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O trioxido de arsénio (As,O3) tem se mostrado altamente eficaz e muito utilizado no
tratamento para diminuir ou eliminar a leucemia promielocitica aguda. Estudos mostram
relac@o entre exposicao a este composto e inibi¢do da espermatogénese ou desenvolvimento
do espermatozoide, uma vez que exerce efeito inibitdrio nos testiculos. Diante da crescente
utilizagdo do As,Os no tratamento da leucemia e da escassez de resultados sobre os seus
efeitos adversos na reproducdo masculina, justifica-se a realiza¢do do presente estudo, pelo
qual se avaliou os efeitos imediatos e tardios do tratamento com As,0O; sobre fisiologia
reprodutiva de camundongos Swiss adultos e se a co-administracdo de N-acetilcisteina
(NAC), previne esses efeitos. Em um primeiro experimento, camundongos Swiss adultos
foram tratados com veiculo, 0,3 ou 3,0 mg/Kg/dia de As;Os3, via subcutinea, em 25
aplicagdes. No final do tratamento, metade dos animais foram eutanasiados para avaliagdao
dos efeitos pds-tratamento e a outra metade foi mantida sem a droga por periodo de 50 dias,
até que se procedeu a eutanasia para avaliacdo da possivel reversibilidade dos efeitos.
Foram investigados: peso dos 6rgdos vitais, reprodutores e glandulas sexuais acessorias,
quantidade e qualidade espermdticas, dosagem de testosterona e dosagem de arsénio no
sangue. Os animais tratados com 3,0 mg/kg de As,Os e eutanasiados logo apds o fim do
tratamento mostraram diminui¢do no peso da vesicula seminal, nimero de espermatozoides
moveis e producdo espermdtica didria. Apds periodo de suspensdo do tratamento, os
animais tratados com a mesma dose continuaram apresentando reducdo nos mesmos
parametros. Em um segundo experimento, foi avaliada a contratilidade do ducto
epididimario isolado tanto frente ao tratamento in vivo dos animais (tratados com o veiculo
ou com a dose de 3,0 mg/kg/dia de As,O3) quanto ao tratamento in vitro do tecido. Essa
andlise revelou que a contragdo maxima do ducto epididimario estava significativamente
aumentada nos animais tratados com As;O3 in vivo. E em uma terceira etapa os animais
foram divididos em Controle, As;O3 (3,0 mg/Kg/dia), NAC na dgua de beber (40mM) e
As;03 + NAC, tratados por 5 semanas. Apds o final do tratamento, os animais foram

avaliados quanto aos parametros que se apresentaram prejudicados com o tratamento
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anterior, descrito na etapa um. Quando a NAC foi oferecida aos animais, houve uma
melhora significativa nos pardmetros esperméticos antes prejudicados pela administracao
da droga, i.e., o peso de vesicula seminal, nimero de espermatozoides méveis e producdo
espermdtica didria do grupo As,O3; + NAC foram similares ao grupo controle. Podemos
concluir que o As;O; exerce efeitos toxicos sobre o sistema genital de camundongos
machos, e que esses efeitos podem ser persistentes mesmo apds o término do tratamento.
Os resultados mostraram, também, que a administracdo de um antioxidante pode prevenir

os efeitos deletérios dessa droga sobre os pardmetros avaliados.
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Arsenic trioxide (As;Os3), a trivalent arsenic form has proven highly effective and
widely used in the treatment to reduce or eliminate acute promyelocytic leukemia. Studies
show a relationship between exposure to this compound and inhibition of spermatogenesis
and sperm development since it exerts an inhibitory effect on the testis. Given the growing
use of As,0O3 on treatment of leukemia and the lack of results about the side effects on male
reproduction, it is justified to carry out this study, which evaluated the immediate and late
effects of treatment with As;O3 on the structure and reproductive physiology of adult Swiss
mice and whether the co-administration of N-acetylcysteine (NAC) prevents these effects.
In a first experiment, adult Swiss mice were treated with vehicle, 0.3 or 3.0 mg/Kg/day of
As,03, subcutaneously in 25 applications. At the end of treatment, half of the animals were
euthanized for evaluation of the post- treatment effects and the other half was maintained
without the drug for 50 days until the euthanasia to evaluate the potential reversibility of
the effects. It was evaluated: the vital, reproductive and accessories organ weights, analyzes
of sperm quantity and quality, testosterone and arsenic measurements in blood. Animals
treated with 3.0 mg/Kg of As,O3; and euthanized immediately after the end of treatment
showed a decrease of seminal vesicle weight, in number of motile spermatozoa and daily
sperm production. After suspension of treatment, animals treated with this same dose
continued to show reduction in these same parameters. In a second experiment, the
contractility of the epididymal duct was evaluated both in vivo treatment of animals (treated
with vehicle or a 3.0 mg/Kg/day of As;Os3) and in vitro treatment of the tissues. This
analysis revealed that the maximum contraction of the epididymal duct was significantly
increased in in vivo treated animals. And in a third step animals were divided into Control,
As;03 (3.0 mg/Kg/day) NAC in tap water (40 mM) and As,O3 + NAC, treated for 5 weeks.
After the end of treatment, animals were assessed for previously impaired parameters
described in step one. When NAC was given to the animals, there was a significant
improvement in sperm parameters before harmed by the drug administration, i.e. seminal
vesicle weight, number of motile sperm and daily sperm production in As;Oz + NAC group

were similar to the control group. We conclude that As,Os exerts toxic effects on the male
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mice genital system, and that these effects may be persistent even after the end of
treatment. Also, the results showed that administration of an antioxidant can prevent the

deleterious effects of this drug on the parameters evaluated.
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1. Sistema Genital Masculino de Roedores

O sistema genital masculino de roedores assemelha-se a outros mamiferos,
constituindo-se de testiculos, epididimos, ductos deferentes, glandulas sexuais como

prostata e vesicula seminal, e 6rgdo copulador, o pénis (Figura 1).

GLANDULA SEMINAL
TESTICULO

PROSTATA VENTRAL

DUCTO DEFERENTE
EPIDIDIVIO

PENIS

Figura 1: Orgios genitais internos de rato Wistar. Fonte: Laboratério de Toxicologia da

Reprodugio e do Desenvolvimento.

1.1. Testiculo

O testiculo estd localizado dentro da bolsa escrotal, o que faz com que sua
temperatura seja diferente do restante do corpo. E envolvido por uma grossa cépsula de
tecido conjuntivo denso, chamada tdnica albuginea, e pode ser dividido funcional e
anatomicamente em duas partes: tibulos seminiferos e tecido intersticial, sendo que o
primeiro € responsdvel pela producdo dos gametas masculinos, os espermatozoides, € o
segundo realiza a estereidogénese, ou seja, producdo de hormodnios esterdides (Figura 2)

(Johnson, 1997). O compartimento intersticial contém vasos linfaticos e sanguineos,




nervos, macréfagos e células de Leydig, que ocupam a maior parte do espaco entre os
tibulos seminiferos e representam a maior fonte de andrégenos, principalmente
testosterona, sendo fonte também para producdo de outros esterdides (Russel, 1990). Os
tibulos seminiferos sdo formados por um epitélio germinativo ou seminifero, envolvido por
uma lamina basal e tecido conjuntivo contendo fibroblastos e células midides.

No epitélio germinativo encontram-se dois tipos celulares: as células de Sertoli e as
células da linhagem espermatogénica (Junqueira, 2008). As células de Sertoli apresentam
papel importante no suporte fisico e nutricdo das células germinativas em desenvolvimento
pela secrecdo de fluidos com proteinas e fatores de crescimento importantes para a
viabilidade espermadtica. Além disso, sdo responsdveis pela compartimentalizacdo do
epitélio seminifero através da formacdo da Barreira de Células de Sertoli, que oferece um
ambiente especializado que protege as células germinativas de substincias toxicas e reagao
autoimune. Realiza ainda a fagocitose do excesso de citoplasma liberado do
espermatozoide diferenciado e células germinativas em degeneracdo (Franca et al., 2005,
Griswold, 1998). Ja as células da linhagem espermatogénica sdo aquelas que, dispostas em
camadas, sdo responsdveis pela producdo dos espermatozoides, processo denominado
espermatogénese (Junqueira, 2008).

A espermatogénese € um processo ciclico no qual as espermatogdnias dipldides,
situadas préxima a lamina basal, comecam a sofrer mitose, proliferando-se e diferenciando-
se para produzir novas geracOes de células germinativas. Essa espermatogonia se modifica,
originando os espermatdcitos primdrios, que sofrem a primeira divisdo meidtica para
originar espermatdcitos secunddrios, células hapldides. Em uma segunda meiose, essas
células originam as espermatides, que passardo por citodiferenciacdo para originar o
espermatozoide, uma célula altamente diferenciada e especializada (Clermont, 1972,

Amann, 1986).




Espermiogénese avancada Espermatides iniciais

Espermiogénese inicial Espermatdcitos secundarios

Meiose

Espermatécito primario

Lamina basal Espermatogénia

Fibroblasto

Células intersticiais

Figura 2. Esquema de tiibulo seminifero mostrando as células da linhagem espermatogénica e

o tecido intersticial, evidenciando seus principais componentes (Junqueira, 2008).

O sistema genital masculino € local de agdo e/ou producdo de hormonios que
apresentam fungdes essenciais na espermatogénese, sendo eles: festosterona, secretada
pelas células de Leydig, e que auxiliam no desenvolvimento das células germinativas;
horménio luteinizante, secretado pela hipofise anterior, tem funcdo de estimular as células
de Leydig; hormonio foliculo-estimulante, também secretado pela hipofise para estimulagdo
das células de Sertoli; e hormonio do crescimento, que promove a divisdo da

espermatogonia (Knobil, 2006)

1.2. Epididimo

O epididimo de roedores é formado por um unico ducto altamente enovelado que
conecta os ductulos eferentes ao ducto deferente e pode ser dividido em regides citoldgica e
fisiologicamente distintas: segmento inicial, cabeca, corpo e cauda, que sdo subdivididas
histologicamente de acordo com altura do epitélio, distribuicio e quantidade de tipos

celulares, proporcionando um microambiente especifico para a passagem dos




espermatozoides vindos do testiculo (Figura 3). O epididimo pode ser dividido em trés
compartimentos: o limen do ducto, que contém espermatozoides e plasma, o epitélio de

revestimento e o tecido conectivo (Cleland, 1957, Franca et al., 2005).

Dictulos Epididimu Se.gr?njenm
eferentes inicial

Testiculo

deferente

Figura 3. Trato genital masculino, mostrando a rede testis, ductulos eferentes, segmento
inicial, cabeca corpo e cauda do epididimo, além do ducto deferente. Modificado de

(Klinefelter GR, 1998).

Apresenta papel importante na maturacdo das células germinativas que deixam os
testiculos morfologicamente formadas, porém ainda imaturas, i.e., sem habilidade de
movimentacdo e fertilizacdo do odcito. O espermatozoide, durante o seu transito pelo ducto
epididimério, adquire mobilidade e também capacidade de reconhecimento e fertilizacio de
ovdcito secunddrio.. Ainda, além da maturacdo e transporte, o epididimo fornece protecao
as células germinativas e € responsdvel por concentrar e armazenar as células germinativas

e libera-las durante a ejaculagao (Hermo, 2002).




Circundando o ducto epididimério existe uma camada de células musculares, mais
fina na regido da cabeca e corpo e mais grossa na regido da cauda, que auxilia o transito de
espermatozoides e sua expulsdo para o ducto deferente (Ricker et al., 1997, Kempinas et
al., 1998b). Sua contracdo auxilia no processo de transito espermdtico e, principalmente,
expulsdo dos espermatozoides da regido da cauda para o ducto deferente (Bellentani et al.,
2011). Essa camada apresenta diferenca em sua espessura de acordo com a porcdo do
epididimo em que se encontra, sendo mais fina na regido da cabeca e corpo e mais espessa
na regido da cauda (Figura 4), sendo importante no controle do processo contritil que

fornece tempo hébil para os espermatozoides se maturarem (Kempinas et al., 1998a).

Tubulo
seminifero

——__ Testiculo

Camada muscular

Figura 4. Esquema mostrando as diferengas de espessura da camada muscular entre as

diversas porc¢des do ducto epididimario. Modificado de (Azhar S, 2007).

1.3. Ducto deferente

O ducto deferente € um ducto muscular que sai da cauda do epididimo, cuja fungdo €

levar o espermatozoide do epididimo para a uretra e, através da secrecdo de seu epitélio,




contribuir para formag¢do do meio que acompanha o espermatozoide durante seu transito.
Sua principal fun¢do € transportar os espermatozoides e terminar o processo de maturacao
espermdtica (Dixon et al., 1998). Caracteriza-se por uma mucosa coberta por epitélio
colunar com estereocilios, limen estreito e espessa camada de musculo liso que sofre fortes

contragdes para expulsdo do sémen durante a ejaculacdo (Junqueira, 2008).

1.4. Vesicula seminal

A vesicula seminal consiste em um tunico ducto dilatado e enovelado (Figura 5),
revestido por epitélio pseudo-estratificado altamente pregueado rico em granulos de
secrecdo (Hayward et al., 1996a). Este epitélio secretor é constituido por uma fileira de
células basais arredondadas e uma camada de células epiteliais colunares secretoras, que
contém numerosos granulos de secrecdo de coloracdo amarelada (Johnson, 1997). Sua
secrecdo contém frutose, citrato e vdrias proteinas importantes para a nutricdo do
espermatozoide; os carboidratos secretados no liquido seminal constituem fonte energética
para a motilidade espermética. Durante a ejaculagc@o, a vesicula seminal se contrai para
expulsdo de seu contetido no ducto ejaculatério, e iSso ocorre a0 mesmo tempo em que O
ducto deferente despeja seus espermatozoides (Guyton, 2006). Por ser um 6rgao
androgeno-dependente, a altura das células epiteliais e sua atividade secretora sdo

dependentes dos niveis de testosterona circulante (Kierszenbaum, 2008, Junqueira, 2008).

1.5. Prostata

A prostata de roedores € uma glandula sexual acesséria masculina, com aspecto
multilobulado e situada ao redor da bexiga urindria (Figura 5). Essa glandula apresenta
importante papel na fisiologia reprodutiva, uma vez que sua principal funcdo € produzir
uma secrec¢do de natureza alcalina que compde o fluido seminal. Essa secre¢do € essencial
para a motilidade e fertilidade dos espermatozoides (Marker et al., 2003, Risbridger, 2006).
E dividida em lobos classificados como ventral, dorsal e lateral, de acordo com a
distribuicao ao redor da uretra prostatica, além do lobo anterior ou glandula de coagulagdo,

situado na parte coOncava da vesicula seminal, os quais apresentam caracteristicas




histolégicas, morfolégicas, de expressdao protéica e de sintese de DNA diferenciadas
(Cunbha et al., 2004).

A préstata € dividida em dois compartimentos extremamente diferenciados entre si:
epitelial glandular e estroma fibromuscular. O compartimento epitelial é composto por
epitélio cubdide a colunar secretor, com células neuroenddcrinas e basais, organizadas em
acinos glandulares que secretam para o espaco interluminal. J4 o compartimento estromal
possui células estromais, vasos sanguineos, nervos e células do sistema imune como
macrofagos e linfocitos. H4 ainda a presenca de fibroblastos, principal tipo celular presente,
responsdvel por sintetizar a matriz extracelular, uma rede de proteinas fibrilares,
glicoproteinas e proteoglicanos (Kreis, 1999), e moléculas regulatdrias, como fatores de
crescimento, e enzimas que agem coordenadamente, regulando a fisiologia celular e

mantendo a homeostase (Tuxhorn et al., 2001).
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Vesicula seminal

Lobo dorsolateral da prostata
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Figura 5. Esquema mostrando vesicula seminal e préstata de um roedor. Fonte desconhecida.




2. Trioxido de arsénio

O arsénio (As) é um metal pesado distribuido por toda a crosta terrestre, solo,
sedimentos, dgua, ar e organismos vivos. Assim sendo, a exposi¢cdo natural a este metal
torna-se inevitavel, caracterizando-o como um contaminante ambiental, com -efeitos
mutagénicos, teratogénicos e carcinogénicos ja descritos (Mandal and Suzuki, 2002). Esse
metal ocorre em dois estados de oxidagdo: a forma trivalente, o triéxido de arsénio ou
arsenito (As;O3) e a forma pentavalente, o arsenato (As;Os), sendo que o primeiro é 60
vezes mais toxico do que o segundo (Ratnaike, 2003). Apesar do perigo de envenenamento,
compostos a base de arsénio sdo de interesse a mais de 2.400 anos por apresentar também
efeitos terapéuticos no tratamento de tlceras, doencas de pele e até mesmo sifilis (Kritharis

et al., 2013).

2.1. Eficdcia no tratamento da leucemia

Embora o As seja carcinogénico, uma vez que a exposi¢do pode levar ao
desenvolvimento de cancer de pescoco, pele e rim, seu uso tem se mostrado paradoxal. Isso
porque, na década de 90, pesquisadores chineses descobriram que injecdes intravenosas de
uma solucio contendo As>Osz poderiam ser usadas no tratamento de um tipo de céincer, a
leucemia promielocitica aguda (LPA), uma forma rara de leucemia, associada a uma
anormalidade genética especifica identificada como anemia miel6ide aguda (AML) pela
classificacdo da French-American-British (FAB). Citogeneticamente, a LPA ¢ caracterizada
por um deslocamento reciproco entre os cromossomos 15 e 17, como resultado da fusio
entre o gene da leucemia promielocitica (PML) e receptores a do acido retindico (RARa),
resultando no gene PML-RARa (Figura 6) (Yoshino et al., 2009). O tratamento usual da
LPA se dava, até entdo, com 4cido transretindtico (ATRA) e antraciclinas, no qual se
obtinha taxa de remissdo completa em at€ 90% dos pacientes; entretanto, havia uma
considerdvel propor¢do de pacientes que apresentavam reincidéncia da doenga. Assim, o
As;03 se mostrou efetivo no tratamento de pacientes com LPA recidiva (Hu, 2011). Um
dos casos mais expressivos descritos na literatura relata que em um estudo com 72
pacientes, 62 deles foram curados da doenga tratando-se apenas com o agente As,Os; 0s

pacientes recebiam a droga por um periodo de no maximo 60-75 dias, até que a remissao




completa fosse atingida. Depois de um intervalo de um meés, a droga era novamente
administrada pelo periodo de quatro semanas, em uma terapia denominada Consolidagcdo
(Mathews et al., 2006). Muitos outros estudos comprovaram que o As;O; é capaz de
promover ndo s6 a remissdo da doenca, mas também a sobrevivéncia em longo prazo de
mais de 90% dos pacientes tratados, além de ser bem menos téxico que outras
quimioterapias convencionais (Soignet et al., 1998, Chiou et al., 2008, Kritharis et al.,
2013).

Devido a sua eficacia, em 2000, o As;Os foi aprovado pela US Food & Drug
Administration (FDA) para uso no tratamento da LPA (Anonymous, 2001). Seu mecanismo
de acdo antitumoral se da através da degradacdo da proteina resultante do gene fusionado
PML-RARa pelas espécies reativas de oxigénio (ERO) formadas, o que leva a
diferenciacdo e apoptose das células leucémicas (Powell et al., 2010). Além disso, (Zheng
et al., 2005) mostrou que o tratamento com As;O3; causa mudancas conformacionais que
ativam a proteina Bax, uma proteina pro-apoptética que regula a iniciacdo da apoptose. Sua
ativacdo requer estresse oxidativo intracelular, causado pela geracdo de ERO, sugerindo
que a acdo antitumoral do As,;Os3 estd relacionada ao aumento na producio dessas moléculas
(Zheng et al., 2005). Entretanto, a promog¢do de apoptose ndo estd limitada as células

leucémicas.
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Figura 6. Representacdo esquemadtica da fusdo dos genes PML e RARa na leucemia

promielocitica aguda (Tomita et al., 2013).
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2.2. Efeitos adversos

Apesar da sua eficdcia no tratamento de diversas patologias, a exposicdo aguda,
crOnica ou mesmo farmacoldgica ao arsénio pode resultar em muitos efeitos adversos
secunddrios. A exposi¢ao aguda ao arsénio pode ocasionar cardiomiopatias, faléncias renal
e respiratéria bem como edema pulmonar, enquanto que a exposi¢ao cronica pode levar ao
desenvolvimento de diabetes, hiperglicemia, hepatomegalia e cirrose. J4 a exposi¢cdo a
doses farmacoldgicas pode resultar no aparecimento de encefalopatias, neutropenia e
taquicardias (Kritharis et al., 2013).

A exposicdo ao As inorganico, em doses ambientalmente relevantes, estd
diretamente relacionada com a infertilidade em homens, sendo que os individuos expostos
apresentam menor quantidade de espermatozoides vidveis (Meeker et al., 2010). Estudos
mostraram que a exposicdo ao As;Os estd associada a espermatotoxicidade, inibi¢do da
androgénese testicular e reducdo do peso dos testiculos e das glandulas sexuais acessorias
(Pant et al., 2004, Sarkar et al., 2003). Além disso, (Jana et al., 2006) demonstrou uma agao
inibitéria sobre o testiculo e danos sobre o eixo hipotdlamo-hipofisdrio, levando a
diminui¢do na concentracdo plasmatica do hormonio luteinizante (LH) e hormdnio foliculo
estimulante (FSH), com conseqiiente prejuizo da estrutura e funcdo testicular normal, tanto
do ponto de vista da producdo de testosterona pelas células de Leydig quanto da propria
espermatogénese em ratos.

(Chiou et al., 2008) realizaram um experimento em camundongos administrando
As>0O3 por um periodo de trés semanas. Os autores reportaram alta toxicidade causada pelo
composto inorganico sobre o sistema genital masculino, evidenciada pela reducido de
motilidade, viabilidade espermdtica e nimero de espermatozoides na cauda epididimdria. A
diminui¢cdo dos niveis de testosterona plasmadtica e intratesticular podem indicar alteracoes
na espermatogénese e esteroidogénese, tendo como alvo as células germinativas
masculinas.

A literatura apresenta alguns trabalhos a respeito dos efeitos adversos no sistema
genital masculino promovidos pelo tratamento com As;0O3, mostrando sua capacidade de
inibir a espermatogénese e a estereidogénese. Entretanto, faltam dados sobre a possivel

reversibilidade dos efeitos, ou seja, se a reproducdo desses individuos continua afetada
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mesmo apds o término do tratamento. Ainda, novas estratégias para prevenir ou atenuar os
efeitos adversos da droga sdo necessdrios, a fim de melhorar a qualidade de vida dos

individuos em tratamento da LPA.

3.  Estresse oxidativo induzido pelo Asz03

Nas células do céncer, os niveis de ERO inerentes estao aumentados, tornando-as
altamente susceptiveis a apoptose. Assim, a eficicia do tratamento com As,O; estd
relacionada ao estresse oxidativo, visto que substancias que aumentem ainda mais os niveis
dessas moléculas possuem agdo pré-apoptética antitumoral (Gao et al., 2004). Entretanto,
esse estresse € gerado também nas células normais, sendo uma das principais causas da
toxicidade reprodutiva do As;Os.

O mecanismo de acdo pelo qual o As;O3 leva ao estresse oxidativo € através da
diminui¢do do potencial de membrana mitocondrial, o que resulta em aumento na liberagao
de ERO por essa organela. Em condi¢des fisioldgicas, as ERO s@o continuamente formadas
pela cadeia respiratéria mitocondrial, uma vez que sdo fundamentais no metabolismo
celular; quando elas aumentam acima dos niveis normais, as células valem-se de um
eficiente sistema antioxidante composto principalmente de enzimas como a superéxido
desmutase, glutationa peroxidase e catalase, responsaveis pela detoxificacdo das ERO em
excesso, mantendo-as estaveis (Gao et al., 2004). Entretanto, a exposi¢ao cronica ao As;O3
também é capaz de inibir o funcionamento dessas enzimas, o que leva a desregulacdo do

balanco pr6 e antioxidante da célula (Figura 7) (Emadi and Gore, 2010, Flora, 2011).
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apoptose

Figura 7. Mecanismo de acio do As;0s A esquerda, o aumento da liberacido de ERO a
partir da mitocondria e a inibicio das enzimas antioxidantes. A direita, degradagdo da
proteina resultante do gene fusionado PML-RAR« no ntcleo da célula leucémica, levando-a a

apoptose. Adaptado de (Emadi and Gore, 2010).

4. Estresse oxidativo e o sistema genital masculino

O estresse oxidativo tem papel importante na etiologia da infertilidade masculina,
sendo reconhecido como uma de suas principais causas. As ERO s@o essenciais para o
funcionamento do sistema genital masculino, visto que em baixas concentracdes sao
fundamentais tanto a capacitacdo e hiperativacdo espermdtica quanto a fusdo do
espermatozoide ao odcito (de Lamirande and O'Flaherty, 2008, Rivlin et al., 2004).
Entretanto em altas concentracdes pode ter efeitos deletérios, afetando negativamente a
qualidade espermética devido a indu¢do de modificacdes quimicas e estruturais ao DNA e

membrana lipidica da célula germinativa (Benedetti et al., 2012).
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Khosrowbeygi and Zarghami (2007), em um estudo com amostras espermaticas de
humanos, mostraram que a peroxidacao lipidica, que apresenta correlagdo positiva com 0s
niveis de estresse oxidativo, € maior em espermatozoides com alguma anormalidade
morfoldgica. Essa peroxidacdo de lipideos acontece porque a membrana plasmadtica do
espermatozoide € altamente vulnerdvel a acdo de ERO, principalmente devido a sua
composi¢do predominante de 4cidos graxos poliinsaturados (Aksoy et al., 2006). A
modificacdo da fluidez da membrana pode afetar processos importantes como a motilidade
espermatica e a fertilizacao do odcito (Benedetti et al., 2012).

O estresse oxidativo também estd relacionado a baixas taxas de fertilizacdo,
desenvolvimento embriondrio deficiente, perdas gestacionais e defeitos ao nascimento

devido aos danos causados ao DNA mitocondrial e nuclear do espermatozoide (Aitken and

Baker, 2006, Aitken and De Iuliis, 2010)

5. Antioxidantes na prevencgdo de danos do estresse oxidativo

Os testiculos apresentam um elaborado sistema antioxidante que garante que a
espermatogénese e a estereidogénese nao sejam impactadas pela geracdo de espécies
reativas. Essa defesa € de extrema importancia, uma vez que os danos oxidativos sdo a
maior causa de funcdo testicular prejudicada (Aitken and Roman, 2008).

Além dessas enzimas, os testiculos apresentam pequenos fatores para sua protecao.
S@o moléculas de baixo peso molecular como fons e radicais livres (e.g. zinco, vitaminas C
e E, citocromo C). O zinco participa da formacdo de enzimas detoxificantes como a
super6xido desmutase e também da protecdo do grupo sulfidril de proteinas, além de
impedir a peroxidacdo lipidica (Bray and Bettger, 1990). Sabe-se que a vitamina E € vital
para a manutencdo da espermatogénese em mamiferos devido ao seu alto poder
antioxidante, e esta presente em altas concentracdes nas células de Sertoli, espermatocitos e
espermatides (Johnson, 1979). O papel da vitamina C estd relacionado a vitamina E; ela
contribui para a manutencdo da espermatogénese na medida em que mantém a vitamina E

em seu estado ativo. Defici€ncias nessas vitaminas levam ao estresse oxidativo que pode
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desregular tanto a espermatogénese quanto a producdo de testosterona (Paolicchi et al.,
1996, Johnson, 1979).

Apesar da presenca dessas enzimas e fatores, o sistema genital pode necessitar de
protecao antioxidante adicional, visto que os espermatozoides sdo mais vulnerdveis ao
estresse oxidativo por perder grande parte do seu citoplasma no processo de
citodiferenciacdo que ocorre durante a espermiogénese, mantendo apenas uma pequena
quantidade de enzimas e moléculas detoxificantes (Aitken and Sawyer, 2003). Assim,
grande aten¢do tem sido dada ao estudo do poder antioxidante de algumas substancias,
como resveratrol, dexpantenol, carnitina e N-acetilcisteina. Na busca de resultados
positivos, esses antioxidantes tém sido administrados a homens inférteis na esperanca de se
obter melhorias na qualidade espermaética desses individuos.

A N-acetilcisteina (NAC) (Figura 8) € um composto a base de tiol tem sido
amplamente usada para atenuar condi¢des de estresse oxidativo hd 40 anos, visto que
apresenta importante papel na protecdo de constituintes celulares. A suplementacdo com
esse antioxidante tem se mostrado um método eficaz na contencdo de doengas relacionadas
ao estresse oxidativo (Atkuri et al., 2007). Sua a¢do antioxidante deriva da habilidade em
estimular e sustentar os niveis intracelulares de glutationa pela suplementacdo do
aminodcido cisteina, utilizado na sintese da principal enzima de detoxificacdo das ERO.
Além disso, é eficiente na quelacio de metais toxicos, e apresenta propriedades
antimutagénicas e anticarcinogénicas (Reddy et al., 2011, Moldeus and Cotgreave, 1994).
Estudos mostraram que, apds infusdo intravenosa de 200 mg de NAC, o pico plasmadtico
decai rapidamente, atingindo metade da concentragdo em 40 minutos. Entretanto, a
aplicacdo oral de mesma dose, detecta-se a NAC oxidada apdés 3 horas da ingestdo
(Moldeus and Cotgreave, 1994). Além disso, a administracdo oral de até 8000 mg/kg nao
parece causar efeitos adversos significativos (De Rosa et al., 2000).

Essa substincia tem sido usada ainda no tratamento de vdrias patologias como
imunodeficiéncia adquirida (AIDS), fibrose cistica, e doenca obstrutiva do pulmao (Atkuri
et al., 2007). Santra et al. (2007) mostraram que injurias no figado decorrentes do estresse
oxidativo causado pela exposicdo ao arsénio foram suprimidas quando esses animais

receberam pré-tratamento com NAC.
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Considerando-se que os efeitos toxicos dos compostos de arsénio no sistema genital
devem-se, pelo menos em parte, a danos causados pelo estresse oxidativo, e que a NAC
possui a forte habilidade em restaurar o equilibrio pr6é e antioxidante da célula, torna-se
interessante estudar se a suplementacdo com esse antioxidante é capaz de suprimir os

efeitos deletérios do As,O3 em pacientes sob tratamento da LPA.

HO
>C

O/
H —N

—-O—2I
Lr—-0O—1
w
L

|
Hsc/c o

Figura 7. Estrutura quimica da N-acetilcisteina. (Moldeus and Cotgreave, 1994)
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Diante da crescente utilizagdo do As;Os como uma terapia alternativa para o
tratamento da leucemia promielocitica aguda e da escassez de resultados sobre os seus
efeitos adversos sobre a reprodug¢do masculina, justificou-se a realizagdo do presente
estudo, pelo qual avaliou-se os efeitos da droga sobre o sistema genital masculino de
camundongos expostos na idade adulta. Espera-se que, através dos resultados experimentais
obtidos seja possivel contribuir para um melhor esclarecimento sobre os impactos do As;O3
sobre a reprodu¢do, melhorando a qualidade de vida dos usudrios do As,O; como

quimioterapia alternativa no tratamento da LPA.

18






O objetivo fundamental do projeto foi analisar pardmetros de qualidade espermatica

de camundongos Swiss expostos a0 As;Os durante a idade adulta.

Os objetivos especificos foram:

e Investigar os efeitos da droga no sistema genital masculino logo apds o
término do periodo de tratamento de 5 semanas.

e Investigar se os efeitos da droga foram persistentes mesmo apds suspensiao
do tratamento por 50 dias.

e Investigar se 0 As;O3; € capaz de alterar a contratilidade do ducto
epididimadrio.

e Investigar se a administracdo do antioxidante N-acetilcisteina seria capaz de

prevenir os efeitos causados pela droga no sistema genital.

Para o cumprimento dos objetivos foram investigados parametros como peso dos
Orgdos vitais, reprodutores e glandulas sexuais acessorias, andlises esperméticas (produgdo,
motilidade e morfologia espermadticas), dosagem de testosterona no soro, dosagem de

arsénio no sangue e contratilidade do ducto epididimério isolado.
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Esse trabalho deu origem ao manuscrito “THE CO-ADMINISTRATION OF N-
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ABSTRACT

Arsenic trioxide (As;O3;) has been shown effective in the treatment of acute
leukemia, leading to remission of the disease in most patients. The efficiency is due to its
apoptosis-inducing activity in cancer cells. However, As,O3; can induce apoptosis in germ
cells, thus associating it with reproductive toxicity. Since the toxicity of As,0O; is closely
related to generation of reactive oxygen species, remediation with N-acetylcysteine (NAC)
may mitigate the side effects caused by exposure. This study aimed to assess the effects of
As,03 on the Swiss male mouse genital system and its potential reversibility after cessation
of exposure or co-administration of NAC. Animals were treated with 0, 0.3 or 3.0
mg/Kg/day of As,O3; subcutaneously and 40mM of NAC in tap water. Analysis of sperm
counts and quality revealed that As;Os; impaired spermatogenesis and sperm motility
besides decreasing seminal vesicle weight and testosterone serum levels; after suspension
of treatment, these parameters remained altered. Epididymal duct contractility was
increased in As,Os-treated animals. However, when NAC was given to these animals, there
was a significant improvement in sperm parameters and seminal vesicle weight before
being harmed by the drug. We concluded that the chemotherapeutic agent As;Osz is toxic to
the male mouse genital system by compromising sperm quality and quantity, and that these
effects persisted even after suspension of the treatment. Furthermore, the co-administration
of an antioxidant substance such as NAC prevents the harmful effects of the drug on the

male genital system.
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1. INTRODUCTION

Arsenic is a heavy metal that is widespread in the soil, water, air and organisms. The
consequent inevitability of natural exposure to this metal, characterizes it as an
environmental contaminant with known carcinogenic, mutagenic and teratogenic effects
(Mandal and Suzuki, 2002). This metal occurs in two oxidation states: the trivalent form —
arsenic trioxide or arsenite (As;O3) and the quinquivalent form — arsenate (As,;0Os), with the
former state being 60 times more toxic than the latter (Ratnaike, 2003).

In 1970, a research group from China found that intravenous injections of a solution
containing As;O3 could be used in the treatment of acute promyelocytic leukemia (APL),
and are able to promote complete disease remission in over 60% of the cases (Chen, 1997).
Ever since, several studies have confirmed its role in complete remission induction in over
80% of leukemia patients undergoing treatment (Soignet et al., 1998, Soignet et al., 2001,
Mathews et al., 2006, Mathews et al., 2011, Lin et al., 2013).

The drug acts through differentiation induction and programmed cell death of
malignant cells (Lorenzo et al., 1999). Despite its efficiency in the treatment of leukemia,
As,03 can be toxic for the male genital system, since it can cause apoptosis in germ cells.
Studies showed that As;Os3 can induce Sertoli cells apoptosis and decrease testosterone
levels and sperm motility (Chiou et al., 2008, Kim et al., 2011). However, it is unknown
whether these effects on the genital system remain when exposure ends.

N-acetylcyteine (NAC) is an antioxidant substance that plays an important role in
the protection of cell constituents from oxidative stress. Since the toxicity of As;Oj3 is

closely related to the generation of reactive oxygen species (ROS), a process that leads to
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lipid peroxidation and DNA damage in exposed cells (Cobo and Castineira, 1997)
remediation with NAC can mitigate the side effects caused by the drug.

To identify the adverse effects of As,O3 and its possible reversibility, experiments
conducted on laboratory animals are required. Thus, the present study aimed to assess the
effects of As,O;on the Swiss male mouse genital system and its potential reversibility after

either the cessation of exposure or co-administration of NAC.

2. MATERIAL AND METHODS
Animals

Swiss male mice (70 days old, weighting 30-40g) were supplied by the
Multidisciplinary Center for Biological Investigation, State University of Campinas.

Animals were kept in a controlled environment with temperature at 25°C, humidity of 55 +

5 %; 12-h light/dark cycle (lights on 7:00 a.m.) and had free access to regular lab chow and
tap water. The experimental procedures were approved by the Ethics Committee for the
Use of Experimental Animals from UNESP Botucatu (protocol number 429-CEUA), and
are in accordance with the Guide for the Care and Use of Laboratory Animals (National
Institutes of Health). The study was conducted in three steps: Experiment 1, 2 and 3,

described as follows.

Drugs and solutions
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As;0O3 was obtained from Acros (1327-53-3, Arsenic (III) Oxide, 99.5%), N-Acetyl-
L-cysteine, Norepinephrine (NE) (NE bitartrate salt monohydrate) and Carbacol (CCh)

(Carbamoylcholine chloride) from Sigma-Aldrich, St. Louis, MO.

Experiment 1. Assessment of As;0; effects in male genital system and its
reversibility after a recovery period

Animals were randomly allocated into three experimental groups: control group,
treated with distilled water, and treated groups that received 0.3 and 3.0 mg/Kg/day of
As;03 (n=20/group), subcutaneously, in 25 applications, administered 5 days per week,
followed by 2 days of interruption, repeated by 5 weeks. Treatment regimen and dose
selection were based on consolidation therapy used for humans. According to Soignet
(Soignet et al., 1998) As,Osis effective in APL treatment at doses of 0.06 to 0.2 mg/Kg and
above this dose did not note a difference in effectiveness. Since there is a correspondence
between the appropriate doses for humans and that used in animal studies, it is necessary to
use a normalization based on body surface area (BSA) proposed by Reagan-Shaw (Reagan-
Shaw et al., 2008). The higher dose proposed in this study is equivalent to a dose of 0.2
mg/Kg for humans and the lower its tenth.

After the last administration of As;O3, animals from control and treated groups (10
animals per group, 105 days old) were weighted and euthanized by cervical dislocation to
evaluate the immediate effects of the treatment on male genital system. Furthermore, 10
animals of each group were kept without treatment for a period of 50 days, corresponding

approximately to the time of spermatogenesis and sperm transit through epididymis (Franca
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et al., 2005). After this period, 155 days old animals were euthanized in order to assess the

potential reversibility of the drug effects.

Organ weights

Immediately after the euthanasia, kidney, liver, adrenal, testis, epididymis, ventral
prostate and seminal vesicle (without the coagulating gland) were removed and had their

wet weights (absolute and relative to body weight) measured.

Testosterone measurement

After euthanasia, blood was collected by cardiac puncture (between 9:00 and
11:30 AM) and serum was obtained by centrifugation (1236xg, for 20 min at 4 °C). The
concentrations of testosterone were determined by the technique of double antibody
radioimmunoassay. Testosterone assay was performed using a TESTOSTERONE

MATIA® kit (Biochem Immuno System).

Arsenic measurements in blood

For the determination of arsenic in whole blood, mass spectrometry coupled plasma
(ICP-MS) was used. Reagents and solutions: high-purity deionized water (resistivity 18.2
MW.cm) obtained by the Milli-Q system (Millipore®) was used throughout the analysis.
Nitric acid was distilled at a temperature lower than the boiling, using quartz retort Kiirner
Analysentechnik to eliminate impurities. All solutions were stored in polyethylene bottles.
Plastic bottles, auto sampler cups and glassware was immersed in a solution containing

20% v/v HNO3 for 24 h, washed five times with Milli-Q water and dried in a laminar flow
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class 100. All operations for the preparation of standard solutions of arsenic were helded in
clean room class 10000. The stock solution each containing 1.0g/L. (Perkin -Elmer, Inc.)

standardized by "National Institutes of Standards and Technology" (NIST) was used.

Sperm motility and morphology

Sperm were obtained from the right vas deferens and immediately diluted in 0.3 ml
modified HTF medium (Human Tubular Fluid, Irvine Scientific), pre-warmed to 34°C.
Then an aliquot of 10 pl of the diluted sperm was placed in a Makler chamber (Irvine,
Israel) and analyzed under a light microscope at 400x magnification. One hundred sperm
were evaluated per animal and classified for motility into type A, motile with progressive
trajectory; type B, motile with non-progressive trajectory; or type C, immotile. For
morphology assay, sperm were removed from the left vas deferens by internal rinsing with
1 ml formol-saline solution with the aid of a syringe and needle. Smears were prepared on
histological slides that were left to dry for 90 min and observed in a phase-contrast
microscope (400x magnification) (Seed et al., 1996). Two hundred spermatozoa were
analyzed per animal, and morphological abnormalities were classified into two general
categories: head morphology and tail (Filler, 1993). Sperm were also classified as to the

presence or absence of the cytoplasmic droplet.

Daily sperm production per testis

The right testis was used for sperm counts. Homogenization-resistant testicular
spermatids (stage 16 of spermiogenesis) in the testis were counted as described previously

(Robb et al., 1978). Briefly, the testis was decapsulated, weighed soon after collection and
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homogenized in 5 ml NaCl 0.9% containing Triton x100 at 0.5%, followed by sonication
for 30s. After a 10-fold dilution, one sample was transferred to Neubauer chambers (four
fields per animal), and late spermatids were counted. To calculate the daily sperm
production (DSP), the number of homogenization resistant spermatids was divided by 4.84,

the number of days that these spermatids are present in the seminiferous epithelium.

Experiment 2. Pharmacological assay

At this step, it was evaluated the contractility of epididymal duct both in vivo treated

animals and in vitro As;Os3 exposed.

In vitro tension of the isolated epididymal duct of animals treated with vehicle and As;Os.

CE duct was used for evaluation of the effects of in vivo treatment with As,O3 on
the tension. After completion of treatment male mice were euthanized by cervical
dislocation and the left epididymis was isolated. The epididymal duct from the distal cauda
was uncoiled with scissors and the luminal contends were washed with nutrient solution
(composition below). A CE duct segment of approximately 1.0 cm length was isolated and
attached to FORT10 isometric force transducer (WPI, USA) connected to Transbridge 4M
Transducer Amplifier (WPI, USA) to record of isometric tension development in a PC
based System (MP100, Biopac System INC., USA) and analyzed off-line using
AcgKnowledge version 3.5.7 software (Biopac System INC., USA) (please see
Supplemental Figure S1). CE duct were mounted under a 0.5g resting tension and
maintained in a modified Tyrode’s solution of following composition (mM): NaCl 138;

KCl1 5.7; CaCl, 1.8; NaH,P040.36; NaHCO; 15; dextrose 5.5, prepared in glass-distilled
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de-ionised water, pH 7.4, maintained at 30°C and continuously bubbled with
95%0,/5%CO,. After mounting, a 30 minutes stabilization period was allowed.

After the stabilization period the tension developed to 80mM KCI was evaluated
twice at 30 minutes interval to ascertain tissue viability. The tension of CE duct from each
mice developed to 80mM KCI, NE (10®M — 10*M) and to the muscarinic receptor agonist
CCh (10'6M - 10'3M) were recorded. The maximal tension developed (Emax, in grams of
tension, g) and the potency of NE and CCh in inducing tension of epididymal duct
(expressed as pECsy the —log of NE and CCh concentration inducing 50% of maximal

tension) were evaluated.

In vitro tension of the isolated epididymal duct of untreated animals exposed to arsenic

trioxide in vitro

Untreated mice were killed by cervical dislocation, both epididymides were
collected and the distal CE duct (1 segment per epididymis) was isolated and mounted as
described above. From the same animal one CE duct was exposed to As;Os and the other
was maintained as the untreated control (without drug exposure). Treated CE duct were
exposed to a single As;O3 concentration (10 or 100uM) for 45minutes or 2 hours and then a
cumulative concentration-response curve to NE (10°M — 10*M) was obtained. Control
tissues were maintained untreated for the same time period as the treated CE ducts and then
a concentration-response curve to NE was obtained. The maximal tension and the pEC50

induced by NE were evaluated.

Experiment 3. Co-administration of As;0;and antioxidant NAC
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In this step of experiment, Swiss male mice (70 days old) were divided into four
groups (n=8 per group): Control group, treated with distilled water; As,Os group, that
received 3.0mg/Kg/day of As,O3; NAC group, that received 40 mM of NAC on tap water
(Sablina et al., 2005) and As,O3+ NAC group, that received the same treatment than the
last two groups. Animals were treated as previously described. At the end of treatment, they
were weighted and euthanized by cervical dislocation for evaluation of the NAC
antioxidant potential on parameters before affected by exposure toAs;Os, i.e. seminal
vesicle weight, sperm motility assay and testis for sperm counts and determination of DSP,

following the methodology described above.

Statistical analysis

Data are presented as mean + Standard Error of Mean (SEM) or median and
interquartile range. ANOVA test followed by Tukey or Newman Keuls were used for
comparison of parametric variables. Nonparametric variables were compared by Kruskal-
Wallis followed by Dunns test. Differences were considered significant when p<0.05. The

statistical analyses were performed by GraphPadPrism (version 5.0).

3. RESULTS

Experiment 1

Body weight gain was similar among experimental groups. However, at the end of
treatment, absolute and relative full seminal vesicle weights were significantly decreased in

the group treated with 3.0mg/Kg/day of As,O; (Table 1). After the recovery period, this
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same group showed increased liver and kidney weights and continued to show reduced full
seminal vesicle weight (Table 2).

Assessment of sperm quality revealed statistically significant reduction in type A
sperm in highest dose treated group; consequently, the percentage of type B sperm and type
C sperm were significantly increased. After suspension of treatment, this group continued
presenting reduction in type A sperm and increased in type B sperm (Figure 1). Sperm
morphology evaluation showed that the percentages of abnormal and normal sperm were
similar among experimental groups and these results remained after period without drug
exposure (data not shown). Furthermore, evaluation of sperm counts both after the
treatment and after recovery period showed that treatment with 3.0mg/Kg/day of As;O3
reduced testicular sperm counts and DSP (Table 3).

On 105 days old arsenic blood levels (ug/L, mean + SEM, ANOVA followed by
Tukey test) were 16.02% and 109.94% higher than in the control group (n=9) in the As,Os-
treated groups (0.3 mg/Kg/day, n=10: 10.50 + 1.17, p>0.05; 3.0 mg/Kg/day, n=9: 19.00 +
2.18, p<0.05). After the suspension of the treatment, on 155 days old (n=10 per group),
blood arsenic concentration in the treated groups was comparable to the control group (data
not shown).

The hormonal dosages revealed that testosterone levels were diminished in the
highest dose treated group, a condition that remained even after suspension of treatment

(Figure 2).

Experiment 2
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The tensions developed by NE or CCh are shown in Table 4. As noted, the pEC50
of NE and CCh induced tension of the epididymal duct was similar among groups.
However, maximal tension (Emax) of epididymal duct induced by NE was significantly
increased in As,O3 group when compared to control group. Furthermore, tension developed
by 80mM KCI was increased in this same group compared to control (Figure 3).

In vitro incubation of epididymal duct with 10 or 100 uM of As,O3 for 45 minutes

or 2 hours does not change the potency and the maximal tension induced by NE (Figure 4).

Experiment 3

As previously noted, treatment with As,Os decreased absolute and relative weights
of full seminal vesicle, which was restored by the administration of NAC (Figure 5A). In
the same manner, assessment of sperm motility revealed decreased percentage of motile
sperm and increased percentage of non-progressive and immotile sperm in As;Os-treated
group; on the other hand, group treated with both As,O; and NAC showed lack of statistical
difference in sperm motility when compared to control group (Figures 5B, 5C and 5D).

As,03 treatment also impaired DSP, as previously showed in this study. However,
administration of NAC to As,0O; treated animals was able to restore sperm production, since

this group presented DSP similar to control group (Table 5).

4. DISCUSSION
ROS are generated continuously and in small amounts in normal cells, since they

are essential for many biological functions (Moncada et al., 1991, Suzuki YJ, 1997).
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However, these inherent ROS levels are elevated in cancer cells, which become highly
susceptible to apoptosis. Thus, As,O3 treatment of APL has been shown effective due to
increased ROS production in these cells, leading to oxidative stress that can trigger
conformational changes in Bax protein, a pro-apoptotic member of the Bcl-2 family,
responsible for regulating the initiation of apoptosis. Then, Bax is translocated from cytosol
to mitochondria, where it initiates the apoptotic cascade in leukemic cells (Zheng et al.,
2005). Thus, the antitumor action of As;Os has been linked to the induction of apoptosis of
tumor cells (Yi et al., 2002).

Despite its effectiveness, exposure to As,Os3 can cause apoptosis of normal cells,
since chronic exposure, besides increasing ROS production, also results in reduced activity
of the enzymes of antioxidant defense system such as superoxide dismutase, catalase and
glutathione, which are capable of scavenging excessive ROS, thereby keeping its level
steady under physiological conditions. This imbalance between the pro- and antioxidant
states of the cell can impair its physiology (Flora, 2011, Gao et al., 2004), since the
oxidative stress state causes oxidation of cell membrane proteins, enzymes and DNA,
leading to damage that can be irreversible (Vendemiale et al., 1999). The irreversibility of
the effects can also be related to excretion of the As;Os, since the complete elimination of
inorganic arsenic from the body requires months (Jomova et al., 2011).

Under normal conditions, ROS are produced by the sperm capacitation process
(Lavranos et al., 2012). However, when the male genital system is exposed to substances
that increase ROS production beyond normal levels, such as heat, radiation or chemicals,
the spermatogenesis process may be impaired, since the testis represents one of the major

organs at risk due to exposure to agents that damage the genetic material (Atorino et al.,
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2001). Indeed, in the present work, exposure to As,Os reduced the daily sperm production,
probably caused by apoptosis of germ cells. This effect seems to be permanent, since
treated animals showed reduced daily sperm production after treatment discontinuation,
suggesting that initial germ cells may be affected by the drug. Corroborating our findings
Nava-Hernandez et al. (Nava-Hernandez et al., 2009) demonstrated that exposure to As,O3
causes significant damage to DNA of primary spermatocytes.

The spermatozoa are highly susceptible to oxidative stress caused by As,O3 due to
significant loss of cytoplasm and thus large amounts of cell antioxidant enzymes
responsible for ROS scavenging. They also present a plasma membrane rich in
polyunsaturated fatty acids that are vulnerable to lipid peroxidation and thus alters the
fluidity of the lipid bilayer. These changes are associated with decreased sperm quality,
given that they can compromise sperm motility (Benedetti et al., 2012). Furthermore,
exposure to As;Os is able to decrease mitochondrial membrane potential, which can also
impair sperm motility capacity in a dose-dependent manner (Emadi and Gore, 2010, Chiou
et al., 2008). In the present work, As,;O; treated animals showed reduced number of motile
sperm, even after the treatment has been discontinued. Considering that sperm motility is
one of the most important parameters for assessing sperm quality and is highly correlated
with fertile capacity (Mangelsdorf et al., 2003), exposure to As;O3 can potentially decrease
fertility in the treated animals.

Arsenic toxicity studies in laboratory animals showed that dose-related changes
occur primarily in the liver and kidney, since the liver is the major metabolism site of
inorganic As, whereas the kidney is a major pathway of excretion (Greaves, 2000). The

increase in liver and kidney weights described in the present study may be associated with
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hepatocellular hypertrophy and renal necrosis, measures that seem unrelated to body
weight. A recent work showed that a large amount of arsenic accumulates in these organs
after exposure to As;Os causing damage by ROS generation. Moreover, a significant
decrease in the activity of scavenging enzymes such as catalase and glutathione peroxidase
suggests a compromise of the antioxidant defense system and consequently a physiological
effect on these organs (Kotyzova D, 2013).

The determination of reproductive organ weights is an important parameter for
assessing the risk of toxicity on the male genital system (Clegg ED, 2001). Animals treated
with As,O;3 displayed no change in testis, epididymis and prostate weights. However, we
observed reduced weight of full seminal vesicle, a gland responsible for secretion of
nutrients that compose the seminal fluid (Hayward et al., 1996b), indicating that secretion
by epithelial cells was affected by treatment. This effect was persistent even after the
suspension of As,Os treatment. Since this gland is androgen-dependent, it is possible that
the decrease in testosterone levels, observed in the arsenic-exposed animals, contributed to
impairing seminal secretion. Maines and Mayer (Maines and Mayer, 1985) suggested that
ROS can damage Leydig cells, leading to decreased testosterone levels.

The measurement of arsenic revealed that even control animals presented arsenic
in the blood. This is probably due to the fact that arsenic is found in rodent chow, through
the addition of contaminated rice bran (Batista et al., 2011). A small amount of arsenic is
also found in drinking water (Bhattacharya et al., 2002). As expected, As;Os-treated
animals showed higher blood levels of arsenic, in a dose-dependent manner. However,
since arsenic is rapidly metabolized and remains few hours in blood, it can accumulate in

tissues of exposed individuals (Aposhian, 1997). Thus, the measurement performed after
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the treatment suspension found that the blood arsenic levels were similar in all
experimental groups, showing that the metal may have accumulated in the organs,
contributing to the persistence of harmful effects.

Florea and et al. (Florea and Busselberg, 2008) showed that As;Os3 is involved in
inhibiting growth and inducing apoptosis of malignant cells also by elevating intracellular
calcium. The increase of calcium in a cell may be due to: 1) its entry from the extracellular
space through selective calcium channels present in the plasma membrane or ii) release
from intracellular stores such as mitochondria and endoplasmic reticulum (Berridge et al.,
2003). These authors suggested that arsenic interaction with the cells occurs in these two
pathways: a small amount of As,0Os that enters the cell is sufficient to cause calcium release
from the stores, and its binding to extracellular membrane receptors triggers pathways that
result in increased levels of intracellular calcium (Florea and Busselberg, 2009). In vitro
treatment of CE duct with As,Oj3 for short periods (45 minutes to 2 hours) showed that the
increase in intracellular calcium caused by the drug tends to be a slow process that only
occurs with prolonged exposure, since there was no change in muscle contractility
immediately drug administration.

Since the initial stimulus for the smooth muscle contraction is the increase of
intracellular calcium, the augmentation of the maximum CE duct response caused by in
vivo treatment reflects increased contraction strength of the cauda epididymis muscle in
response to As,O; exposure. Therefore, this increase occurred both in the presence of NE
and CCh stimulus, suggesting that As,Os3 acts on muscle cells, i.e. it is not dependent on
adrenergic and muscarinic receptors. It is known that changes in the contractile activity of

these muscles that are capable of increasing or decreasing the sperm transit time can impair
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their maturation (Bellentani et al., 2011). This is due to the fact that sperm are still
immature when leaving the testis and require a later stage of maturation, a critical process
that occurs during their transit through a progressively modified atmosphere present in the
epididymis, the organ responsible for sperm maturation and motility acquisition.
Maturation occurs mainly during the transit through the transition region between corpus
and cauda epididymis (Cooper, 1998, Chaturapanich et al., 1999).

In contrast to the epididymal caput region, where the fluid motion is enabled by
peristaltic contractions of the organ itself, the cauda region presents a smooth muscle
contraction of the epididymal duct which promotes sperm passage through the epididymis
(Amann and Schanbacher, 1983). Thus, Borges et al. (Borges et al., 2013) demonstrated
that the decrease in sperm transit time through the cauda epididymis duct of rats is caused
by increased contractility of smooth muscle surrounding the cauda, which compromises the
fertile potential of these animals. Since the transit time through the epididymis is critical for
sperm maturation, and that alteration in contractility of the epididymal cauda can alter this
transit, sperm that leave the epididymis faster may present a reduced motility and fertility
capacity. Indeed, in the present work, compromised sperm quality may be due to the
possible altered sperm transit time.

Facing the constant risk of oxidative stress which germ cells are subject during
treatment of APL with As;0O3, which may impair reproductive physiology, the gonads may
require antioxidant protection during gamete production. Thus, the use of substances with
antioxidant properties has been proven effective at protecting germ cells against damages
caused by ROS generation. In this sense, several studies have shown that NAC can

attenuate the effects caused by oxidative stress (Modi et al., 2006, Santra et al., 2007). We
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evaluated whether the antioxidant ability of NAC was able to restore the anti- and pro-
oxidant balance of the cells, and thus mitigate the harmful effects of As,Os treatment.

Indeed, when animals treated with As;O; also received NAC in tap water,
reproductive parameters previously affected by treatment such as daily sperm production,
sperm motility and seminal vesicle weight were similar to control group, showing the
protective effect of this antioxidant against oxidative stress damages. This is due to the fact
that NAC is a precursor of glutathione (GSH), an important enzyme of the cellular
antioxidant system, which is able to stimulate and sustain its intracellular levels, which will
detoxify ROS. Furthermore, NAC has been shown to be effective in metal chelating (Reddy
et al., 2011, Santra et al., 2007).

We conclude that the chemotherapeutic agent As;Os is toxic to the male mouse
genital system, by compromising sperm quality and quantity, and that these effects are
persistent even after suspension of the treatment. This compromised sperm quality in
As;Os-exposed animals may be due to the altered epididymal duct contractility.
Furthermore, the administration of an antioxidant substance such as NAC blocks the

harmful effects of the drug on the genital system.
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Table 1. Body weight gain and organ weights at 105 days of age.

Control 0.3 mg/K 3.0 mg/K
Parameters (n = 10) (n :gIO)g (n :glo)g
Absolute weights
Body weight gain (g) 3.11+0.29 3.38+0.23 3.23+0.20
Testis (mg) 118.10 +5.15 114.10 + 3.96 113.40 +4.39
Epididymis (mg) 51.56 +2.10 48.58 + 1.15 50.42 +1.31
Ventral prostate (mg) 16.74 + 1.98 16.19 + 0.97 14.06 + 2.43
Full seminal vesicle (mg) 386.70 + 22.55° 339.0 + 15.66™"° 324.60 + 11.54°
Empty seminal vesicle (mg) 183.40 + 14.09 191.50 + 12.30 190.40 + 8.52
Kidney (mg) 309.40 + 11.18 320.30 + 13.14 332.10+ 11.14
Liver (mg) 2238 +78.75 2272 + 60.50 2402 + 88.38
Adrenal (pg) 2530+ 253.00 2530 + 181.40 2660 + 272.50
Relative weights
Testis (mg/g) 2.94 +0.09 2.87+0.11 2.75+0.12
Epididymis (mg/g) 1.28 + 0.04 1.22 +0.04 1.22 + 0.04
Ventral prostate (mg/g) 0.42 +0.04 0.45 +0.04 0.45 +0.05
Full seminal vesicle (mg/g) 9.62 +0.53" 8.56 + 0.46* b 7.84 + 0.26°
Empty seminal vesicle (mg/g) 4.58 +0.37 4.81+0.31 4.60 + 0.21
Kidney (mg/g) 7.70 + 0.26 8.01 +0.27 8.01 +0.23
Liver (mg/g) 55.68 +1.62 55.78 + 0.56 57.89 + 1.46
Adrenal (ug/g) 63.10 + 6.33 63.80 + 5.08 64.3 + 6.40

Values expressed as mean + S.E.M. One-way analysis of variance (ANOVA) test, followed by Tukey test.

Different letters indicate means that differs at 5% significance level.




Table 2. Body weight gain and organ weights at 155 days of age.

Parameters ((’iogt}’gl) 0.3 mg/Kg (n=10) 3(2 ’Zg]/g)g
Absolute weights

Body weight gain (g) 3.18 +0.29 3.30+0.46 3.12 +0.32
Testis (mg) 11590 + 5.14 109.00 + 5.58 111.80 +4.98
Epididymis (mg) 52.14 + 1.62 50.69 + 2.07 49.17 +2.18
Ventral prostate (mg) 17.84 + 1.16 17.99 + 2.59 14.77 + 0.59
Full seminal vesicle (mg) 467.90 + 24.41° 401.00 + 28.27*" 347.70 + 27.67°
Empty seminal vesicle (mg) 198.60 + 11.47 236.30 + 18.88 183.00 + 20.07
Kidney (mg) 323.90 +9.07 317.80 + 12.98 34590 + 18.41
Liver (mg) 2289 + 101 2257 + 103 2466 + 59.25
Adrenal (pg) 2.440 + 268.80 2.722 +261.30 2.633 +204.10

Relative weights

Testis (mg/g)

Epididymis (mg/g)

Ventral prostate (mg/g)
Full seminal vesicle (mg/g)

Empty seminal vesicle (mg/g)

Kidney (mg/g)
Liver (mg/g)
Adrenal (ug/g)

2.69 +0.09
1.22 4+ 0.03
0.42 +0.03
10.89 + 0.47*
4.63 +0.25
7.59 +0.27*
53.24 + 1.47°
57.71 + 6.95

271 +0.14
1.22 +0.05
0.42 + 0.05

9.68 +0.72>°
5.65 +0.38

7.62 +0.18>°

54.12 +1.53*°

65.16 + 5.65

2.75 +0.09
1.21+0.03
0.36 + 0.02
8.52 +0.52°
4.48 +0.44
8.53 +0.38"

61.37 +2.70°

66.00 + 6.11

Values expressed as mean + S.E.M. One-way analysis of variance (ANOVA) test, followed by Tukey test.

Different letters indicatemeansthat differs at 5% significance level.




Table 3. Sperm counts control and treated animals.

Parameters (iOZ t;gi 0(5 Zi(g]'/ok)g 3(3 ;n(g;/Ok)g
105 days old mice

Sperm head count (x 10%testis) 22.53 + 0.85° 21.12 + 0.84*° 16.11 +0.53"
Sperm head count (x10%/g testis) 218.70 + 11.35" 205.50 + 10.59*° 161.70 + 9.40°
Daily sperm production (x 10%testis) 4.65+0.18" 436 +0.17%° 3.32+0.11°
Daily sperm production (x10%g testis) 45.19 +0.18" 42.44 +2.19*° 33.37 + 1.95°
155 days old mice

Sperm head count (x 10%testis) 22.11 + 1.29° 23.67 + 1.15%° 14.13 + 1.00°
Sperm head count (x10%/g testis) 242.8 + 12.63 304.3 +26.53 241.3 +22.77
Daily sperm production (x10%testis) 4.56 + 0.27° 4.98 +0.23*"° 3.53+0.21°
Daily sperm production (x10°/g testis) 50.11 +2.61 62.89 + 5.57 4973 + 4.73

Values expressed as mean + S.E.M. One-way analysis of variance (ANOVA) test, followed by Tukey test.Different letters indicate groups that differ at 5% significance

level.
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Table 4. Potency (pECsp) and maximal tension (Emax)
developed by NE and CCh on CE duct.

Parameters ((';10’1”;90)1 (I:Si(?;)
pECso NE 5.687+0.237 5.544+0.248
Emax NE 0.1529 + 0.0139* 0.2209+0.0227°
pECso CCh 3.814+0.341 3.890+0.213
Emax CCh 0.3621 + 0.0744*  0.4687 +0.0573*°

Values expressed as mean + S.E.M. One-way analysis of variance (ANOVA) test, followed

by Tukey test.
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Table S. Sperm counts in control animals and treated with 3.0mg/Kg of As;O3, 40mM of NAC, and both As,O3 and NAC.

Parameters Control As,03 NAC NAC + As;O3
(n=38) (n=38) (n=38) (n=38)
6 .
Sperm head count (x 10/testis) 21.89 + 1.06° 16.96 +0.71° 2225 +1.24° 21.97 +1.29°
6 .
Sperm head count (x107/g testis) 199.50 + 6.55 150.90 + 9.25" 198.9 + 7.09* 214.70 + 12.85°
Daily sperm production (x 10°/testis) 4.52 +0.22° 3.50 +0.15" 4.59 + 0.26° 4.54 +0.26°
Daily sperm production (x10°/g testis) 41.22 + 1.36° 31.08 + 1.83" 41.06 + 1.46° 44.34 +2.65"
Values expressed as mean + S.E.M. One-way analysis of variance (ANOVA) test, followed by Tukey test. Different letters indicate means that differs at 5% s1gn1f1ca;ce

level.
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Concluiu-se que o As;Osz exerceu toxicidade no sistema genital masculino do
camundongo, comprometendo a quantidade e qualidade espermdtica, e que esses efeitos
foram persistentes mesmo apds suspensdo do tratamento. Além disso, a administracdo
concomitante do antioxidante N-acetilcisteina preveniu os efeitos deletérios causados pelo
As;0O3 no sistema genital masculino. Esses resultados, obtidos em roedores, podem ter
implicagdes na saide reprodutiva humana, tendo-se em vista a utilizagdo do As,O3; como

quimioterdpico no tratamento da leucemia.
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As figuras e tabelas pertencentes a esta se¢do ndo foram incluidas no
manuscrito, entretanto foram analises realizadas durante a execucao do projeto de
pesquisa que originou esta dissertacao.
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Figura 1. Evolucao de peso corpéreo durante o tratamento dos animais controles e tratados com As;O3 (n=10/grupo) na etapa de

avaliacdo imediata. Valores expressos como média + EPM. Teste ANOVA com teste a posteriori de Dunnett.
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Tabela 1. Morfologia espermdtica de camundongos com 105 dias de idade, tratados com controle ou
As;03 na etapa de avaliacdo imediata.

R Controle 0,3mg/kg 3,0mglkg
Parametros (n=10) (n=10) (n=10)
Espermatozoide normal 85,75 82,00 82,75
(84,88 - 87,00) (80,13 - 86,50) (78,88 - 85,88)
Esperrlp(eilttzlzojlde cgm 8.50 8.50 9.25
ahormatidade de cabega (6,50 - 8,62) (6,87 - 10,25) (7,25 - 11,88)
ESWTTZ"?@ com 6,00 8,00 6,50
anhormatidade de cauda (4,00 - 8,00) (6,75 - 9,25) (5,37 - 9,25)
Presenca de gota citoplasmatica 31,25 38,75 27,50

(23,25 - 39,50) (18,75 - 54,25) (19,25 - 46,00)

Valores expressos em mediana e intervalo interquartilico. Kruskal Wallis seguido de Dunn’s.
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Figura 2. Evolucao de peso corpéreo durante o tratamento dos animais controles e tratados com As,O3 (n=10/grupo) na etapa de

avaliacdo tardia. Valores expressos como média + EPM. Teste ANOVA com teste a posteriori de Dunnett.
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Tabela 2. Morfologia espermdtica de camundongos com 155 dias de idade, tratados com controle ou As;O3,
na etapa de avaliacdo tardia.

R Controle 0,3mg/kg 3,0mg/kg
Pardmetros (n=10) (n=38) (n=10)
Espermatozoide normal 89,50 90,50 91,00
(87,88 - 91,25) (87,63 - 91,50) (89,75 - 93,00
Espermatozoide com
anormalidade de cabeca 4,25 3,25 3,50
(3,50 - 6,62) (2,87 - 8,75) (2,75 - 6,00)
Espermatozoide com
anormalidade de cauda 6,00 4,25 4,50
(3,87 -6,62) (3,62 - 5,00) (4,00 - 5,00)
Presenca de gota citoplasmatica 22,00 30,50 33,50
(16,13 - 35,38) (26,38 - 35,13) (25,75 - 34,75)

Valores expressos em mediana e interval interquartilico. Kruskal Wallis seguido de Dunn’s.
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Figura 3. Controle do consumo de dgua contendo NAC nos dois grupos experimentais que receberam suplementacao com o

antioxidante. Valores expressos como média + EPM. Teste t seguido de Mann-Whitney.
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