou esta € uma

propriedade especifica do retinol.
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Artigo 2

a) A xantina oxidase, uma enzima produtora de espécies reativas de oxigénio
recentemente descrita como capaz de metabolizar retinol, é capaz de produzir espécies
reativas quando incubada com retinol in vitro?

b) Determinar alguns fatores envolvidos nessa reacédo (efeito do NADH, avaliacéo
do sitio enzimatico envolvido, comparacdo com substratos classicos)

c) Avaliar o papel da xantina oxidase no estresse oxidativo causado por doses

elevadas de retinol (10 a 20 uM) em células de Sertoli.
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Parte 11

3. MATERIAIS, METODOS E RESULTADOS
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Capitulo 1

“Differential effects of retinol and retinoic acid on cell proliferation: a role for reactive

species and redox-dependent mechanisms in retinol supplementation”.

Artigo publicado no periddico Free Radical Research, p. 1-11 (2008).
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Abstract

While some authors suggest that retinoids are potential anti-proliferative and antioxidant agents, evidence has suggested
those present pro-oxidant properties, which might lead to malignant proliferation. These discordances stimulated one to
investigate the proliferative/anti-proliferative properties of two major retinoids, retinol (ROH) and retinoic acid (RA). In
Sertoli cells, ROH increased proliferation while RA was anti-proliferative. ROH increased DNA synthesis, decreased p21
levels and induced cell cycle progression. ROH increased reactive species (RS) production and stimulated p38, JNK1/2 and
ERK1/2 MAPKSs activation. Antioxidant treatment with Trolox blocked ROH-induced RS production, MAPKSs activation
and proliferation; MAPKSs inhibition blocked proliferation. The potential sites of RS indicate that ROH-induced RS is
promoted via mitochondria and xanthine oxidase. In contrast, RA induced neither RS production nor MAPKSs activation.
RA decreased DNA synthesis and increased p21 leading to cell arrest. Overall, data show that ROH, but not RA, is able to
induce proliferation through non-classical and redox-dependent mechanisms.

Keywords: Rerninol, retinoic acid, proliferation, MAPKs, reactive species

Introduction oxidant supplementation protocols for treatment and
prevention of malignant and neurodegenerative dis-
eases [3,4].

On the other hand, a growing body of evidence has
suggested that retinoids present pro-oxidant proper-

influence of retinoids on cell growth and differentia-  ti€s in biological systems, which might induce cell
tion has been investigated. There is a growing body of damage, proto-oncogene activation, proliferation and
in vitro data demonstrating that active retinoids as neoplasic transformation [5-21]. Clinical trials have
retinoic acid (RA) antagonize cell growth in a variety been carried out based on the potential antioxidant
of normal and tumour cells, characterizing them role of vitamin A, but some of them had to be

Vitamin A (Retinol, ROH) and its derivatives,
retinoids, are important regulators of the cell cycle,
playing a role on proliferation, apoptosis and differ-
entiation of diverse cell types [1]. In recent years, the

as potential chemotherapeutic agents [2-4]. In addi-  discontinued due to increased mortality related to
tion, some authors suggest that retinoids act as  lung cancer incidence [5,6]. It was suggested that
antioxidants and could be potential agents in anti- many of the deleterious effects observed in these

Correspondence: Alfeu Zanotto-Filho, Depto. Bioquimica (ICBS-UFRGS), Rua Ramiro Barcelos, 2600/Anexo, CEP 90035-003, Porto
Alegre, Rio Grande do Sul, Brazil. Tel: (55) (51) 3316-5578. Fax: (55) (51) 3316-5535. Email: ohalceu@yahoo.com.br

ISSN 1071-5762 print/ISSN 1029-2470 online © 2008 Informa UK Ltd.
DOI: 10.1080/10715760802385702



2 A. Zanotto-Filho et al.

clinical trials could be related to free radicals genera-
tion in vitamin A supplementation [5]. These dis-
cordances between vitamin A pro-oxidant/antioxidant
and proliferative/anti-proliferative properties are espe-
cially so when it is considered that excessive intake of
vitamin A supplements has been used as ‘antioxidant
therapies’ for prevention and treatment of diseases
such as cancer, Parkinson’s and Alzheimer’s [5,6,22—
24].

Studies have suggested that ROH and its principal
metabolite RA present different redox-active proper-
ties in biological systems [9,10]. Previous works
reported that ROH and retinaldehyde, but not RA,
induce redox-dependent cell death in human fibro-
blasts [10]. In PC12 cells was observed an increased
RS formation following ROH treatment, which was
not detected in RA treated-cells [9]. In Wistar rats,
retinol palmitate supplementation increased lipoper-
oxidation, protein damage and mitochondrial dys-
function in the brain, which were accompanied by
depression and locomotory deficiency [18-20]. How-
ever, the pro-oxidant retinoid molecules, the mechan-
isms underlying its pro-oxidant effects, and its
consequences on cell proliferation/death remain to
be better determined. This is important when it is
considering that RS are important signalling mole-
cules by regulating map kinases (MAPKS) signalling
cascades and several other redox-sensitive pathways
involved in cell proliferation, death and transforma-
tion [25].

Our group has long been studying ROH actions in
Sertoli cells [11-17]. They are one of the principal
physiological targets and stockers of vitamin A in
mammalian, playing important functions in male
reproductive system [26-28]. In Sertoli cells, ROH
induces antioxidant enzymes activation, lipoperoxi-
dation and DNA damage [12,15-17]. In addition, a
pre-transformed and proliferative phenotype was
reported in Sertoli cells following ROH treatment
[11,12]. However, it was not previously established
whether ROH effects are attributed to ROH per se or
to its principal intracellular metabolite RA, its me-
chanisms and the contribution of RS in ROH and/or
RA effects.

In particular, the apparently conflicting data re-
garding the pro-oxidant/antioxidant and proliferative/
anti-proliferative potential of different retinoid mole-
cules and our aforementioned data stimulated us to
compare the effect of two major intracellular reti-
noids, ROH and RA, on cell proliferation and its
mechanisms in a model of primary, undifferentiated
and low-proliferative Sertoli cells [12,29]. Here, we
report that ROH increased cell proliferation while RA
presented an anti-proliferative effect. These differen-
tial effects were dependent on ROH, but not RA,
ability to increase RS production in mitochondria
leading to a redox-sensitive activation of MAPK
pathways.

Materials and methods

Materials

All-zrans retinol alcohol (ROH), all-zrans retinoic acid
(RA), 2’,7’-dichlorohydrofluorescein diacetate
(DCFH-DA), phospho-JNK1/2 (Thr 183/Tyr 185),
phospho-p38 (Thr 180/Tyr 182) and phospho-
ERK1/2 (Thr 185/Tyr 187) specific antibodies were
from Sigma Chemical Co. (St Louis, MO).
SP600125 was from Promega Corporation (Madi-
son, USA). SB203580 were from Merck Biosciences
(Darmstadt, Germany) and UO126 were from Bio-
mol Research Laboratories (Plymouth Meeting, PA).
ROH, RA and inhibitors were dissolved in dimethyl-
sulphoxide (DMSO). Solvent controls were per-
formed for each condition.

Sertoli cells cultures

Sertoli cells were isolated as previously described
[12]. Briefly, testes of 15-day-old rats were removed,
decapsulated, digested enzymatically with trypsin and
centrifuged at 750 x g for 5 min. The pellet was
mixed with soybean trypsin inhibitor, then centri-
fuged and incubated with collagenase, hyaluronidase
and deoxyribonuclease for 30 min at 37°C. After
centrifugation (10 min at 40 x g), the pellet was taken
to isolate Sertoli cells. Cells were plated in multi-well
plates (2.1 x 10° cells/cm?, 80% confluence) in Med-
ium 199, pH 7.4, 1% FBS and maintained at 37°C
for 24 h to attach. The medium was then changed to
serum-free medium and cells were taken for assay
after 48 h of culture.

Cell proliferation assays

[Methyl->H] thymidine incorporation was assessed as
indicative of the DNA synthesis and proliferation rate
in Sertoli cells [30]. At 24 h prior treatments, cells
were pre-warmed with 0.5 pCi/mL [Methyl->H] thy-
midine (248 GBq mmol ~'; Amersham, UK) in order
to stabilize the intracellular nucleotide pool. Protein
kinase inhibitors and antioxidants were added 30 min
prior to ROH/RA incubation. At the end of 30 min,
the medium was changed and a new medium contain-
ing ROH or RA was added for an additional 24 h.
After treatments, 1 pCi/ml of [methyl->H] thymidine
diluted in medium was added for an additional 12 h.
To confirm that thymidine incorporation is due to
DNA synthesis and not to DNA repair mechanisms,
cells were treated with hydroxyurea, a potent inhibitor
of DNA synthesis [31]. At the end of treatments,
3 mm hydroxyurea was incubated for an additional
2 h. After, the 1 pCi/ml radiolabelled thymidine solu-
tion was added. Cells were washed with PBS and
500 ul TCA 10% was added. TCA insoluble pellet
was collected by centrifugation (1000 x g, 10 min)
and resuspended in 0.1% SDS containing 1 mg/mL
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bovine albumin. After, 1 mL liquid scintillant was
added and incorporated radionucleotide was mea-
sured using a Packard Tri-Carb Model 3320 scintilla-
tion counter. To assess the effect of ROH/RA on cell
number/growth, cells were plated in 96-well plates
(1.1 x 10° cells/well). At 24 and 48 h after ROH/RA
incubation, cells were trypsinized and counted in a
hemocytometer.

Cell cycle analysis

After treatments, cells were harvested with trypsin-
EDTA, washed twice with PBS containing 5 mm
EDTA and fixed in 70% ethanol at —20°C. After
pre-treatment with 50 pg/ml RNAse A, cells were
stained with 50 pg/ml propidium iodide (PI; Sigma)
solution for at least 30 min on ice. Stained and single
cells were analysed by flow cytometry (FACScalibur
system, Becton and Dickinson, San Jose, CA). Ten
thousand cells were analysed per sample.

SDS-PAGE and immunoblot

Proteins (20 pg) were separated by SDS-PAGE on
10% (w/v) acrylamide, 0.275% (w/v) bisacrylamide
gels and electrotransferred onto nitrocellulose mem-
branes. Membranes were then incubated in TBS-T
(20 mm Tris—HCI, pH 7.5, 137 mm NaCl, 0.05%
(v/v) Tween 20) containing 1% (w/v) non-fat milk
powder for 1 h at room temperature. Subsequently,
the membranes were incubated for 12h with the
appropriate primary antibody (dilution 1:200—
1:1000). After washing in TBS-T, blots were incu-
bated with horseradish peroxidase-linked anti-rabbit
or anti-mouse IgG antibodies (1:10000), 1.5h at
room temperature. Bands were detected using che-
miluminescence and densitometric analysis was per-
formed by Image-J® software.

Determunation of intracellular RS production

Intracellular RS production was detected using 2’, 7’
dichlorodihydrofluorescein diacetate, DCFH-DA
[32]. This reagent enter the cells and react predomi-
nantly with highly oxidizing species of RS such as
hydroxyl radicals (OH), hydroperoxides and peroxy-
nitrite, thus producing the fluorophore dichlorofluor-
escein (DCF). Briefly, cells were seeded in 96-well
plates, and 50 pm DCFH-DA dissolved in medium
containing 1% FBS was added 30 min before ROH/
RA incubation to allow cellular incorporation. Then,
the medium was discarded and cells were treated. The
DCFH oxidation was monitored at 37°C in a 96-well
plate fluorescence reader with an emission wavelength
set at 535 nm and an excitation wavelength set at
485 nm.

Superoxide production in submitochondrial particles

Submitochondrial particles (SMP) were obtained as
previously described by Boveris [33]. Superoxide
production in SMP was determined using a spectro-
photometric assay based on superoxide-dependent
oxidation of epinephrine to adrenochrome at 37°C
(E480 nm 4.0/mm/cm). The reaction medium con-
sisted of 230 mM mannitol, 70 mM sucrose, 20 mm
Tris-HCI1 (pH 7.4), SMP (0.3-1.0 mg protein/mL),
0.1 mMm catalase and 1 mm epinephrine. Succinate
(7 mMm) was used as substrate. Superoxide dismutase
was used at 0.1-0.3 pum final concentration to give
assay specificity.

Xanthine oxidase activity

The xanthine oxidase (XOD) activity was measured
spectrophotometrically at 295 nm and 37°C using
xanthine as the substrate [14]. The formation of uric
acid from xanthine increases the absorbance. One
unit of activity was defined as 1 pmol uric acid
formed per minute at 37°C and pH 7.4 and was
expressed in units/mg protein.

Protein quantification

Protein contents were measured by the Lowry et al.
[34] method.

Statistical analysis

Data are expressed as means + SD and were analysed
by one-way ANOVA followed by Duncan’s post-
hoc test. Differences were considered significant at
p<0.05.

Results

Proliferarion, cell cycle analysis and p21 levels in ROH-
and RA-treated cells

Radiolabelled thymidine incorporation into DNA was
assessed to measure DNA synthesis and the prolif-
erative activity of Sertoli cells [30]. ROH and RA
concentrations were chosen based on the physiologic
range for these compounds which is in micromolar to
ROH and in nanomolar to RA [35,36]. Results from
thymidine incorporation assay showed that, at the
end of 24 h treatment, 7 and 10 pm ROH signifi-
cantly increased the rate of proliferation while 1-100
nM RA presented an opposite effect by decreasing the
rate of thymidine incorporation into DNA (Figure
1A). Treatment with 3 mm hydroxyurea for 2h
before thymidine incubation drastically reduced thy-
midine incorporation into DNA in both untreated
and 7um ROH groups, suggesting that, in our
experiments, thymidine incorporation involved
DNA synthesis (Figure 1A). At 48 h after treatments,
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Figure 1. Cell proliferation in ROH and RA-treated Sertoli cells.
Cells were treated for 24 h with different ROH and RA concentra-
tions. (A) Radiolabelled thymidine incorporation into DNA. (B)
Cells were treated with 7 pm ROH or 100 nMm RA during 24 h.
After, cell cycle analysis was determined by flow cytometry. (C)
Representative immunobloting with densitometry analysis of the
CDK inhibitor p21 content after 24 h ROH/RA treatment. ROH,
retinol; RA, retinoic acid; HU, hydroxyurea, 3 mm. Representative
from three independent experiments (z=3). *Different from
untreated cells; *different from untreated cells considering the
same cell cycle phase.

cell number increased 33+5% (1.41+0.07 x
10° cells/well) in 7 pm ROH treatment compared to
untreated cells (1.05+0.06 x 10 cells/well), con-
firming that ROH stimulates cell growth. RA (100
nM) did not alter cell number (1.01+0.08 x
10 cells/well). Corroborating results from cell cycle
analysis showed that 7 um ROH induced a significant
increase in S phase and G2-M phase cells suggesting
cell cycle progression (Figure 1B). On the other

hand, 100 nM RA increased cell number in G1-GO
phase with subsequent decrease in S and G2-M phase
compared to untreated cells, suggesting suppression
of proliferation (Figure 1B). No sub-G1 cells were
detected in 100 nM RA. In agreement with cell
proliferation assay and cell cycle analysis, immuno-
detection of the cyclin-dependent kinase (CDK)
inhibitor p21 showed that 7 and 10 um ROH
decreased p21 levels, while RA increased p21 after
24 h treatment (Figure 1C). These data suggest that
ROH stimulated cell proliferation while RA pre-
sented an anti-proliferative effect.

ROH-induced cell proliferation is dependent on MAPKs;
RA anti-proliferative effect is refractory to MAPK
inhibitors

To determine whether MAPK signalling pathways are
involved on ROH/RA proliferative/anti-proliferative
effect, we pre-treated Sertoli cells with selective
MAPK inhibitors, such as SP600125 (JNK1/2 in-
hibitor); SB203580 (p38 inhibitor); and UO126
(MEK1/2-ERK1/2 inhibitor) at 10 um for 30 min
prior to 7 uMm ROH or 100 nm RA incubation and the
rate of thymidine incorporation was assessed. After
24 h treatment, pre-treatment with JNK1/2, p38 and
ERK1/2 inhibitors attenuated ROH-induced prolif-
eration (Figure 2A). On the other hand, MAPK
inhibitors did not alter RA anti-proliferative effect
(Figure 2A). Besides inhibiting ROH-induced pro-
liferation, the JNK1/2 inhibitor SP600125 also in-
hibited a decrease in p21 in 7 um ROH-treated cells
(Figure 2B). SB203580 (Figure 2B) and UO126 had
no effect (not shown). Such as in the proliferation
assay, RA effect on p21 was refractory to MAPK
inhibitors.

ROH, but not RA, induces activation of MAPKs

Activation/inhibition of MAPKSs is directly linked to
the regulation of the cell proliferation/death
[25,37,38]. Data presented in Figure 2 suggest that
JNK1/2, p38 and ERK1/2 MAPKSs are involved in
ROH-induced proliferation, but not in RA effects.
MAPK activation was assessed by Western blot with
antibodies capable of recognizing phophorylated (i.e.
activated) forms of these proteins. As shown in Figure
3A, 7 um ROH induced a rapid activation of JNK1/2,
p38 and ERK1/2. The phosphorylated forms of p38
and ERK1/2 peaked between 15-30 min and de-
creased after 60 min incubation; JNK1/2 activation
started at 15 min and continued for at least 60 min
after ROH treatment (Figure 3A). In contrast, 100 nm
RA did not present any effect upon JNK1/2, p38 or
ERK1/2 phosphorylation (Figure 3A). Thus, a 15-min
incubation period was used for subsequent experi-
ments. We also tested the effect of different ROH
concentrations on MAPKs phosphorylation (Figure
3B). JNK1/2 and ERKI1/2 phosphorylation were
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stimulated from 5 pumM ROH in a dose-dependent
manner up to 10 pum. Phosphorylation of p38 was
detected from 7 um ROH. The incubation with an
antibody that recognizes total JNK1/2, p38 or ERK1/2
proteins (i.e. phosphorylated plus non-phophorylated
forms) confirmed that ROH treatment specifically
increased MAPK phosphorylation but did not alter
its total immunocontent at 15 min incubation (not
shown).

The rapid (few minutes) activation of MAPKs by
ROH suggest a mechanism different from RAR/RXR
nuclear receptor-mediated gene transactivation and
subsequent new protein synthesis, which in general
takes hours or even days [39]. In fact, pre-incubation
with a general inhibitor of the protein synthesis
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Figure 2. MAPKSs mediate ROH-induced cell proliferation. (A)
Radiolabelled thymidine incorporation in 7 um ROH and 100 nm
RA-treated Sertoli cells in the presence or absence of the JNK1/2,
p38 or ERKI1/2 inhibitors. (B) Representative immunobloting
showing p21 protein after 24 h treatment with 7 um ROH or
100 nM RA in the presence of MAPKSs inhibitors. Inhibitors were
added 30 min prior ROH or RA. SP, SP600125, JNK1/2 inhibitor;
SB, SB203580, p38 inhibitor; UO, UO126, MEK1/2-ERK1/2
inhibitor. Data from three independent experiments (n=3).
*Different from untreated cells; *different from untreated and
from ROH-treated cells.

cycloheximide (CHX 5 pg/mL) for 30 min prior to
7 uMm ROH incubation did not alter the pattern of the
ROH-induced JNK1/2, ERK1/2 and p38 phosphor-
ylation, suggesting that de novo protein synthesis is
not required for activation of these kinases (Figure
30).

ROH, but not RA, increases RS production

Previous works from our group reported that ROH
induces oxidative damage to proteins, lipids and
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Figure 3. Phosphorylation of JNK1/2, p38 and ERK1/2 in ROH
and RA-treated cells. (A) Cells were incubated for different times
(min) with 7 pum ROH or 100 nMm RA and phosphorylated forms
(i.e. activated forms) of JNK1/2, ERK1/2 and p38 were detected by
Western blotting with specific antibodies as described in Materials
and methods. (B) Effect of different ROH concentrations (1um) on
MAPK phosphorylation at 15 min incubation. (C) Effect of the
protein synthesis inhibitor cycloheximide (CHX, 5 pg/mL) on 7 um
ROH-elicited MAPK activation. unt, untreated cells. Representa-
tive immunoblots from three independent experiments (n=3).
*Different from untreated cells.
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DNA [12,15-17]. Since MAPK pathways are known
to be activated by pro-oxidant agents [25], we
decided to evaluate the possible involvement of RS
on ROH-induced JNK1/2, p38 and ERK1/2 phos-
phorylation. Consistent with the time-course effect of
ROH upon MAPKSs, the DCF assay showed that
ROH induces a rapid and dose-dependent increase in
RS during the first 6 h incubation (Figure 4A). The
increase in RS was observed between 7-20 um ROH
(Figure 4A). In contrast, RA treatment did not
increase RS production at any tested concentration
(Figure 4B). Pre-treatment with a RS scavenger, the
alpha-tocopherol analogue Trolox (50 um), blocked
7 um ROH-induced RS production (Figure 5A).

RS scavenger pre-trearment blocks ROH-induced MAPK
activation, cell proliferation and p21 suppression

To assess the involvement of RS on ROH-induced
MAPK activation, cells were pre-treated with 50 pM
Trolox for 30 min prior to 7 um ROH incubation and
MAPKSs phosphorylation was determined (Figure
5B). Besides inhibiting RS production (Figure 5A),
Trolox also blocked ROH-induced JNK1/2, p38 and
ERK1/2 phosphorylation (Figure 5B). In addition,
Trolox inhibited ROH-induced cell proliferation as
assessed by thymidine incorporation assay. However,
the anti-proliferative effect of RA was refractory to
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Figure 4. ROH, but not RA, induces RS production in Sertoli
cells. Representative time-course effect of different concentrations
of ROH (A) and RA (B) on RS production. Cells were pre-
incubated for 30 min with 50 um DCFH-DA to allow cell
incorporation; after ROH or RA was added, and DCF fluorescence
was monitored for 6 h in a microplate fluorescence reader. ROH
lanes, different concentration of retinol, pm; RA lanes, different
concentrations of retinoic acid, um. *Different from untreated cells.

Trolox pre-treatment (Figure 5C). Trolox also in-
hibited the decrease in p21 in ROH-treated cells, but
did not alter RA-induced p2lprotein (Figure 5D).
These results altogether suggest that ROH induces
redox-dependent activation of MAPKs and p2l1
suppression inducing cell proliferation, which were
not observed in RA-treated cells.

Mitochondria and xanthine oxidase are involved on

ROH-induced RS production

Next, in order to clarify the precise source of RS in
ROH treated cells, the effect of some RS-generating
enzyme inhibitors was investigated. Allopurinol (the
inhibitor of xanthine oxidase, 100 pm) and rotenone
(the inhibitor of mitochondrial electron transport
chain complex I, 10 pum) significantly decreased
ROH-induced RS generation. ROH-induced RS
was unaffected by DPI (the inhibitor of the NADPH
oxidase, 100 pm) (Figure 6A). Rotenone (Rot) in-
hibitory effects on RS occurred at early times of
incubation (few minutes) compared to allopurinol
(Allop). Inhibitory effects of allopurinol on RS
production were detected only after 3 h incubation
with ROH (Figure 6A). These results suggest that
xanthine oxidase and mitochondrial electron trans-
port chain may act as the primary sites for the
generation of RS by ROH in Sertoli cells. In addition,
submitochondrial particles (SMP) isolated after 1—
6 h of 7um ROH treatment presented a significant
increase in the rate of superoxide production com-
pared to untreated cells, suggesting that ROH lead to
impairment on electron transfer system (Figure 6B).
Consistent with the time course effect of allopurinol
on RS production, xanthine oxidase (XOD) activities
are increased only after 3 and 6 h of 7um ROH
incubation (Figure 6C). In addition, it was tested
whether these inhibitors could prevent the ROH-
induced MAPKSs activation. Only the pre-treatment
with 10 pMm rotenone inhibited ROH-induced p38,
JNK1/2 and ERK1/2 activation allopurinol presented
any inhibitory effect (Figure 6D).

Discussion

Although vitamin A (ROH) is accepted as essential
for various vital cellular processes, its ability to act as
a pro-oxidant factor has been neglected. We and
others have postulated that retinoids might induce
oxidative stress in biological systems [8-21]. For
example, incubation of Sertoli cells with ROH
induces antioxidant enzymes activation, increases
lipoperoxidation and DNA damage; besides, it in-
duces chromatin sensitivity to DNAse I, ornithine
decarboxylase activation, HMG dephosphorylation
and phosphorylation of the H3 histone, which are
important markers of entry into the S phase of cell
cycle [12,15-17,40]. In the herein presented work,
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we demonstrate that ROH, through redox signalling,
caused the switch of cell cycle from a low-proliferative
to a proliferative condition. The proliferative effect of
ROH was dependent on redox-sensitive activation of
JNK1/2, p38 and ERK1/2 which was not observed in
RA-treated cells. ROH mitogenic signalling was
accompanied by a RS and JNK1/2-dependent de-
crease in the CDK inhibitor p21, which is considered
a classical inhibitor of cell cycle entry into S phase by
maintaining cells in G1-GO0 [41,42]. ROH not only
decreased p21, but also increased the cell number in
S and G2-M phase and the rate of DNA synthesis in a
mechanism mediated by RS. Interestingly, ROH-
induced proliferation was observed with the admin-
istration of 7 and 10 um ROH, which were able to
increase RS. ROH concentrations between 1-5 pm—
which are considered to be within the physiological
range for Sertoli cells [36]—increased neither RS
production nor proliferation. Murata and Kawanishi
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[43] demonstrated that even lower ROH concentra-
tions (2-5 um) could induce DNA oxidative damage
in HL-60 cells. Allen and Haskell [44] suggested that
a serum ROH concentration of 3.5 pMm is associated
with vitamin A toxicity in infants. These data suggest
the importance of keeping ROH status within the
physiological range, since slight variations in the
ROH levels may trigger important changes in the
cellular redox state.

On the other hand, the ROH structurally relat-
ed compound RA did not present any pro-oxidant
effect in the physiological (0.1-10 mm) or supra-
physiological concentrations tested (100 M to
20 um) [45]. Previous studies showed that only RA
precursors as ROH and retinaldehyde presented pro-
oxidant effects in fibroblasts and PC-12 cells [9,10].
Our data show cell differentiation events in RA-treated
cells [29,41]. Particularly in Sertoli cells physiology,
the decrease in cell proliferation coupled with an
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Figure 5. RS scavenger treatment inhibits ROH-induced RS production, MAPK activation, cell proliferation and pZIWAF”CIPl
suppression. RA effects are refractory to RS scavenger. (A) Cells were pre-treated with 50 um Trolox 30 min prior 7 puM ROH incubation
and DCFH oxidation was monitored during 1 h. (B) Trolox pre-treatment inhibited ROH-elicited MAPKSs phosphorylation. (C) ROH-
induced proliferation and RA anti-proliferative effect in the presence of Trolox. Cells were treated with ROH or RA for 24 h and
radiolabelled thymidine incorporation into DNA was assessed. (D) Representative immunoblotting showing the effect of Trolox pre-
treatment on p21 levels in 7 pum ROH or 100 nMm RA-treated cells. ROH, 7 um retinol; RA, 100 nm retinoic acid; T, 50 um Trolox.
Representative from four independent experiments (z =4). *Different from untreated cells.
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increase in p21 levels—which occurred in RA-treated
cells—are considered classical markers of the entry on
differentiation phase [29,41]. RA positively induced
p21, decreased DNA synthesis and increased cell
number in GO-G1 in a way independent on RS or
MAPKSs. In this way, a RA genomic effect (e.g. RA
binding on its nuclear receptors leading to gene
transcription) leading to p21 gene induction has
been accepted as a major mechanism of the RA-
induced differentiation in diverse cell types
[41,42,46].

Genomic actions of retinoids are mediated by two
classes of nuclear receptors, RARs and RXRs [47,48].
Retinoid receptors are considered as ligand-regulated
transcription factors, acting through binding to pro-
moters of target genes and leading to changes in gene

expression. These genomic actions of Vitamin A
usually take hours or even days [39,48]. Recently,
extra-nuclear mechanisms of signal transduction by
retinoids have been reported [39,49]. These non-
classical actions are rapid and do not rely on RAR/
RXR-mediated gene transcription and new protein
synthesis. Aggarwal et al. reported that retinoids
induce CREB phosphorylation through a rapid sti-
mulation of PKC and ERK1/2 in cells with silenced
RAR/RXR [39]. In addition, ROH may act directly on
the modulation of different PKC isoforms and mod-
ulate c-Raf activities [49]. Our data support that a
rapid and extra-nuclear effect of ROH upon MAPK
pathways plays a role in understanding ROH and RA
differential effects on cell proliferation in Sertoli cells.
ROH-induced MAPKSs phosphorylation occurred in

A o 250
(4]
g \d x
3 200 g Ly k * % % = untreated
$ ° .AAAZ*** A ROH
] A O ROH+Rot
o
2 150 ®%000pf  « ROH+DPI
b ®e, e ROH+Allop
o 100 EEEEEEEEENENE B E B E N EE N
QO O a0 A0 H
™ o ¢b PGS
Time (min)
B C
£
225 * =& untreated -B- untreated
=R -4 ROH £ 0.00167 -4 ROH *
S20 z 2 *
o & * °
Es =
£ E’0.00H
£1.0 £
l'N 8
© 05 4% =
g O-C v v b b o il o > 0'0006 L) T T T T T T
= 01 2 3 4 5 6 01 2 3 45 6
Time (h) Time (h)
o ROH =1 p-JNK1/2
unt ROH Rot Allop ggfg:m *
p-INK1/2| W= =] % _*
=
-ERK1/2 | == 5
p-ERK1/2 | ™= = W 3
p-p38 | W a £ ,
B-actin <
0
@&eb ng xqp" %\QQ
X
& €

Figure 6. Mitochondria and xanthine oxidase mediate RS production in ROH-treated cells. (A) Representative DCF assay showing the
effect of NADPH oxidase inhibitor (DPI), xanthine oxidase inhibitor (allopurinol), and electron chain transport inhibitor (rotenone)
pre-treatment on 7 uM ROH-induced RS production. (B) Increased production of superoxide radical by submitochondrial particles isolated
from cells treated with 7 um ROH. (C) Xanthine oxidase (XOD) activity in 7 pm ROH-treated cells. (D) The effect of 10 um rotenone or
100 um allopurinol pre-treatment on ROH-induced MAPKSs phosphorylation. DPI, diphenylene iodonium 100 pm; allop, allopurinol
100 puMm; Rot, rotenone 10 pm. Data from three independent experiments (z =3). *Different from untreated cells.



Differential effects of retinol and retinoic acid on cell proliferation 9

Retinol

78BN

mitochondria xanthine oxidase

Rotenone — | }—— Allopurinol
AV 4
RS production (early)

Rotenone—— — Trolox
A4

MAPK pathway

RS production (later)

Uo126

$B203580 ——|

SP600125

1 v
l, p21 |:> 1‘ proliferation

Figure 7. Proposed mechanism for the ROH-induced prolifera-
tion in Sertoli cells. ROH generates RS by modulating the
mitochondrial electron transport system (early RS production,
few minutes) and xanthine oxidase (later RS production, 3 h
treatment). However, only the RS produced in mitochondria play
a role in ROH-induced proliferation by stimulating MAPK path-

ways and by modulating cell cycle regulators as the CDK inhibitor
p21 WAFL/CIPL

as little as 15 min after ROH incubation, implying that
the time frame is too short to trigger retinoid receptor-
mediated genetic activation through transcription and
translation. In addition, the data suggest that ROH
effects upon MAPKSs are dependent on its ability to
increase RS, since the RS scavenger Trolox blocked
both RS production and MAPKSs activation. On the
other hand, RA increased neither RS production nor
MAPKSs phosphorylation and its anti-proliferative
effect was refractory to MAPK inhibitors.

Mitochondria-generated RS has been described as
a major mechanism of the redox-stimulation of
MAPKSs [25,50]. In our model, ROH-induced RS
formation and MAPKSs activation were inhibited by
rotenone, suggesting that a mitochondrial electron
transfer system is involved in ROH redox signalling.
The increased superoxide formation in isolated SMP
suggests that ROH promotes dysfunctions in the
electron transfer system, thus increasing the rate of
superoxide formation. Corroborating, we previously
reported superoxide over-production in liver isolated
mitochondria incubated with ROH [21] and in SMP
isolated from ROH supplemented rats [19]. More-
over, data presented here showed that xanthine
oxidase plays a role in RS production, although only
rotenone inhibited ROH-induced MAPKSs activation.
It possibly occurred since ROH-induced xanthine
oxidase activation occurred at later time points (3 h)
compared to the early mitochondria-mediated RS
production and MAPKSs activation (15 min).

In conclusion, ROH generates RS by modulating
the mitochondrial electron transport system and

xanthine oxidase activity. The RS produced in
mitochondria play important roles in ROH-induced
proliferation and cell cycle progression by activating
MAPK pathways (Figure 7). Previous data [6-26]
and data presented here are concerned that pharma-
cological amounts of ROH may perturb physiological
processes leading to RS production and modulation
of redox sensitive pathways. Although the conse-
quences of this redox-signalling may vary in different
cell types, these data reinforce the necessity of a better
understanding of the redox and non-classical actions
of vitamin A upon biological systems.
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Abstract

Several studies have suggested that vitamin A (retinol, ROH) presents pro-oxidant properties in biological systems. Recent
studies point out that xantine oxidase, a ROS-generating enzyme, catalyses ROH oxidation to RA in vitro. These works
stimulated the authors to investigate whether xanthine oxidase could be involved on the ROH pro-oxidative effects reported
in cultured Sertoli cells. In vitro, it was demonstrate that xanthine oxidase generates superoxide in the presence of ROH as
assessed by superoxide mediated-NBT reduction. Superoxide production is potentiated in the presence of NADH and
inhibited by allopurinol. In Sertoli cells, ROH treatment increased xanthine oxidase activity and inhibition of the enzyme
with allopurinol attenuated ROH-induced ROS production, protein damage and cytotoxicity. Moreover, inhibition of ROH
oxidation to RA by retinaldehyde dehydrogenase inhibitor potentiated both xanthine oxidase-dependent ROS production
and cell damage in ROH-treated cells. The data show that xanthine oxidase may play a role on vitamin A pro-oxidant effects.

Keywords: Rerinol, xanthine oxidase, ROS production.

Introduction

The recently published observation that xanthine
oxidase is capable of converting ROH (retinol) to
RAL (retinaldehyde) and RAL to RA (retinoic acid)
[1,2] should be taken into account, not only because
the enzyme catalyses the oxidation of an alcohol to
the respective acid, but also because the alcohol
involved is ROH and the produced acid is RA which
is a major regulator of cell proliferation, differentia-
tion and morphogenesis [3,4]. Nonetheless, it has
been well established that xanthine oxidase in the
presence of the substrates hypoxanthine and xanthine
reduces molecular oxygen to form superoxide anion
and hydrogen peroxide [5]. In biological systems, the
reactive oxygen species (ROS) produced by xanthine
oxidase could in turn react with proteins, cell

membranes and DNA causing cellular injury.
Xanthine oxidase reaction has been shown to be a
central mechanism of the oxidative cellular damage in
post-isquemic tissues, playing a key role in the
pathophysiology of myocardic infarct, stroke and
exercise injury [5,6].

In spite of being one of the first vitamins to be
discovered, the full range of biological activities
mediated by vitamin A (ROH) remains to be better
elucidated. A growing body of evidence has been
suggesting that ROH and other retinoid derivatives
have pro-oxidant properties, which might lead to cell
oxidative damage, neoplasic transformation and/or
cell death [7-9]. We have described that ROH treat-
ment induces ROS production, lipoperoxidation,
protein oxidative modifications and DNA damage in
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Sertoli, chromaffin and PC12 cells [10-21]. More-
over, we recently reported that both acute (3-days) and
chronic (28-days) supplementation with retinol pal-
mitate (ROH-palmitate) increase lipid peroxidation,
protein damage and mitochondrial dysfunction in
cerebral cortex, striatum, hippocampus and substantia
nigra which were accompanied by anxiety-like beha-
viour and decreased locomotion in Wistar rats [22—
25]. In this view, redox-active properties of ROH and
other retinoids need to be better investigated since the
mechanisms underlying ROH-induced ROS produc-
tion and cellular oxidative damage are still unclear and
diverse vitamin A supplementation protocols are
currently used as ‘antioxidant therapies’ in individuals
without vitamin deficiency [7-9].

In particular, the recently reported ability of the
xanthine oxidase to metabolize ROH to RA in vitro
[1,2], the well described involvement of the enzyme
as a source of superoxide and hydrogen peroxide
[3,4] and our previous results showing that ROH (a
xanthine oxidase substrate) induces ROS production
in biological systems [10-25] stimulated us to in-
vestigate the involvement of xanthine oxidase on
ROH-induced ROS production and oxidative da-
mage in cultured Sertoli cells, a well characterized
model to study both physiological as well as pro-
oxidant actions of ROH [13-21]. Data presented in
this work showed that i vitro incubation of milk
purified xanthine oxidase with ROH generates super-
oxide anion at a rate comparable to xanthine, a
classical xanthine oxidase substrate. The rate of
superoxide anion production was enhanced in the
presence of NADH and was inhibited by allopurinol,
a well described xanthine oxidase inhibitor. In Sertoli
cells, the pre-treatment with the xanthine oxidase
inhibitor attenuated ROH-elicited ROS production,
protein damage and cytotoxicity. Inhibition of the
ROH oxidation to RA by the retinaldehyde dehydro-
genase inhibitor citral increased the rate of the
allopurinol-inhibited ROS production by xanthine
oxidase reaction. Data presented here show evidence
that xanthine oxidase-dependent ROS production
may be involved in Vitamin A pro-oxidant effects
observed in previous studies from our group and
others.

Materials and methods
Materials

Type I collagenase, medium 199, HBSS, all trans-
retinol (t-ROH), xanthine, milk xanthine oxidase
(EC 1.1.3.22), allopurinol (4-hydroxypyrazolo [3,4-
d] pyrimidine), NBT (nitrotetrazolium blue
chloride), MTT (3-(4,5-dimethyl)-2,5-diphenyl tet-
razolium bromide), 2’,7’-dichlorohydrofluorescein
diacetate (DCFH-DA) and Tween-20, were pur-
chased from Sigma Chemical Co. (St. Louis, MO).

Trypsin was purchased from Difco (Detroit, MI).
NADH disodium salt was purchased from Roche
Diagnostics GmbH (Mannheim, Germany). Tissue
culture reagents were from Sigma Chemical Co. and
were of analytical or tissue culture grade.

Xanthine oxidase and ROH solution preparation

Milk xanthine oxidase from Sigma (22 U/mL) was
10-times diluted with 50 mm Tris-HCIl, pH 7.4,
containing 1 mmM EDTA as described [1]. After, the
sample was dialysed against the same buffer (1 L) for
6 h to remove ammonium sulphate and sodium
salicylate. Xanthine oxidase activity was determined
by measuring the rate of oxidation of xanthine to uric
acid spectrophotometrically at 295 nm, using an
absorption coefficient of 9.6 mm~! cm ™' [26].
Assays were performed at 37°C in air-saturated
Tris-HC1 buffer, pH 7.4, containing 100 pm
xanthine. ROH solution was freshly prepared in
DMSO, in the dark to minimize photo-oxidation,
and the concentration was determined spectrophoto-
metrically at 325 nm, using an absorption coefficient
of 52.77 mm~ ' ecm™!'. For in wvitro superoxide
production assay, ROH solutions were diluted with
50 mm Tris-HCl, pH 7.4, containing 1 mm EDTA
and 0.012 mm Tween 20.

In vitro assays for xanthine oxidase-mediated superoxide
production, NADH consumption and ROH effect on uric
acid formation

Superoxide generation in xanthine oxidase-catalysed
ROH oxidation was determined spectrophotometri-
cally by monitoring superoxide-dependent NBT re-
duction to the blue chromogen formazan at 560 nm
in the presence of different ROH concentrations [27].
Briefly, a 180 pl mixture of 0.1 mm NBT and 0.02
units/mL xanthine oxidase in 50 mm Tris-HCI,
pH7.4, containing 0.012 mm Tween 20 and 1 mm
EDTA was warmed at 37°C. Then, 20 ul of a 10-fold
concentrated ROH solution was added to a final
volume of 200 pL. and NBT reduction was monitored
for 1 h with 2 min intervals in a 96-well microplate
reader. The rate of superoxide formation was calcu-
lated assuming a NBT absorption coefficient of 12.8
mM ' cm ™ ! at 560 nm [27]. In some assays, NADH
or/and allopurinol were added to the incubation.
NADH consumption by xanthine oxidase reaction
was monitored by the decrease of the absorption at
340 nm in the same buffer above described in the
absence of NBT. The rate of NADH oxidation to
NAD was calculated using an absorption coefficient
of 6.3 mm~ ! cm ™! at 340 nm. In addition, one
enzyme assay was performed for the study of the
inhibitory effect of ROH on uric acid formation from
xanthine. Uric acid formation was determined by
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measuring the rate of 10 um xanthine oxidation by
xanthine oxidase (final concentration of 0.02 U/mL)
in the presence or absence of ROH, using an
absorption coefficient of 9.6 mM ™' cm ™' at 295
nm [26].

Sertoli cells isolation and cultures

Sertoli cells were isolated as previously described
[13]. Briefly, testes of 15-day-old rats were removed,
decapsulated and digested enzymatically with trypsin
for 30 min at 37°C and centrifuged at 750 x g for
5 min. The pellet was mixed with soybean trypsin
inhibitor, then centrifuged and incubated with col-
lagenase, hyaluronidase and deoxyribonuclease for
30 min at 37°C. After incubation, this fraction was
centrifuged (10 min at 40 x g). The pellet was taken
to isolate Sertoli cells and the supernatant containing
peritubular and germ cells was discarded. After
counting, Sertoli cells were plated in multi-well plates
(3 x 10° cells/cm?) in Medium 199 pH 7.4, 1% FBS,
and maintained in a humidified 5% CO, atmosphere
at 34°C for 24 h to attach. The medium was then
changed to serum-free medium and cells were taken
for assay after 48 h of culture.

Determination of intracellular ROS production

Intracellular ROS production was detected using 2/,
7’-dichlorodihydrofluorescein diacetate, DCFH-DA
[28]. This reagent is known to enter the cells and
react with ROS producing the fluorophore dichloro-
fluorescein (DCF). This method has been used to
monitoring xanthine oxidase-dependent ROS pro-
duction in cell culture models [29]. Briefly, 6 x 10*
cells were seeded in 96-well plates and treated with
ROH or ROH plus co-treatments as described above.
Before incubations, 100 pm DCFH-DA dissolved in
medium containing 1% FBS was added to the cell
culture and incubated for 30 min to allow cellular
incorporation. After, the medium was discarded and
DCEF fluorescence was read at 37°C during 24 h with
6 h intervals with an emission wavelength set at
535 nm and an excitation wavelength set at 485 nm in
a 96-well plate fluorescence reader (model F2000,
Hitachi Ltd., Tokyo, Japan). ROS production was
estimated by measuring the rate of DCF fluorescence
(delta DCF fluorescence/hour) over 24 h.

Xanthine oxidase activiry

The xanthine oxidase activity was measured spectro-
photometrically at 295 nm and 37°C using xanthine
as the substrate [30]. The formation of uric acid from
xanthine increases the absorbance. One unit of
activity was defined as 1 pmol uric acid formed per
minute at 37°C and pH 7.4 and was expressed in
units/mg protein.
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Measurement of protein carbonyl groups

The oxidative damage to proteins was measured by
the quantification of carbonyl groups based on the
reaction with dinitrophenylhydrazine (DNPH) as
previously described [25]. At the end of ROH
treatment, cells were scraped and proteins were
precipitated by the addition of 20% TCA, redissolved
in 10 mm DNPH and the absorbance was read in a
spectrophotometer at 370 nm. Results were calcu-
lated using an absorption coefficient of 22 mm !
cm ™! at 370 nm; data were expressed as nmol car-
bonyl/mg protein.

MTT assay

Cell viability was estimated by the quantification of
the MTT reduction to a blue formazan product by
cellular dehydrogenases [11]. At the end of treat-
ments, the medium was discarded and a new medium
containing 0.5 mg/mL. MTT was added. The cells
were incubated for an additional 30 min at 37°C in
humidified 5% CO, atmosphere. After, medium was
removed, cells were washed three times with phos-
phate buffered saline (PBS) and DMSO was added
for 10 min. Formazan salt formation was determined
at 560 nm. Hydrogen peroxide (200 pm) was used as
positive control for cell death. Data were expressed as
percentage of the formazan formation in the un-
treated cells.

Protein quantification

Protein contents of each sample were measured as
described by Lowry et al. [31] for data normalization.

Statistical analysis

Data are expressed as means + standard error (SE)
and were analysed by one-way ANOVA followed by
Duncan’s post hoc test. Differences were considered
significant at p <0.05.

Results

In vitro superoxide formation by xanthine oxidase in the
presence of ROH

Purified xanthine oxidase incubated with increasing
ROH concentrations was able to produce superoxide
anion, which was measured by the rate of NBT
reduction i vitro. We observed that xanthine ox-
idase-catalysed ROH oxidation increased significantly
superoxide production from 1 pm ROH and a dose-
dependent effect was observed up to 100 um (Figure
1A). Retinoic acid (RA), which was described as a final
product of ROH oxidation by the enzyme [1,2], did
not induce superoxide formation (Figure 1A). In
Figure 1A we include a positive control showing the
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Figure 1. In wvirro superoxide generation by xanthine oxidase in the presence of ROH. (A) Purified xanthine oxidase was incubated with
different concentrations (M) of ROH, RA and xanthine, in the presence or absence of 100 um NADH. The rate of superoxide formation
was estimated by superoxide-mediated NBT reduction over 1 h of incubation as described in the Materials and methods section. (B)
NADH oxidation by xanthine oxidase reaction was evaluated by measuring the decrease of absorption at 340 nm. (C) Superoxide formation
was determined in the presence of different NADH concentrations (um). ROH 10 um or xanthine 10 pM-induced superoxide formation was
monitored by NBT reduction. Legends: DMSO (dimethylsulphoxide, vehicle), XA (xanthine); ROH (retinol); RA (retinoic acid). Data
from four independent experiments in quadruple (n =4). *Different from basal levels, *different from its respective incubations in the

absence of NADH, p <0.05, ANOVA.

rate of superoxide generation in the presence of the
classical xanthine oxidase substrate, xanthine. The
addition of 100 um NADH to these enzyme assay
systems caused a 3-fold increment on superoxide
formation by ROH and a 1.4-fold increase in
xanthine-induced superoxide production (Figure 1A).

We confirmed the oxidation of NADH to NAD by
xanthine oxidase-catalysed ROH oxidation by mea-
suring the decrease of NADH absorption at 340 nm
in the presence of different ROH concentrations
(Figure 1B). NADH consumption was dose-depen-
dent in the range of 1-100 pm ROH. Variations on
NADH concentrations showed that, in witro, the
NADH concentration was more important to ROH-
elicited than xanthine-induced superoxide formation
by xanthine oxidase reaction (Figure 1C). At low
NADH concentrations (i.e. 0, 1 and 50 um), the rate
of 10 um xanthine-elicited superoxide formation by
xanthine oxidase was 6-fold higher than that induced
by 10 pm ROH. In addition, we observed that a
4-fold increase in NADH concentration in the
enzyme assay (i.e. 50 to 200 um) reflects only in a
1.4-fold increase in superoxide formation with 10 pum
xanthine as substract. The same increase in NADH
concentration promotes a 6-fold increase in super-
oxide generation by ROH incubation (Figure 1C).

Thus, further assays were performed in the presence
of 100 um NADH.

Influence of ROH on uric acid formation from xanthine
and the effect of allopurinol on superoxide formation by
xanthine oxidase in the presence of ROH

The effect of ROH on xanthine oxidase-catalysed
xanthine conversion to uric acid was evaluated by
incubating 10 pm xanthine, 0.02 units/mL xanthine
oxidase and 10 or 20 um ROH in the presence of 100
puM NADH. The rate of uric acid formation was
monitored during 20 min at 295 nm. Results showed
that 10 and 20 pm ROH significantly inhibited
xanthine oxidase-dependent uric acid formation
from xanthine by 21+3% and 45+ 4.2%, respec-
tively (Figure 2A). In another xanthine oxidase assay
system, we observed that 1 and 10 pum allopurinol
exerted a well-known effect inhibiting 51 +5.1% and
91 + 7%, respectively, the 10 um ROH-elicited super-
oxide-dependent NBT reduction # vitro (Figure 2B).
These results altogether suggest that xantinhe oxidase
is able to generate superoxide anion in the presence of
ROH. Superoxide formation is over-stimulated in the
presence of NADH and is inhibited by allopurinol. In
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Figure 2. Influence of ROH on uric acid formation from xanthine and the effect of allopurinol on superoxide formation by xanthine
oxidase in the presence of ROH. (A) Xanthine oxidase-catalysed uric acid formation from xanthine was evaluated in the presence of 10 and
20 pm ROH as described in Materials and methods. (B) Allopurinol effect on ROH-elicited superoxide formation. In vitro enzyme system
was incubated in the presence of 1 and 10 um of allopurinol and the rate of superoxide-mediated NBT reduction was monitored at 560 nm.
Legends: DMSO (dimethylsulphoxide, vehicle), XA (xanthine), Allop (allopurinol). Data from four independent experiments in quadruple
(n =4). *Different from basal level; *different from its respective positive control (10 um xanthine or 10 pm ROH) and from basal levels. p <
0.05, ANOVA.

addition, ROH seems to compete with the classical treatment resulted in a reduction of over 35% on 7—
xanthine oxidase substrate, xanthine. 20 uMm ROH-induced ROS production during 24 h
treatment (Figure 3A). Another set of experiments
were performed by incubating Sertoli cells with RA
(0.1-20 um) for 24 h. RA treatment did not increase
ROS production at any tested concentration (data
not shown). As expected, 50 um allopurinol did not
Previous works from our group and others reported inhibit 50 uM hydrogen peroxide-elicited ROS pro-
that ROH presents strong pro-oxidative properties in duction, confirming that allopurinol did not act as
biological systems [10-25]. Since in vitro experiments ROS scavenger per se (Figure 3A). Moreover, we
suggest that xanthine oxidase generates ROS in the detected increased protein carbonyl damage following
presence of ROH and our previous data reported 10 um ROH treatment at 24 h which was also
oxidative damage to lipids, protein and DNA in inhibited by allopurinol (Figure 3B). The evaluation
ROH-treated Sertoli cells, we decided to investigate of xanthine oxidase activity showed that the enzyme is
the involvement of the xanthine oxidase on ROH- 1.6-fold more active in 10 um ROH-treated cells
elicited ROS production in these cells. Thus, cells when compared to untreated cells at 12 h treatment
were treated for 24 h with different ROH concentra- (Figure 4A). Following 1020 um ROH treatment,
tions in the presence or absence of the xanthine Sertoli cell viability was reduced as assessed by the
oxidase inhibitor allopurinol at 50 um. Allopurinol MTT assay (Figure 4B). In agreement with DCF and

Inhibition of xanthine oxidase decreases ROH-induced
ROS production, protein oxidative damage and
cyrotoxicity in Sertoli cells
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Figure 3. Xanthine oxidase mediates ROS production and oxidative damage in Sertoli cells. (A) ROS production in Sertoli cells treated
with different ROH concentrations (um) for 24 h in the presence or absence of 50 pm allopurinol. (B) Allopurinol effect on protein oxidative
damage (carbonyl groups) in 10 um ROH-treated cells. Cells were incubated with 10 pm ROH during 24 h and carbonyl groups were
quantified as described in the Materials and methods section. Legends: ROH (10 pm retinol); Allop (50 um Allopurinol), H,O, (50 um
Hydrogen peroxide). Data from three independent experiments in triplicate (z =3). *Different from untreated cells; *different from its
respective ROH-treated and from untreated cells. p <0.05, ANOVA.
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Figure 4. ROH increases xanthine oxidase activity and induces
allopurinol-inhibited cytotoxicity. (A) Time course effect of ROH
on xanthine oxidase activity in Sertoli cells. Cells were incubated
with 10 um ROH for different times (h), extracts were obtained by
potter homogenization and xanthine oxidase activity was measured
by the rate of the enzyme-catalysed uric acid formation from 100
uMm xanthine at 295 nm. (B) ROH-mediated decrease in cell
viability was evaluated by MTT assay after cell incubation with
different ROH concentrations (um) for 24 h in the presence or
absence of allopurinol. Legends: Allop (50 pum allopurinol). Data
from three independent experiments in triplicate (n =3). #Different
from untreated cells; *different from its respective ROH-treated
and from untreated cells. p <0.05, ANOVA.

carbonyl assays, at the end of 24 h treatment, the
decrease in cell viability by 10 and 20 um ROH was
~40% inhibited by 50 pum allopurinol (Figure 4B).

Inhibition of retinaldehyde dehydrogenases potentiates
xanthine oxidase-dependent ROS production and
cytrotoxicity

In order to block ROH metabolism by retinaldehyde
dehydrogenases and to increase bioavailability of
ROH and retinaldehyde to xanthine oxidase, we
treated Sertoli cells with 200 pum citral, a classical
selective competitive retinaldehyde dehydrogenase
inhibitor [32,33], for 15 min prior to 10 pm ROH
addition. At the end of 24 h, the pre-treatment with
citral potentiated 10 pm ROH-induced ROS produc-
tion as compared to 10 um ROH alone (Figure 5A).
The over-stimulation of ROS production by the
retinaldehyde dehydrogenase inhibitor in the pre-
sence of ROH was blocked by 50 pum allopurinol.
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Figure 5. Retinaldehyde dehydrogenase inhibition potentiates
xanthine oxidase-dependent ROS production and cytotoxicity in
ROH-treated cells. (A) Effect of 200 pum citral pre-treatment on 10
pum ROH-induced ROS and cytotoxicity in the presence or absence
of 50 um allopurinol. Citral or citral plus allopurinol were added 15
min prior to 10 um ROH incubation and ROS were monitored
during 24 h by DCEF fluorescence. (B) ROH-induced decrease in
cell viability is potentiated in the presence of citral in an
allopurinol-inhibited manner. Legends: ROH (10 pum retinol),
citral (200 um citral), Allop (50 um allopurinol). #Different from
untreated cells; *different from ROH-treated and from untreated
cells. p <0.05, ANOVA.

Citral alone had no effect on ROS production. In
agreement, the 10 uM ROH-induced decrease in cell
viability was also potentiated in the presence of
citral; this effect was also attenuated by allopurinol
(Figure 5B). These data altogether suggest that the
enhancement in both ROS production and cell death
induced by citral in ROH-treated cells was mediated
by xanthine oxidase reaction.

Discussion

Previous studies from our group and others have
reported that ROH and its derivatives, retinoids,
present redox-active properties in biological systems
[7-25]. Clinical trials have been carried out based on
the potential antioxidant role of retinoids and car-
otenoids, but in some studies retinoid supplementa-
tion had to be discontinued due to increased
mortality related to lung cancer and cardiovascular
disease incidence [7]. It is possible that many of the
deleterious side effects observed in some clinical trials
with retinoids may be related to free radical and
oxidants generation in vitamin A supplementation.
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Recently, some works from our group reported that
ROH-palmitate supplementation induces lipoperox-
idation, protein carbonylation, thiol oxidation and
mitochondrial damage in the cortex, cerebellum and
substantia nigra of Wistar rats [22-25]. However, the
mechanisms by which ROH and retinoids induce
oxidative stress remain uncertain.

Testicular Sertoli cells are one of the principal
physiological ROH targets in mammalian [4,34,35].
It has been well established that ROH and its
derivatives regulate many reproductive related func-
tions in these [4,16,34], although some studies
reported that supplementation with high doses of
vitamin A leads to testicular lesions, cytotoxicity to
Sertoli cells and spermatogenesis disorders [13,36].
ROH concentrations in Sertoli cells may vary be-
tween 2-5 pMm depending on plasma ROH levels
[4,16,34,37]. We previously reported that slight
variations in the ROH concentrations may trigger
important changes in the cellular redox state [10-21].
ROH concentrations above 5 um are able to increase
intracellular ROS production and this led to DNA
oxidative damage and apoptosis in primary Sertoli
cells. The recently published work reporting that
purified xanthine oxidase catalyses ROH oxidation to
RA i vizro stimulated us to investigate whether the
enzyme could be involved in the pro-oxidant effect of
ROH in our cellular model. The work conduced by
Taibi and Nicotra [1] did not contemplate the
xanthine oxidase-catalysed ROH oxidation as a
possible source of ROS in ROH supplementation.
Thus, initially, we investigated some in wvirro para-
meters regarding superoxide production by xanthine
oxidase in the presence of ROH. Data showed that
ROH concentrations as low as 1 pm were able to
increase superoxide production by milk xanthine
oxidase in an allopurinol-inhibited manner. RA, the
described final product of the enzyme reaction, did
not induce superoxide formation. The inhibitory
effect of allopurinol on superoxide production iz vitro
was also taken into account in order to indirectly
deduce that the mechanism of superoxide production
by =xanthine oxidase-catalysed ROH oxidation is
probably the same as that for purine substrates. The
inhibitory effect of ROH on uric acid formation from
xanthine suggests that ROH and xanthine are meta-
bolized at the same enzyme site [2]. Interestingly,
superoxide formation during ROH oxidation by the
enzyme was strongly enhanced (3-fold) in the pre-
sence of NADH as compared to ROH alone. In
contrast, superoxide production by the enzyme when
xanthine was used as substrate increased only 1.4-
fold in the presence of 100 pm NADH. The
importance of NADH on superoxide production by
xanthine oxidase-catalysed ROH oxidation is in
agreement with the classical reaction mechanism in
which the enzyme may to use NADH to reduce
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molecular oxygen and to form superoxide anions
[3,4].

In cultured Sertoli cells, ROH stimulated xanthine
oxidase activity and the pre-treatment with 50 pm
allopurinol attenuated ROH-induced ROS produc-
tion suggesting a role for xanthine oxidase in ROH
pro-oxidant effect. Not only ROS production, but
also the increase in protein damage and the decrease
in cell viability promoted by ROH were inhibited by
allopurinol pre-treatment. Pharmacological inhibi-
tion of the ROH oxidation to RA by citral, a
retinaldehyde dehydrogenase inhibitor, potentiated
the ROH-induced ROS production. This effect was
also inhibited by allopurinol. Retinaldehyde dehydro-
genases are important enzymes involved in RA
synthesis from the ROH-derived retinaldehyde in
the cell [32]. Inhibition of retinaldehyde dehydro-
genases accumulates retinaldehyde and ROH, two
xanthine oxidase substrates [1,2]. Possibly, ROH and
retinaldehyde metabolism by xanthine oxidase was
stimulated in the presence of the retinaldehyde
dehydrogenase inhibitor since allopurinol totally
blocked the effects of citral on ROH-induced ROS
production.

On the other hand, RA—the final product of
xanthine oxidase-catalysed ROH oxidation—did not
present any ROS-generating effect on i vitro enzyme
assays and in cultured Sertoli cells. In fact, previous
works reported that ROH and retinaldehyde, but not
RA, induce ROS-dependent cell death in human
fibroblasts and PC-12 cells [11,12]. Possibly, some
steps of the oxidative metabolism of ROH to retinal-
dehyde and retinaldehyde to RA may be involved in
ROH and retinaldehyde-dependent ROS generation.
Our data showed direct evidence that xanthine
oxidase may be involved, at least in part, in ROH-
induced oxidative stress. However, the herein per-
formed assays showed that total enzyme inhibition
with allopurinol (as showed in Figure 4) presented
only a partial inhibitory effect in ROH-induced ROS
production, protein damage and cytotoxicity. Our
previous data suggest that other free radical sources
such as mitochondria also mediate free radical
production in ROH-treated Sertoli cells and rat brain
[13,19,24]. In addition, it was observed that ROH
and retinaldehyde auto-oxidation generates super-
oxide in virro [38]. Thus, others free radical sources
different from xanthine oxidase reaction are involved
in the ROS-generating properties of ROH.

In spite of being a recently described function, the
studies suggest that xanthine oxidase-catalysed ROH
and retinaldehyde oxidation is a feasible process in
vivo which also may play a role in situations in which
enzyme activity is stimulated such as surgical stress
and hypoxia/reperfusion injury [39,40]. Xanthine
oxidase-dependent decreases in retinaldehyde and
increases in RA levels were observed after surgical
stress in small intestine cells, suggesting a possible
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role of the enzyme on RA formation [40]. In addition,
the determined Km value for retinaldehyde (0.29 pum)
may indicate that the processing of retinaldehyde by
xanthine oxidase possibly occurs i vivo [2]. In our
experimental model, inhibition of the ROH metabo-
lism by dehydrogenases inhibitor, which in turn
accumulates ROH and retinaldehyde [32], have
increased the xanthine oxidase-dependent ROS pro-
duction, suggesting the existence of ROH/retinalde-
hyde metabolism by xanthine oxidase as a source of
cytosolic ROS.

Overall, data presented in this work showed that
xanthine oxidase iz vitro generates superoxide anions
in the presence of ROH. Superoxide formation is
enhanced in NADH presence and inhibited by
allopurinol, a classical xanthine oxidase inhibitor. In
Sertoli cells, ROH stimulated xanthine oxidase activ-
ity and ROH oxidative-related effects were attenuated
by allopurinol treatment, suggesting the involvement
of the =xanthine oxidase in ROH-induced ROS
production in our model. This is the first study
demonstrating that xanthine oxidase mediates vita-
min A pro-oxidant effects in a biological system.
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4. DISCUSSAO

A vitamina A (retinol) e seus derivados, os retindides, foram por muito tempo
considerados compostos antioxidantes e antiproliferativos. Devido a essas propriedades,
preconizava-se a utilizacdo de retindides na prevencdo e tratamento de diversas
patologias associadas a disturbios proliferativos e oxidativos como o cancer, doencas
neurodegenerativas e cardiovasculares (Omenn et al., 1994). Além disso, diversos
estudos demonstravam que a deficiéncia de vitamina A estava relacionada a inducdo de
dano oxidativo as estruturas celulares, e isso refor¢ava o papel desta com antioxidante
(Jeandel et al., 1989). Partindo das boas perspectivas de acdo dos retindides na
terapéutica, estudos se propuseram a avaliar os efeitos da suplementacdo com vitamina A
em humanos. Estes trabalhos avaliaram os efeitos da reposicéo de vitamina A tanto em
pessoas com sintomas de deficiéncia quanto em pessoas saudaveis, ou seja, sem
deficiéncia vitaminica (Goodman et al., 1993; Omenn et al., 1994). Paralelemente, 0 uso
de suplementacBes vitaminicas contendo vitamina A aumentava exponencialmente,
utilizando-se de promessas de juventude e salde. De fato, a suplementacdo com vitamina
A proporciona uma significante melhora clinica em pacientes com deficiéncia da mesma,
entretanto, os efeitos ndo se demonstraram benéficos em pessoas sem deficiéncia
(Goodman et al., 1993; Omenn et al., 1994; Penniston & Tanumihardjo, 2006). Em um
estudo pioneiro avaliando os efeitos da suplementacdo com vitaminas A, C e E e beta-
caroteno em fumantes, Omenn e colaboradores (1994) demonstraram que a
suplementacdo com beta caroteno e retinol aumentava drasticamente a incidéncia de
neoplasia pulmonar nestes pacientes, e os estudos tiveram que ser interrompidos antes

dos prazos previstos. Levando em conta esses dados, especulou-se que o retinol e o beta-
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caroteno poderiam estar agindo como pré-oxidantes, facilitando o desenvolvimento de
neoplasia em um ambiente pré-disposto como, no caso, o pulmdo de um fumante.
Paralelamente, varios autores demonstravam os efeitos benéficos da terapia com acido
retindico no tratamento de neoplasias, e a utilizacdo de retindides e suplementagdes
contendo vitamina A continuou sendo estimulada (Leithner et al., 2000; Kuratomi et al.,

1999; Windbichler et al., 1996; Pastorino et al., 1993).

Entre muitos estudos, o fato que parece mais ébvio é que ndo existe, na literatura
cientifica, um consenso de “quem é a vitamina A”. Alguns autores citam-na como retinol,
outros como palmitato de retinol, e outros como o &cido retindico. Nessa dissertacao,
adotamos a relagdo “Vitamina A = retinol” que é o recomendado pelo FDA (Food and
Drug Administration). O problema disso tudo é que os resultados dos diferentes estudos
utilizando esses diferentes compostos séo agrupados em um todo, e iSso, a0 NOSSO ponto
de vista, pode ser um problema quando estudamos os retindides. Por exemplo, 0s
resultados aqui apresentados mostram que moléculas retindides distintas como o retinol e
0 &cido retindico podem desencadear efeitos completamente diferentes num mesmo tipo
celular, e até mesmo uma mesma molécula retindide pode modular diferentes destinos
celulares depedendo da concentracdo, como no caso do retinol. No estudo comparativo
entre retinol e &cido retindico demonstramos que o retinol pode agir como pro-oxidante,
ao passo que o acido retindico ndo causa nenhuma alteracdo na producdo de espécies
reativas nas células de Sertoli. Além disso, enquanto o retinol apresentou efeitos
proliferativos, o &cido retindico apresentou atividade antiproliferativa. Neste estudo
foram testadas diferentes concentracfes de retinol e acido retindico variando desde o0s

niveis fisiologicos até niveis supra-fisiologicos. Nesse contexto, as células de Sertoli se
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mostraram muito mais sensiveis a pequenas variacfes nos niveis de retinol quando
comparado com o acido retindico. O simples aumento das concentragdes de retinol de 5
para 7 UM causou um significante aumento da producdo de espécies reativas induzindo
proliferacdo celular, decréscimo nos niveis do inibidor de ciclinas p21 e aumento do
namero de células em fase S e G2/M. Corroborando, estudos prévios reportam que o
retinol 7 uM induziu ativagdo da ornitina decarboxilase, a defosforilagdo de HMG e
fosforilacdo da histona H3, ambos marcadores classicos da entrada no ciclo celular
(Moreira et al., 2000). Entretanto, concentragdes mais altas como 10 e 20 pM causaram
um efeito pro-oxidante suficientemente elevado para promover decréscimos na
viabilidade celular. Quando consideramos os efeitos de agentes pré-oxidantes, o efeito
proliferativo em certas doses e deletério em outras é perfeitamente entendivel, e tem sido
demonstrado em experimentos utilizando oxidantes classicos (Stone & Yang, 2006). Por
exemplo, o peroxido de hidrogénio em doses baixas (1 uM) pode induzir proliferacdo; 10
uM induz parada no ciclo celular; 50 uM induz apoptose; e 100 uM induz necrose em
diversos tipos celulares (figura 3). Um ponto crucial dos eventos observados no
tratamento com retinol é a questdo das concentragdes. Somente em concentracdes
proximas e/ou maiores que o limite fisioldgico superior para a célula de Sertoli (ou seja,
> 5 uM) o retinol foi habil em aumentar a producdo de espécies reativas e alterar
parametros relacionados ao estresse oxidativo (Dal Pizzol et al., 2000; Dal Pizzol et al.,
2001). Um efeito semelhante foi demonstrado por Murata & Kawanishi (2000) em
células da linhagem HelLa, e por Gimeno e colaboradores (2004) em fibroblastos
humanos nas quais 5 uM e 10 uM de retinol, respectivamente, induziram estresse

oxidativo, reforcando a importancia da manutencdo dos niveis de retinol dentro da faixa
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fisiologica (Murata & Kawanishi, 2000; Gimeno et al., 2004). Trabalhos in vivo também
demonstram os efeitos pro-oxidantes da suplementacdo com palmitato de retinol em ratos
sem deficiéncia. Estes estudos relataram que a administracdo aguda (3dias) e cronica (28
dias) de palmitato de retinol em doses idénticas aquelas recomendadas clinicamente
induz dano generalizado a diversas estruturas do sistema nervoso central promovendo
diminuicdo na capacidade motora, exploratoria, e cognitiva em ratos, o que de fato,
parece preocupante (De Oliveira et al., 2007; De Oliveira et al., 2008). Em humanos,
estudos também demonstram hepatotoxicidade associada a suplementagdo com Vitamina

A (Penniston & Tanumihardjo, 2006).

Embora estruturalmente relacionado ao retinol, no modelo experimental utilizado
neste trabalho ndo verificamos qualquer atividade pro-oxidante relacionada ao acido
retindico, tanto em niveis fisiologicos (0,1 a 10 nM) quanto em niveis muito maiores que
os fisiologicos como 10 uM. Além disso, o tratamento com acido retindico desencadeou
um efeito totalmente oposto aquele determinado pelo retinol: o acido retindico diminuiu a
taxa de proliferacdo, e aumentou os niveis de p21 e a quantidade de células em G1/GO.
Particularmete na fisiologia da célula de Sertoli, o decréscimo da proliferacdo associado
ao aumento do inibidor de ciclinas p21 sdo determinantes da entrada na fase de
diferenciacdo (Holsberger et al., 2005). O mecanismo génomico do &cido retindico, via
ativacdo de RAR/RXR levando a transcri¢cdo génica, tem sido aceito como o principal
mecanismo de inducdo de p21 e diferenciagdo celular em diversos modelos (Altucci et
al., 2007). A propriedade do 4&cido retindico de suprimir proliferacdo e induzir
diferenciacdo celular tem sido considerada um potencial mecanismo para a utilizacéo

deste composto no tratamento de neoplasias de células indiferenciadas como
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neuroblastomas, alguns tipos de leucemia e gliomas (Cemaianu et al., 2008; Altucci et al.,
2007). Portanto, um dos principais dados deste trabalho é mostrar que o retinol e o acido
retindico podem apresentar efeitos muito diferentes e que isso, pelo menos em parte, €
determinado pela propriedade do retinol, diferentemente do acido retindico, atuar como
um agente pré-oxidante. Suportando os dados aqui apresentados, estudos demonstraram
que somente precursores de acido retindico, como o retinol e o retinaldeido, agem com
agentes oxidantes em modelos celulares (Murata & Kawanishi, 2000; Gimeno et al.,
2004; Gelain & Moreira, 2008). Numa abordagem mais dedutiva, isso poderia ser
explicado em fungdo do retinol (alcool) e do retinal (aldeido) estarem em um estado
redox passivel de oxidacdo, ao contrario do &cido retindico, que é o produto final da

oxidacdo do retinol.

No objetivo de avaliar os mecanismos envolvidos na proliferacdo induzida por
retinol, foi observado que a estimulagéo de proliferacdo foi mediada por uma ativagéo das
vias de MAPKs. O tratamento com 7 uM de retinol induziu uma ativacéo rapida das trés
MAPKSs JNK1/2, p38 e ERK1/2 em um mecanismo dependente da producdo de espécies
reativas, uma vez que o retinol aumentou tanto a producdo de espécies reativas como a
ativacdo de MAPKSs, e o tratamento com o antioxidante Trolox (andlogo da Vitamina E)
inibiu tanto a producdo de espécies reativas, quanto a ativacdo das MAPKs e a
proliferacdo. Além disso, a incubacdo com inibidores farmacoldgicos especificos das vias
de JNK, p38 e ERK também bloqueou a proliferacdo, sugerindo a participacdo destas na
proliferacdo induzida por retinol. Em estudos prévios, o papel da ERK1/2 na
transformacdo fenotipica induzida por retinol ja havia sido demonstrado (Gelain et al.,

2006). Neste trabalho somamos o papel das outras vias de MAPK nas ac¢des proliferativas
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do retinol. Importante salientar que a ativacdo de JNK, p38 e ERK foi rapida (em torno
de 10-15 min de tratamento) e o tratamento com o inibidor de sintese protéica,
cicloheximida, ndo alterou o perfil de ativacdo dessas proteinas, sugerindo que a sintese
de novas proteinas ndo foi requerida para este efeito. Portanto, esses eventos rapidos e
independentes da sintese protéica ndo sdo compativeis com o mecanismo classico de agdo
nuclear dos retindides, o qual envolve sintese de novas proteinas e geralmente necessita
de horas ou dias para desencadear efeitos mensuraveis. Nossos dados sugerem que a
inducéo de proliferagdo envolveu mecanismos ndo-gendmicos, os quais foram mediados
pela producdo de espécies reativas induzida no tratamento com retinol. Por outro lado, o
acido retindico, nas concentracGes avaliadas, ndo alterou o estado de ativacdo das
MAPKSs, e seus efeitos antiproliferativos ndo foram alterados pelos inibidores

farmacoldgicos dessas vias.

O mecanismo mediado por espécies reativas j& havia sido sugerido na ativacdo de
ERK1/2 pelo tratamento com retinol, embora a fonte especifica das espécies reativas
envolvidas nesse evento ndo havia sido demonstrada (Gelain et al., 2006). A fim de
responder esta questdo, decidimos avaliar as possiveis fontes de espécies reativas
envolvidas na sinalizacdo redox do retinol. Neste contexto, mitocdndria, xantina oxidase
e NADPH oxidase tém sido consideradas as principais estruturas geradoras de espécies
reativas envolvidas em eventos de sinalizacdo redox (Nelson & Melendez, 2004). Em
nosso modelo, o inibidor do transporte de elétrons pela cadeia respiratoria mitocondrial
(rotenona) foi capaz de inibir a producdo de espécies reativas, sugerindo que a
mitocondria tem um papel importante nos efeitos pré-oxidantes do retinol. O papel

central da mitocéndria foi reforcado pelo aumento da taxa de producédo de superéxido em
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mitocOndrias isoladas de células de Sertoli tratadas com retinol 7 uM, 0s quais sugerem
que o retinol, de alguma maneira ainda ndo bem esclarecida, induz disfunc¢do na cadeia de
transporte de elétrons. Em estudos prévios, Klamt e colaboradores (2005) demonstraram
uma aumentada taxa de produgdo de superoxido em mitocondrias hepéticas isoladas
incubadas com retinol; um efeito semelhante foi também observado em mitocéndrias
isoladas de ratos Wistar suplementados com palmitato de retinol (De Oliveira et al.,
2007). Em nosso modelo, a incubagcdo com rotenona inibiu tanto a producgdo de espécies
reativas quanto a ativacdo de JNK1/2, p38 e ERK1/2 por retinol, sugerindo que as
espécies reativas formadas na mitocéndria desempenham um papel central nas a¢es néo-
génomicas do retinol sobre as vias de MAPK. Portanto, o sinal redox que modula o
estado de ativagdo das MAPKs e induz a proliferacdo celular tem origem no
compartimento mitocondrial. Isso constitui, de fato, um novo mecanismo de agdo da
vitamina A em sistemas biol6gicos, embora acreditamos que os eventos celulares

mediados por este possam variar dependendo do tipo celular.

Além do envolvimento da mitocéndria nos efeitos pro-oxidantes do retinol,
descrevemos uma nova e potencial fonte de espécies reativas no tratamento com
Vitamina A: a xantina oxidase. A xantina oxidase ¢ uma enzima citosolica bem
conhecida pelo seu papel na degradacéo de purinas, sendo hiper-estimulada em situacdes
de déficit energético como hipdxia e/ou isquemia tecidual, nas quais ela tem um papel
fundamental na producéo de radical superdéxido durante a reperfusdo (Thompson-Gorman
& Zweier, 1990). Dentre os efeitos mais conhecidos, essa enzima apresenta uma fungéo
importante na geracdo de dano tecidual em eventos como infarto do miocardio, exercicio

fisico e hipdxia/isquemia cerebral (Zweier & Talukder, 2006; Prabhu et al., 2005). Além
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disso, diversos estudos tém demonstrado a habilidade da xantina oxidase em metabolizar
uma grande variedade de substratos, sendo considerada uma enzima de espectro amplo.
Em geral, esse grupo de substratos é formado por aldeidos e alcodis como o etanol,
acetaldeido, formaldeido e propanaldeido, sendo considerada uma das possiveis
envolvidas nos efeitos toxicos dessas substancias (Godber et al., 2000; Taibi & Nicrota,
2007). Recentemente, Taibi e colaboradores demonstraram que a xantina oxidase é capaz
realizar a oxidac&o do retinol a retinal, e de retinal & acido retindico in vitro (Taibi et al.,
2001; Taibi & Nicrota, 2007). Entretanto esse estudo ndo avaliou a possivel formacéo de
espécies reativas durante o metabolismo do retinol pela enzima. Sendo que diversos
estudos, entre eles os desenvolvidos em nosso grupo, tém demonstrado os efeitos pro-
oxidantes do retinol, coube-nos testar a seguinte hipdtese: a xantina oxidase poderia estar

envolvida nos eventos pré-oxidantes da vitamina A?

No segundo artigo cientifico apresentado nessa dissertagdo, utilizamos um sistema
de incubacdo in vitro idéntico ao preconizado no trabalho de Taibi & Nicrota (2007) e,
além disso, realizamos uma abordagem celular para avaliar se os dados encontrados in
vitro poderiam ser aplicados a um sistema celular. Todos os experimentos in vitro foram
performados utilizando-se como controle o substrato classico da enzima, a xantina. In
vitro, demonstramos que a incubacdo de xantina oxidase purificada com retinol
promoveu a geracdo de anion superdxido. Incubacdo de acido retinGico neste mesmo
sistema ndo induziu efeito algum. A presenca de NADH no sistema potencializou a
formacdo de superéxido no metabolismo do retinol pela enzima. O efeito inibitorio do
alopurinol, um inibidor classico da xantina oxidase, na producdo de superdxido em

presenca de retinol sugere que o sitio enzimatico envolvido na formacao de superdxido
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durante a oxidacdo do retinol pela xantina oxidase € provavelmente 0 mesmo daquele
envolvido no metabolismo de purinas. Isso é reforcado pela habilidade do retinol em
inibir a formacdo de &cido Urico a partir da metabolizacdo da xantina pela xantina

oxidase.

No primeiro artigo cientifico desta dissertacdo, foi introduzido o dado de que o
retinol induz ativagdo da xantina oxidase em células de Sertoli. Entretanto, essa ativacéo
nédo esteve relacionada com os eventos de ativagdo das MAPKSs e proliferacdo relatados,
uma vez que a ativacdo das MAPKS ocorreu em tempos curtos de tratamento (15 min) e
apresentou-se insensivel ao alopurinol, e a ativacdo da xantina oxidase foi tardia (a partir
de 3 h de tratamento). Como citado acima, a modulacdo redox das MAPKSs foi mediada
pelas espécies reativas provenientes do compartimento mitocondrial. Além de néo inibir
a ativacdo das MAPKSs, a inibicdo da xantina oxidase com alopurinol ndo apresentou
efeito na proliferacdo celular induzida por retinol 7 uM (ndo mostrado). Entretanto, o
inibidor de xantina oxidase inibiu a acumulacdo tardia de espécies reativas por retinol 7
UM (ap6s 3 h, vide fig 6A do artigo 1) e também inibiu o decréscimo de viabilidade
observado em doses altas de retinol (10 e 20 uM). Ndo somente o decréscimo de
viabilidade, mas também o dano oxidativo celular causado pelo retinol foi inibido pelo
pré-tratamento com alopurinol, sugerindo que ativacdo da xantina oxidase mediou 0s

efeitos citotdxicos da vitamina A.

Nesta dissertacdo € possivel observar que os efeitos pro-oxidantes da vitamina A
podem ser bastante especificos e sensiveis a pequenas variacdes de concentracdo. No
primeiro artigo, descrevemos um papel oxidante de uma dose especifica de retinol (7uM)

em células incubadas por 24 h. Nesse modelo, observa-se um efeito pro-oxidante
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aparentemente moderado uma vez que a viabilidade celular ndo foi alterada e,
interessantemente, as células sdo induzidas a proliferar. Este trabalho pode colaborar na
elucidacdo dos mecanismos de agdo redox da vitamina A, e também aponta para as
diferengas entre retinol e &cido retindico. Ndo podemos afirmar que caso um protocolo
experimental diferente fosse testado, como por exemplo, um tratamento diario e longo
com 7 uM de retinol, os efeitos seriam 0s mesmos, pois talvez os efeitos pré-oxidantes
fossem exacerbados e a morte celular seria o resultado mais provavel. Entretanto, esse
trabalho e os estudos prévios mostram que o tratamento com retinol 7 UM é capaz de
induzir a proliferacdo e transformacéo fenotipica de uma célula até entdo normal e ndo-
proliferativa como a célula de Sertoli. Logicamente, essa € uma abordagem in vitro, mas
é reforcada uma vez que estudos demonstraram eventos de transformagdo oncogénica
associadas a suplementagdo com vitamina A em humanos (Omenn, 2007). Quando as
celulas foram expostas a concentragdes mais altas (10 a 20 pM) observamos um
significativo decréscimo de viabilidade, e inovamos ao determinar que a xantina oxidase
poderia estar envolvida nesses efeitos citotdxicos. Em ratos, estudos prévios realizados
em nosso grupo demonstraram que a suplementacdo com vitamina A induz dano
oxidativo as estruturas do SNC (De Oliveira et al., 2007; De Oliveira et al., 2008),
ativacdo de caspases e decréscimos nos niveis de BDN (manuscritos em revisao)
corroborando para a afirmacéo que a suplementacdo com vitamina A pode ser citotoxica
ao SNC. Sendo a xantina oxidase uma enzima envolvida em diversas situacdes
patoldgicas do SNC, ndo podemos desconsiderar a possibilidade de esta estar envolvida
nos efeitos tdxicos da vitamina A in vivo. Estudos posteriores serdo realizados no intuito

de responder a essa questao.
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5. CONCLUSOES:

No artigo 1, determinamos que a producao de espécies reativas no compartimento
mitocondrial mediou a ativacdo redox-dependente de JNK, p38 e ERK, e esse evento se
mostrou intimamente envolvido na inducéo de proliferagdo de células de Sertoli tratadas
com 7 uM de retinol. Neste trabalho também demonstramos que o &cido retindico, o
principal metabdlito ativo do retinol, ndo apresenta qualquer atividade pré-oxidante ou
proliferativa. Ao contrario, o &cido retindico possuiu efeitos antiproliferativos e indutores
de diferenciacdo celular, o que corrobora com boa parte da literatura sobre este retindide.
Portanto, este modelo mostra que a capacidade pro-oxidante e moduladora de sinalizacdo

redox foi restrita ao retinol.

No artigo 2, determinamos que o metabolismo do retinol pela xantina oxidase
gera a producdo de radical superoxido in vitro. Tal efeito é potencializado pela presenca
de NADH, e o sitio enziméatico envolvido neste é provavelmente o mesmo daquele
utilizado para a producéo de superéxido no metabolismo do substrato classico, a xantina.
Também determinamos que a xantina oxidase esta envolvida na producdo de espécies
reativas, no dano oxidativo, e nos efeitos citotoxicos dependentes do retinol em

concentracgdes elevadas.

Portanto, este trabalho colabora ao demonstrar a importancia da manutencao dos
niveis de retinol dentro da faixa fisioldgica, uma vez que pequenas flutuacdes nos
mesmos podem acarretar profundas mudancas no estado oxidativo celular, modulacdo de
vias de sinalizacdo celular e mecanismos de proliferacdo e morte dependentes da
producdo de espécies reativas. Além disso, foi demonstrado que diferentes retindides

podem induzir diferentes efeitos na proliferacdo celular, sugerindo a necessidade de uma
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conduta defensiva ao extrapolar os efeitos observados a partir do tratamento com um
determinado composto retindide, ndo extendendo-os a toda a familia “retindide”. Por fim,
demonstramos uma nova fonte de espécies reativas de oxigénio potencialmente envolvida
nos efeitos pré-oxidantes da Vitamina A. Em suma, acreditamos com estes estudos
colaborar para o entendimento das a¢fes ndo-classicas e pro-oxidantes da vitamina A em

sistemas bioldgicos.
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