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Lista de abreviaturas

ACO
AMP
ATP
CAT
CDNB
cGMP

CTE
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FSH
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NOS
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RNA
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cloro-dinitro-benzeno
Monofosfato ciclico de guanosina

cadeia transportadora de elétrons

cobre/zinco-superéxido dismutase
dimetil-sulféxido

acido desoxirribonucléico
aminoacidos excitatorios
espécies reativas de nitrogénio
espécies reativas de oxigénio
Horménio foliculo estimulante
Acido gama-aminobutirico
glutationa-peroxidase
glutationa reduzida

glutationa oxidada

Glutationa S-transferase
trans-4-hidroxi-2-nonenal
Horménio luteinizante

Horménio liberador de gonadotrofina

L-NG-Nitroarginina metil ester
malondialdeido
manganés-superdxido dismutase

nicotinamida adenina dinucleotideo fosfato reduzido

noraepinefrina
N-Metil-D-Aspartato
oxido nitrico

oxido nitrico sintase
acido polilatico
fenil-metil-sulfonil-fluoreto
peroxiredoxina

acido ribonucléico
superoxido dismutase
terc-butil-hidroperéxido
vitamina C



Lista de conceitos utilizados nesta dissertacao

Historias de vida

Estresse oxidativo

Comportamento de lordose

Envelhecimento

Senescéncia

Longevidade

Reproducgéao

Selecao natural

Selecao sexual

calendario de eventos importantes na vida de um
organismo, como moldados pela selecado natural
e / ou sexual.

Desequilibrio entre a producdao de espécies
reativas e a capacidade do organismo de
detoxifica-las.

postura sexual observada em fémeas de
mamiferos, caracterizada principalmente pelo
arqueamento ventral da coluna vertebral.

acumulo de mudancas em um organismo ao
longo do tempo.

processo enddégeno e hereditario de alteracdes
cumulativas a estrutura molecular e celular,
interrompendo o metabolismo com o passar do
tempo, o que resulta em deterioracdo e morte.

tempo esperado de vida de um organismo.

processo de geracdo de um novo organismo
através da combinacdo do material genético de
dois organismos.

processo gradual, ndo aleatério pela qual as
caracteristicas biolégicas se tornam mais ou
menos comuns na populacdo em fungdo da
reproducgéo diferencial de seus portadores.

o processo de escolha de caracteristicas
morfolégicas e comportamentais que levam ao
cruzamento bem sucedido.



Resumo

A teoria dos radicais livres do envelhecimento postula que um
desequilibrio entre espécies reativas de oxigénio (ROS) e espécies reativas de
nitrogénio (RNS) e as defesas antioxidantes seria um fator determinante na
senescéncia. A reproducdo sexuada é uma atividade custosa para o
organismo, ou seja, requer um aporte energético maior e esse aumento de
niveis energéticos tende a gerar mais espécies reativas. Para abordar esta
questdo e obter mais informacdes sobre o processo de envelhecimento nas
gbnadas de ratos machos, utilizamos ratos Wistar (Rattus norvegicus), com
comida e agua ad libidum e ciclo de claro/escuro de 12 horas, em quatro
idades — 3, 6, 12 e 24 meses, criados em condicdes com (pareados com
fémeas) e sem (agrupados com outros machos) atividade reprodutiva.
Avaliamos as defesas antioxidantes enzimaticas (SOD, GPx, GST e o consumo
de peréxido de hidrogénio), nado enzimaticas (vitamina C e glutationa),
avaliamos também o dano oxidativo (indices de peroxidacdao lipidica,
carbonilacdo de proteinas), os niveis de nitritos e nitratos e a atividade
atividade da enzima aconitase. Nos animais reprodutores, os resultados
mostraram um aumento progressivo na atividade de enzimas antioxidantes até
12 meses de idade seguida de uma queda na idade de 24 meses. Os animais
nao reprodutores demonstraram atividade antioxidante sem alteragbes até 12
meses de idade, com uma queda aos 24 meses de idade. Além disso, maior
atividade da enzima aconitase e niveis de testosterona mais elevados foram
encontrados nos animais reprodutores em relacdo aos nao reprodutores. O
grupo reprodutor também apresentou uma correlagao positiva da atividade da
enzima aconitase com niveis de carbonilagdo de proteina e uma correlacao
negativa com niveis de nitritos e nitratos, sugerindo que houve um aumento de
danos a proteinas, provavelmente devido a maior atividade mitocondrial,
sugerido pelo aumento da aconitase. Os resultados indicam que ha diferencas
metabdlicas nos testiculos de animais reprodutores ao longo do
envelhecimento, embora os animais nao reprodutores ndo tenham sofrido
alteragbes enzimaticas ao longo do mesmo. Na idade de 24 meses, 0S naos
reprodutores apresentaram o mesmo padrdo que os reprodutores, indicando
que esta reducao da atividade enzimatica esta relacionada ao envelhecimento,
€ nao a reprodugao.

Palavras-chave: reproducao, ciclo de vida, envelhecimento, estresse
oxidativo



Abstract

The free radical theory of aging postulates that an imbalance between the
reactive oxygen species (ROS) and reactive nitrogen species (RNS) and
antioxidant defenses would be a determining factor in senescence. Sexual
reproduction is a costly activity for the organism, and requires a higher energy
intake and this increase of energy levels tends to generate more reactive
species. To address this question and obtain more information about the overall
aging process we used the gonads of male Wistar rats (Rattus norvegicus), with
food and water ad libitum and cycle light / dark 12 hours in four different ages -
3, 6, 12 and 24 months, reared in conditions with (paired with females) and
without (grouped with other males) reproductive activity. We evaluated the
antioxidant enzymatic defenses (SOD, GPx, GST and consumption of hydrogen
peroxide), non-enzymatic defenses (vitamin C and glutathione) and, also
evaluate the oxidative damage (index of lipid peroxidation, protein
carbonylation), nitrites and nitrates levels, and the aconitase enzyme activity.
The experienced animals’ results showed a progressive increase in the activity
of antioxidant enzymes until 12 months of age followed by an abrupt fall at the
age of 24 months. The naive animals showed no alteration in the antioxidant
activity until 12 months of age, with a decline at 24 months of age. Furthermore,
a higher aconitase activity and higher testosterone levels were found in
experienced animals than in naive. The player group also showed a positive
correlation between aconitase activity and levels of protein carbonyls and a
negative correlation with levels of nitrites and nitrates, suggesting that there was
an increased damage to proteins, probably due to increased mitochondrial
activity. The results indicate that there is metabolic differences between the
testis of experienced animals during the aging period, although the naive
animals have not undergone enzymatic changes during the aging process,
possibly because the gonads do not possess a very important role in the overall
functioning of the body and, at the age of 24 months, showed the same pattern
as experienced, indicating that this difference in activity is related to aging, not
reproduction.

Keywords: ageing, oxidative stress, life cycle, reproduction, male rats



1. Introducao

O gas oxigénio (Oy) surgiu na Terra cerca de 3,8 x 10° anos atras devido
ao processo fotossintético de cianobactérias, no qual a agua era hidrolisada.
Mas foi apenas cerca de 2,5 x 10° anos que seus niveis subiram para
quantidades significativas. O aumento das concentracées atmosféricas de O,
levou a um grande evento seletivo, a primeira grande extincdo em massa,
devido a oxidacao das biomoléculas dos organismos que nao se adaptaram as
novas condi¢cdes (Halliwell e Gutteridge, 2007). Por outro lado, ele permitiu a
conquista do bioma terrestre com a formagcao de ozénio (Os) na estratosfera,
que filtra uma parte da radiacao ultravioleta (UV-C) (Grenfell, Rauer et al.,
2010) . Além disso, 0s organismos conseguiram gerar mais energia utilizando o
O. como substrato do que geravam apenas com a fermentagéo, porém, neste

processo geraram espécies reativas (Nelson e Cox, 2008).

Espécies reativas (ER) sdo elementos que reagem com as moléculas
biologicamente relevantes e podem ser classificados em radicalares e nao-
radicalares. Espécies reativas radicalares possuem, pelo menos, um elétron

desemparelhado em alguma de suas camadas.

O radical hidroxil é o radical mais reativo conhecido in vivo. Formado
principalmente por meio da reacédo de Fenton, em que o perdxido de hidrogénio
reage com um metal de transicdo (Fe?* ou Cu') formando dois hidroxidos,
sendo um deles um radical e o outro apenas um ion (Eq.1). Ele reage

imediatamente apos ser formado.

H,0, + Fe*t ==> Fe3* + OH™ + OH"® Equacao 1
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O radical superédxido (05;7) € simultaneamente um anion e um radical,
formado quando um elétron é adicionado a molécula de O,. Ocorre
principalmente na mitocondria, mas pode ocorrer em outras organelas, como o

reticulo endoplasmético (Halliwell e Gutteridge, 2007).

O o6xido nitrico (NO’) é um radical estavel em agua, em condicoes
fisioldgicas sua meia-vida é de apenas alguns segundos. Produzido, em
mamiferos, pela oxidacdo da L-arginina catalisada pela 6xido nitrico sintase

(Halliwell e Gutteridge, 2007) .

O peréxido de hidrogénio H.O, é uma espécie reativa nao radicalar
formada principalmente na dismutacdo do superdéxido. E importante na
resposta imune. Entretanto, ao reagir com metais de transicdo, forma o radical

hidroxil (reacao de Fenton) (Halliwell e Gutteridge, 2007).

O peroxinitrito (ONOQO") é uma espécie reativa nao radicalar, formado

através da reagao do radical superoxido com o éxido nitrico (Eq. 2).

0, + NO* ==> ONOO~ Equacao 2

Apesar das espécies reativas agirem como mensageiros celulares
causam danos a componentes celulares. Estes danos podem ocorrer, por
exemplo, na membrana, alterando a permeabilidade da mesma; no DNA,
podendo acarretar erros na transcricao ou na traducao. Em resposta a isso, 0s
organismos desenvolveram defesas, que sdo chamadas de antioxidantes

(Halliwell e Gutteridge, 2007).

Antioxidantes sdo moléculas que sao capazes de prevenir, inibir ou

desfazer o dano oxidativo de outras moléculas. Podem ser classificadas como
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enzimaticas e ndo enzimaticas. Dentre as enzimaticas temos, como exemplo, a
superoxido dismutase, a catalase, a glutationa peroxidase, as peroxiredoxinas,

entre outras.

A enzima superdxido dismutase (SOD) (Fukai e Ushio-Fukai, 2011),
catalisa a dismutagédo do superoxido em peroxido de hidrogénio e dgua (Eq.3).
Mamiferos possuem trés tipos de SOD, duas possuem cobre (Cu) em seu sitio
ativo, uma intracelular (constituida de duas subunidades) e uma extracelular
(constituida de quatro subunidades), o terceiro tipo, possui manganés (Mn) em

seu sitio ativo, e esta esta localizada na mitocondria.

Cu?*SOD + 0,7 - Cu*SOD + 0, Equacéo 3
Cu*SOD + 05 + 2H* - Cu?*SOD + H,0,

Glutationa peroxidase (GPx), possui um atomo de selénio (Se) em seu
sitio ativo, atua na degradacao de peréxidos no organismo (Eqg. 4) (Halliwell e

Gutteridge, 2007).
ROOH + 2GSH 2 GSSG + H,0 + ROH Equacao 4

A GPx degrada peroxidos oxidando duas moléculas de glutationa
reduzida (GSH) em glutationa oxidada (GSSG), esta glutationa oxidada pode
ser reduzida novamente pela enzima glutationa redutase (Eq. 5) (Halliwell e

Gutteridge, 2007).
GSSG + NADPH + H+ 22GSH + NADP* Equacédo 5

Peroxiredoxinas (Prx) (Shuvaeva, Novoselov et al., 2009) sdo enzimas

que convertem peréxido de hidrogénio em agua (Fig. 1) (papel desempenhado
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também pela catalase (CAT) nos peroxissomos), peroxidos organicos em

alcool e peroxinitrito em nitrito.

52| sHHs{ H,0, [soHHs s—s
A7 F SH SOH

173FSH H Loy ns| ¥ Llsuus H.0

H,C H,0

HS HS

W HEO

Trx -~

8 T sH X XH,

Figura 1: Mecanismo de racao das peroxiredoxinas. X denota um doador

de hidrogénio n&o identificado. Imagem de Rhee, et al. 2001

Glutationa s-transferase (GST) é uma enzima dimérica envolvida na

detoxificacao de xenobibticos.

Como exemplos de defesas ndo enzimaticas temos a vitamina E, que
atua bloqueando a etapa de propagacao da peroxidacao lipidica; vitamina C,
um doador de elétrons e que também pode impedir a etapa de iniciagdao da
peroxidacao lipidica; e glutationa, o mais abundante antioxidante intracelular,
que é oxidada a dissulfeto de glutationa ao reagir com radicais, além de ser
substrato para outras enzimas como a GPx, por exemplo (Halliwell e

Gutteridge, 2007; Yoshihara, Fujiwara et al., 2010).

1.1. Envelhecimento

Segundo a teoria de envelhecimento por radicais livres (Harman, 1956),
o envelhecimento se da através do aumento de espécies reativas, associado
ao decréscimo das defesas antioxidantes, com o passar do tempo. Este
processo levaria a senescéncia e, finalmente, a morte celular (Kirkwood, 2001;

Rattan, 2006; Kirkwood, 2008a; 2010). De uma maneira ampla, o
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envelhecimento pode ser definido como perda progressiva de funcao
acompanhada por um decréscimo na fertilidade e um aumento da mortalidade

com o avancgo da idade.

Do ponto de vista evolutivo, o processo de envelhecimento é importante
para a renovacao das histérias de vida, ou seja, animais mais velhos acabam
morrendo para que 0S mais novos possam sobreviver, visto que 0s recursos
sao limitados. Com a reproducao sexuada foi possivel aumentar a variabilidade
genética da prole, visto que esta é a unido de dois genomas, seguido de
segregacao de alelos e recombinacdo entre loci. Normalmente envolve o
cruzamento de dois individuos (Buchanan, Evans et al., 2001; Kirkwood, 2001;

Wiersma, Selman et al., 2004; Alonso-Alvarez, Bertrand et al., 2007).

1.2. Reproducgéo

A reproducdo é uma atividade muito custosa para o organismo tanto
para 0os machos quanto para as fémeas, envolvendo diversos processos
(Kirkwood, 2001). No caso dos machos pode-se citar a procura e disputa com
outros machos por fémeas, cuidado parental, e modificacées tanto corporais
(aumento da testosterona, desenvolvimento de estruturas secundarias) como
comportamentais (corte). Todos estes processos demandam mais energia do
organismo e, com o aumento do metabolismo energético provavelmente ocorre

um aumento de espécies reativas (Garratt, Mcardle et al., 2012).

1.3.GOnadas masculinas

De acordo com Halliwell e Gutteridge (2007), as gbnadas sdo 6érgaos
com baixos niveis de defesas antioxidantes, quando comparados com figado

por exemplo, mas ha poucos estudos relacionando estado redox a idade e
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atividade reprodutiva. As gbénadas masculinas (Fig. 2) contém tubulos
alongados muito finos, chamados de tubulos seminiferos, sdo revestidos com
uma camada de células germinativas que se desenvolvem em

espermatozoides.

Figura 2: Corte transversal do testiculo. 1 pdlo superior do testiculo - 2
tunica albuginea - 3 septos testiculares - 4 margem anterior (margem livre) - 5
superficie lateral - 6 pdlo inferior do testiculo - 7 Iébulos testiculares - 8
parénquima testicular - 9 ductulos eferentes - 10 mediastino testicular - 11

margem posterior

Eles também contém as células de Sertoli e as células midides. Células
de Leydig estdo localizadas entre os tubulos, no espacgo intersticial, que
também contém macréfagos intersticiais e células epiteliais. As gbnadas sao
controladas pelo horménio luteinizante (LH) e horménio foliculo-estimulante
(FSH), ambos secretados pela adenohipéfise. O LH estimula a producédo de
testosterona pelas células de Leydig as quais, em conjunto com a FSH,
estimulam as células de Sertoli que, por fim, estimulam a maturacdo das

espermatogobnias, para produzir os espermatozéides.
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Ha poucos trabalhos que abordam a relacdo entre estresse oxidativo e
custos de reproducdo em machos (Arenas-Rios, Leon-Galvan et al., 2007;
Vazquez-Memije, Capin et al., 2008), e menos ainda relacionando estresse
oxidativo com o ciclo de reproducao e envelhecimento (Rebrin, Kamzalov et al.,
2003). A fim de elucidar os custos de atividade reprodutiva e relacionar estes
custos com o processo de envelhecimento, em termos de estresse oxidativo,
comparamos as atividades das enzimas antioxidantes, os niveis de
antioxidantes ndo enzimaticos, e o dano oxidativo as proteinas e lipidios nas

gbnadas de ratos machos, com e sem atividade reprodutiva.
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2. Objetivos

Objetivo geral:
Este trabalho tem como objetivo avaliar o perfil oxidativo das gbnadas de

ratos machos, ao longo do envelhecimento, comparando animais reprodutores

e n&o reprodutores.

Objetivos especificos:
J Avaliacdo das atividades de antioxidantes enzimaticos: SOD,

GPx, GST, consumo de peroxido de hidrogénio.
. Avaliacdo das atividades de antioxidantes nao enzimaticos:

Vitamina C e glutationa (total, reduzida e oxidada).

o Mensuracgao da peroxidacao lipidica

o Mensuracgao da carbonilacdo de proteinas.

o Mensuracao dos niveis de nitritos e nitratos.
o Avaliagédo da atividade da enzima aconitase.
o Avaliacao dos niveis de testosterona.

17



3. Material e métodos e resultados (Artigo cientifico)

3.1.Manuscrito

Manuscrito submetido:

Tiago Boeira Salomon, Fernanda Schafer Hackenhaar, Ana Carolina Almeida, Arthur K.
Schiller, Paulo V. Gil Alabarse, Guilherme Ehrenbrink and Mara Silveira Benfato, Oxidative
stress in testis of animals during aging with and without reproductive activity, Experimental

Gerontology

18



Oxidative stress in testis of animals during aging with and without reproductive activity

Tiago Boeira Salomon!2, Fernanda Schifer Hackenhaar!'?, Ana Carolina Almeida'?, Arthur
Krumberg Schiiller!, Paulo V. Gil Alabarse!, Guilherme Ehrenbrink! and Mara Silveira
Benfato 12*

Laboratdrio de Estresse Oxidativo, Departamento de Biofisica-IB-UFRGS, Av. Bento
Gongalves, Porto Alegre, Rio Grande do Sul State,

Brazil

2Programa de P6s-Graduagdo em Biologia Celular e Molecular-UFRGS, Porto Alegre, Rio
Grande do Sul State, Brazil

Correspondence: Dr. Mara Silveira Benfato, Departamento de Biofisica, Instituto de
Biociéncias, Universidade Federal do Rio Grande do Sul, Av. Bento Gongalves 9500 prédio
43431, Porto Alegre, RS, Brazil, 91501-970 Phone: 55 51 3316-7603; Fax: 55 51 3316-7003; E-
mail: mara.benfato @ufrgs.br

Highlights
Aging and reproduction reduce oxidative stress in male rat gonads.
Enzymes activities and damage levels decrease during aging in reproductive animals.
Evaluation of oxidative stress in 4 different ages (3, 6, 12 and 24 months).
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Abstract

The free radical theory of aging postulates that an imbalance between reactive oxygen
(ROS) and nitrogen species (RNS) and antioxidant defenses is important in senescence. To
address this issue and gain insight into the aging process, we have evaluated the antioxidant
defenses and have assessed oxidative damage in testis tissues in aging male rats. In order to
relate aging and reproduction, animals with and without reproductive activity were studied. In
reproductive animals the results showed a progressive increase in antioxidant enzyme activity
until 12 months of age followed by an abrupt fall at 24 months. In non-reproductive animals,
antioxidant activity was stable through 12 months of age, but again, fell abruptly at 24 months
of age. In addition, increased aconitase activity and increased testosterone levels were found
among reproductively active animals. The data demonstrate the existence of metabolic
differences in testis of reproductively experienced animals and reproductively naive animals.
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1. Introduction

The evolutionary concept of aging, according to Kirkwood (Kirkwood, 2001, 2011), is
the idea that senescence results from life-history trade-offs. At a molecular level, aging can be
the result of a series of injures that affect metabolic performance. For example, injuries causing
losses in mitochondrial efficiency may alter metabolism producing characteristics of senescence
and finally resulting in death (Beckman and Ames, 1998; Camougrand and Rigoulet, 2001;
Dowling and Simmons, 2009; Harman, 1956; Kirkwood, 2008; Rattan, 2006; Vina et al., 2003;
Wallace, 2005). During normal oxidative metabolism, cells use oxygen as an electron acceptor
in the process of mitochondrial respiration, which typically consumes about 90% of the oxygen
utilized by cells. Mitochondrial respiration is considered to be the major source of cellular
reactive oxygen (Freeman and Crapo, 1982; Kowaltowski et al., 2009; Shigenaga et al., 1994).
The aconitase (ACO) enzyme has two isoforms, one in the mitochondria which has a role in the
Krebs cycle catalyzing the conversion of citrate to cis-aconitase and finally to isocitrate, and
determinations of its activity provide useful measures of mitochondrial metabolic status
(Medvedeva et al., 2002) and other in the cytosol, involved in iron regulation (Tong and
Rouault, 2007). Usually, from 1 to 3% of the oxygen consumed is converted to ROS as
electrons are released from the electron transport chain and transferred directly to molecular
oxygen. When ROS are produced beyond the capability of a cell to detoxify them, damage to
protein, lipid, and DNA ensues.

Reproduction is necessary to the permanency of the species but is an expensive activity.
The metabolic costs of reproduction may be directly involved in gamete production, or may be
more related to behavioral and physical alterations that occur (Buchanan et al., 2001). There are
several reports relating higher metabolic rate and oxidative stress (Scheffer et al., 2012; Sun et
al., 2012). It is expected that with the increased production of energy there will be an increase in
the generation of reactive species, thus increasing oxidative stress.

To oppose these reactive species, animals have developed antioxidant defense
mechanisms. These are classified according to enzymatic activity, such as catalase (CAT) and
peroxiredoxins (Prx), which act on H,O,, glutathione peroxidase (GPx), which reacts with
peroxides in general, glutathione S-transferase (GST), which is involved in the detoxification of
xenobiotics, and superoxide dismutase (SOD), which catalyzes dismutation of superoxides into
H,0; and O,. Among non-enzymatic antioxidant defenses available to cells, reduced glutathione
is the most abundant; as well, vitamin C (Vit C) can also protect against oxidative stress
(Adibhatla and Hatcher, 2010; Yoshihara et al., 2010). These defenses are distributed in
different forms within tissues. According to Halliwell and Gutteridge (Halliwell and Gutteridge,
2007), the gonads are, in general, organs with low enzymatic activity and, presumably, low
antioxidant defenses, even though there are a few enzymes with higher activity, such as
phospholipid hydroperoxide glutathione peroxidase (PHGPx) (Puglisi et al., 2005). The gonads
contain very finely coiled tubes called seminiferous tubules. The tubules are lined with a layer
of germ cells that develop into sperm cells. They also contain the Sertoli cells and myoid cells.
Leydig cells are located between the tubules, in the interstitial space, which also contains
interstitial macrophages and epithelial cells. The gonads are controlled by luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) secreted by the anterior pituitary
gland. LH stimulates the production of testosterone by Leydig cells, which, together with FSH,
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stimulates Sertoli cells, which in turn, stimulate the maturation of the spermatogonia in order to
produce spermatozoa. Also, the production of testosterone generate ROS as a by-product
(Hornsby, 1989) and promotes lipid peroxidation (Peltola et al., 1996)

There are only a few reports that address the relationship between oxidative stress and
reproduction costs (Arenas-Rios et al., 2007; Vazquez-Memije et al., 2008), and fewer yet
relating oxidative stress with the reproduction cycle and aging (Rebrin et al., 2003) in males. In
order to create an oxidative profile to help elucidate the senescence process in animals with and
without reproductive activity, we compared antioxidant enzyme activity, non-enzymatic
antioxidant levels, and damage in proteins and lipids in male rat gonads.

2. Materials and methods

2.1. Animals and organs

The study made use of 80 male Wistar rats (Rattus norvegicus). One-month-old rats
were separated into 2 groups (40 animals each): animals with reproductive (experienced)
activity and animals without (naive). Males were caged either with a female (experienced) or
with another male rat (naive), until the age of sacrifice. Reproduction was considered to have
occurred when the females gave birth to litters. Pups were separated from the parent pair at 21
days of age, before the initiation of the pubertal stage, which corresponds to an age of 30-37
days for males and 33-42 days for females (Krinke, 2000). Litter size ranged from 5 to 11 pups,
and each pair had more than 1 litter. To assess the effects of aging, both experienced and naive
groups were subdivided into 4 groups (10 animals each), each corresponding to a different age
(3, 6, 12, 24-month-old).

Adult animals weighed between 250 and 500 g, and were weight-to-age proportional;
they had good motor activity, and did not present hair loss or any symptoms of disease. Gonad
and body weights did not alter significantly between the ages of 12 and 24 months, indicating
they were well nourished and healthy, even at the older ages (Table 1). Sick animals were
sacrificed and discarded from the sample (two 24-month old experienced males).

The animal house was kept on a 12 h light/dark cycle at 24 + 1°C, with standard lab
chow and drinking water ad libitum. All animals were anesthetized by i.p. injection with a
mixture of ketamine (75 mg/kg) and xylazine (10 mg/kg). After saline infusion, the gonads were
removed and immediately frozen in liquid nitrogen for further analysis. Other data from these
same animals has been previously published (Alabarse et al., 2011a; Hackenhaar et al., 2009).
These studies were conducted with the approval of the Universidade Federal do Rio Grande do
Sul Ethical Committee.

Organs were manually macerated with scalpels, sonicated (2 x 10s) in 30 mmol/L
phosphate buffer (120 mmol/L. KCI, 100 umol/L. PMSF, phenylmethanesulfonylfluoride, pH
7.4), and centrifuged (10 min, 2,000 x g). The supernatant was transferred to a fresh tube and
centrifuged for 10 min at 15,800 x g. The supernatant from the second centrifugation was
aliquoted and frozen for later analysis.

2.2. Assays
2.2.1.Testosterone levels
The levels of testosterone in serum were estimated by radioimmunoassay using
Testosterone RIA DSL-4100® kits (Diagnostic Systems Laboratories, Inc., Oxford, UK). All

assays were independently performed in triplicate.
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2.2.2.Enzymatic antioxidants

Hydrogen peroxide consumption, which is a measure of the activities of catalase,
glutathione peroxidase, and peroxiredoxins (Halliwell and Gutteridge, 2007; Rhee et al., 2003),
was determined by the method of Aebi (1984). Briefly, in a cuvette containing 200 uL of
phosphate buffer and 30mL of tissue extract, 250 uL of 0.066 mol/L H,0, in phosphate buffer
was added and decrease in absorbance was read at A,y ,m for 30 s in a spectrophotometer. A
molar absorptivity of 43.6 mol/L/cm was used to determine the consumption, one unit of which
is equal to mmol H,0O, degraded per minute per mg protein in a spectrophotometer (Aebi, 1984).

The reaction mixture for the GPx assay consisted of 500 uL of phosphate buffer, 100
puL of 0.01 mol/L reduced glutathione (GSH), 100 uL of 1.5 mmol/LL NADPH and 100 pL of
glutathione reductase (0.24 U). One hundred microliters of tissue extract was added to the
reaction mixture and incubated at 37°C for 10 min. Fifty microliters of 12 mmol/L t-butyl
hydroperoxide was added to 450uL of tissue reaction mixture and measured at As4o,, for 180 s
in a spectrophotometer. A molar absorptivity of 6.22x10° mol/L/cm was used to determine
enzyme activity. One unit of activity is equal to umol NADPH oxidized per minute per mg
protein. (Flohe and Gunzler, 1984).

Measurement of total superoxide dismutase (tSOD) activity was based on the inhibition
of autoxidation of epinephrine (A4 n.m) USing a spectrophotometric method (Misra and
Fridovic.I, 1972). Tissue extract (100 uL) was added to 880 uL carbonate buffer of 0.05 mol/L,
pH 10.2, 0.1 mmol/L EDTA. Twenty microliters of 30 mmol/L epinephrine in 0.05% acetic acid
was added to the mixture and absorbance was followed for 4 min at Augyn, In a
spectrophotometer. The amount of enzyme that results in 50% inhibition of epinephrine auto-
oxidation is defined as one unit.

GST activity was measured at Aszq,m by the GST-catalyzed reaction of 1-chloro-2,4
dinitrobenzene with reduced glutathione (Tsuchida, 2000). GST activity was expressed as U/mg
of protein, and 1 U was defined as the capacity of the enzyme to produce 1umol of GS-DNB per
minute.

2.2.3.Non enzymatic antioxidants

The assay to measure total, reduced, and oxidized glutathione (GSHt, GSH, and GSSG,
respectively) was performed by measuring the formation of p-nitrophenol from 5,5-dithiobis (2-
nitrobenzoic acid) in the presence of the enzyme glutathione reductase and NADPH (Kondo and
Awada, 2000). Color development was read at A4jo,,. To discriminate reduced glutathione from
the oxidized form, N-ethylmaleimide (0.25 mM) was added to the samples (Kondo and Awada,
2000).

2.2.4.0xidative Damage

As an index of protein damage, carbonyl levels were measured using absorbance at
Aszonm (Levine et al., 1990). Briefly, tissue extract aliquots (50ul) were added with either 2
mol/L HCI or 10 mmol/L 2,4-dinitrophenylhydrazine (DNPH) in 2 mol/L HCI and incubated at
37 °C for 90 min. After the samples were centrifuged (8,000g, 10 min) and added with 75ul of
28% trichloroacetic acid. After the samples were centrifuged (8,000g, 10 min) and the DNPH
excess was removed with ethanol-ethyl acetate 1:1 (v/v). The samples were centrifuged
(8,000g, 10 min) and the protein was then dissolved by addition of 6 mol/LL of guanidine
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hydrochloride. The carbonyl content was calculated using a millimolar absorption coefficient of
the hydrazone (21,000 (mol/L) "'em™). Carbonyl levels were expressed as nmol of carbonyl/g
of protein.

As an index of nitric oxide levels, a variation of the Griess test was used to determine
total nitrate and nitrite levels, standardized by sodium nitrite (Grisham et al., 1996). Color
development was read at Asy3npy.

2.2.5.Aconitase activity

Aconitase (ACO) activity was measured at Asq,, over time at 25°C as citrate was
converted to alfa-ketoglutarate by isocitrate dehydrogenase using NADP" (Ramara et al., 2007).
ACO was fully reactivated (ACOre) by incubation of the samples for 5 min with dithiothreitol
(20mmol/L), ferrous ammonium sulfate (2mmol/L), and reduced glutathione (100mmol/L)
(Ramara et al., 2007; Teixeira et al., 1998).

2.2.6.HPLC assays

Levels of vitamin C, a non-enzymatic antioxidant, and malondialdehyde (MDA), as an
index of lipid peroxidation, were measured by HPLC employing a reverse-phase column
(SUPELCOSIL™LC-18-DB HPLC column; 15 cmx4.6 mm, 5 pum), using a mobile phase flow
rate of 1 mL/min in 30 mmol/L. monobasic potassium phosphate (pH 3.6) and methanol (9:1,
v/v); Samples were injected in a volume of 25 pL. The absorbance of the column effluent was
monitored at 254 nm (Karatepe, 2004). Under these conditions, the retention time of vitamin C
was 3.0 min and MDA was 5.6 min.

2.2.7.Data normalization

All results were normalized to protein content with BSA (bovine serum albumin) as a
standard (Bradford, 1976). All assays were independently performed in triplicate.

2.3. Statistical analyses

Kolmogorov-Smirnov was performed in order to evaluate normality. Parametric data
were expressed as mean + standard deviation. The results were analyzed using ANOVA
followed by Tukey test. Non-parametric data were expressed as median (inter quartile range).
The results were analyzed using Kruskal-Wallis followed by Dunn test in order to determine
statistical significance among the different groups. Spearman correlation was performed to
evaluate relations between oxidative parameters. Differences were considered statistically
significant at p<0.05.

3. Results

As shown in Table 1, body and gonad weights, and length (without tail) of animals aged
three, six, twelve, and twenty-four months did not differ among animals of the same group nor
between groups. Testosterone levels in 3 and 6 month-old animals in the experienced group
were 371.75 and 302.97 ng/mL, respectively, and in the naive group were 40.72 and 103.91
ng/mL, respectively. Levels were higher at both ages (3 and 6 months) in experienced animals
than in naive.
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2.4. Enzymatic antioxidants

In the experienced group there was an increase in the consumption of H,O, among 6
and 12 month-old animals compared to 3 and 24 month-old animals. Among the naive group,
the 24 month-old animals presented a significantly lower consumption of H,O, (Fig 1A).

Among the experienced group, 12 month-old animals had higher GPx activity than 3
month-old, and 24 month-old animals showed the lowest levels. In the naive group, the activity
of 24 month-old animals was decreased 99% compared to 12 month-old animals from a median
of 2912.4 to 6.62 U/mg protein. In between-group comparisons, the 3 month-old naive animals
had higher activity than 3 month-old experienced animals (Fig 1B).

In the experienced group tSOD activity increased progressively by age until 12 months;
this was followed by a decrease of activity in 24 month-old animals. In the naive group the 24
month-old animals showed the lowest activity. The activity in the experienced group was
significantly lower than in the naive group at 3 months (Fig 1D).

In the experienced group GST activity was increased among 6 and 12 month-old
animals compared to 3 and 24 month-old animals. No difference was found among the naive
groups. In between-group comparisons, the 6 month-old naive animals had higher activity than
6 month-old experienced animals (Fig 1C).

2.5. Non enzymatic antioxidants

In the experienced group, vitamin C levels were higher in 12 month-old animals (1.28
nmol/mg protein). In the naive group, 3 month-old animals presented the highest level (1.8
nmol/mg protein). In between-group comparisons, naive animals exhibited higher vitamin C
levels at 3 and 6 months compared to experienced animals (Fig 3C).

The ratios of reduced glutathione to oxidized glutathione did not differ according to age,
and was not different between experienced and naive animals (Fig 3D).

2.6. Oxidative damage

In the experienced group, MDA levels in 6 month-old animals were lower than in 3
month-old animals, and between-group comparison showed that MDA levels in 6 month-old
animals were lower in the experienced group than the naive group. There were no differences
within naive groups (Fig 2A).

In the experienced group, nitrite and nitrate levels were higher in 3 and 12 month-old
animals than in 6 and 24 month-old animals. In the naive group, nitrite and nitrate levels were
higher in 3 and 12 month-old animals than in 6 month-old animals. In between-group
comparisons, experienced and naive groups exhibited no differences (Fig 2C).

In the experienced group, there was an incremental increase in protein damage,
indicated by increasing carbonyl levels, between 6 and 12 months of age. In the naive group, the
24 month-old animals showed the lowest carbonyl levels. No differences were observed
between experienced and naive groups (Fig 2B).
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2.7. Aconitase activity

No differences in aconitase activity were observed within groups. Differences were
observed between experienced and naive groups at the ages of 6, 12, and 24 months. In the
experienced group, reactivated aconitase activity was higher in 12 month-old animals than in 3
month-old animals, and in between-group comparisons we found that reactivated aconitase
activities were higher in the experienced group at 3 and 6 months of age (Fig 3A, B).

3. Discussion

The aim of this study was to delineate the oxidative profile in male rat gonads during
aging and to compare reproductively experienced and reproductively naive animals. There have
been a few studies relating reproduction and oxidative stress in vertebrates. A study in birds
(Taeniopygia guttata) correlated oxidative stress and brood size, and demonstrated that SOD
activity decreased as brood size increased (Wiersma et al., 2004). Although most studies on
reproduction have used only females, which show great metabolic changes in the processes of
carrying progeny, other studies have shown that males also exhibit physical changes, such as
increased size of testis (Arenas-Rios et al., 2007) or the production of sperm, which was found
to be trivial in metabolic costs (Olsson et al., 1997). Also, a work with Teleogryllus oceanicus
found differences in sperm viability as the animal ages (Dowling and Simmons, 2012); and
behavioral changes, such as fights with other males, that tend to decrease when the animal
reaches middle age (Chambers and Phoenix, 1983; Nicolosi et al., 2004).

Aging and degenerative diseases associated with it are attributed basically to the
deleterious side attacks of free radicals on cell constituents thus altering membrane constituents
and inactivating proteins. These alterations, when in excess, may lead to cell death.

Our data revealed, in the experienced group, a progressive increase in activity of all
antioxidant enzymes until the animals reached 12 months of age; then activity fell abruptly
among older (24 months) animals. In the naive group, antioxidant enzyme activities remained
stable from 3 to 12 months of age, but again, activity fell abruptly in 24 month-old animals,
GPx showed a different result, being higher in 3 months and then decreasing in elder ages;
these GPx results agree with other work in testis (Tramer et al., 2002), that found, in Wistar rats,
higher activity of PHGPx in 3 months than in the other ages tested (0, 6 and 12 months). These
results agree with predictions of the free radical theory of aging (Harman, 1956), and
corroborate previous reports from our lab (Alabarse et al., 2011a; Alabarse et al., 2011b;
Ehrenbrink et al., 2006; Hackenhaar et al., 2009) and other labs (Vazquez-Memije et al., 2008).
A difference in testosterone levels was also observed; the naive group showed lower levels of
testosterone at 3 and 6 months of age, but that difference diminished in older animals (Table 1).

Experienced males showed higher aconitase activity than naive animals (Fig 3 A, B),
but it is not possible to infer whether this activity is in the cytosolic aconitase or the
mitochondrial since there are no data about their ratio in the testicles. The experienced group
also showed a positive correlation (0.505) with carbonylation levels (protein oxidative damage)
and a negative correlation (-0.845) with nitric oxide levels (Supplementary Table 1). This
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suggests that there was increased damage to proteins, presumably due to the higher
mitochondrial activity. There was no difference between aconitase and reactivated aconitase,
which indicates that very little damage by superoxide was done to aconitase (Fig 3B).

Nitric oxide synthesis in tissues can occur through a reduction of nitrate to nitrite and
nitrite can be subsequently reduced to nitric oxide. Nitric oxide can induce DNA damage
through direct strand breaks and base modification, it also inhibit proteins with thiol groups
(Burney et al., 1999; Niles et al., 2006). It has an important role in reproduction stimulating
steroidogenesis in Leydig cells by activating soluble guanylate cyclase-cGMP signaling, which
appears to be through activation of cGMP-dependent protein kinase 1 (PRKG1) and
phosphorylation of StAR protein (Andric et al., 2007, 2010). The lower concentration of nitric
oxide (Fig 2C) suggests that nitric oxide is being consumed in processes such as
spermatogenesis and steroidogenesis (Lee and Cheng, 2004; Rosselli et al., 1998).

Naive animals showed no difference in antioxidant defense mechanisms to the age of 12
months, unlike experienced animals, which might be expected given that the testis are important
for reproduction but have little role in the overall functioning of the body, this agrees with the
fact that the ratio testis/body weight significantly reduces from the age of 3 (0.01) months to the
age of 24 (0.007) months (data not shown), and with the findings of other groups: one found in
naive Norway brown rats a regression on testis size and an increase in the expression of
oxidative stress related genes (Syntin et al., 2001) and other found a morphological alteration of
hamster epididymis, and a decrease in sperm quality in elderly ages (24 months) (Calvo et al.,
1999). These changes are probably due to: changes that are intrinsic to the germ cells that
decrease the ability of the somatic cells of the seminiferous tubules, the Sertoli cells, to support
germ cell survival and differentiation, or to as yet unknown extrinsic factors.

The aging results suggest an important relationship between the end of reproductive life
and enzymatic activity in the testis. From the age of 12 months onward, there are modifications
in the levels of sex hormones in male rats (Rikans et al., 1992). For example, by the age of 24
months, Leydig cells lose approximately 50% of their capacity to secrete testosterone leading to
an overall reduction in testosterone levels in the animals (Chen et al., 2001; Chen et al., 2009),
not due to loss of cells (Wang et al., 1993), but due to changes in the steroidogenic pathway that
could reduce the ability of the aged cells to produce testosterone. When compared to young
cells, older cells preset reduced luteinizing hormone receptors numbers, cAMP production
(Chen et al., 1994; Lin et al., 1983). There is evidence that cholesterol transport mechanisms
also are compromised in aged Leydig cells (Culty et al., 2002).

Modifications in the mitochondrial efficiency decreased the ability of Leydig cells to
produce testosterone (Hales et al., 2005). As a consequence of the modification in testosterone
levels, alterations occur in body composition, including decreased physical and sexual energy
levels and decreased cognitive functions among other changes (Rebrin et al., 2003; Zirkin and
Chen, 2000). It is puzzling that with the increase in antioxidant activity the oxidative damage
did not also increased. One hypothesis to explain this is the fact that in testis, testosterone seems
to exhibit a protective effect (Akishita et al., 2010); thus, we observed a lower MDA levels
(lipid peroxidation index) in 6 month-old experienced animals (Fig 2A) and a negative
correlation (-0.895) with carbonylation levels (supplementary Table 1).

Even though testosterone may play a protective role in the testis, it is a pro-oxidant, and
increases oxidative stress in other organs (Halliwell and Gutteridge, 2007), probably by
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increasing metabolism, and thereby reduces male lifespan. This hypothesis is supported by the
observation that castrated male rats live longer than intact male rats (Buchanan et al., 2001;
Halliwell and Gutteridge, 2007; Wikelski et al., 1999). Another important point is that the
decrease in activity of all enzymes among 24 month-old animals was greater in experienced
animals then in naive animals.

From these results it is possible to conclude that there are metabolic differences in testis
between reproductively experienced animals and reproductively naive animal but further
investigation is needed in order to establish the exact causes of these differences.
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Figure 1: Boxplot of hydrogen peroxide consumption (A), glutathione proxidase (B),

glutathione S-transferase (C) and total superoxide dismutase (D). a - differs from 3 months, b -

differs from 6 months, ¢ - differs from 12 months, d - differs from 24 months, a - differs from

same age in the other group (p<0.05) *m, months. E, experienced. N, naive
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Figure 2: Boxplot of malondialdehyde (MDA) levels (A), carbonyl (B) and nitrites and nitrates
(C). a - differs from 3 months, b - differs from 6 months, ¢ - differs from 12 months, d - differs

from 24 months, o - differs from same age in the other group (p<0.05) *m, months. E,
experienced. N, naive.
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A - Aconitase B - Reactivated aconitase
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Figure 3: Boxplot of aconitase (A), reactivate aconitase (B), vitamin C (C) and GSH/GSSG
ratio (D). a - differs from 3 months, b - differs from 6 months, c - differs from 12 months, d -

differs from 24 months, a - differs from same age in the other group (p<0.05) *m, months. E,
experienced. N, naive.
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Table 1 — Male rats with (experienced) and without (naive) reproductive activity
body and gonad weight, body length (without tail) and testosterone levels. Data are

expressed as mean + SD.

Experienced Naive
Body Weight (g)
3 months 339.54 £40.43 296.82 +3.30
6 months 397.27 £59.13 310.51 £7.10
12 months 468.37 £42.63 433.01 £24.62
24 months 421.97 £26.97 436.71 +36.81
Body Length (cm)
3 months 21.81 £1.60 20.22 £0.21
6 months 22.27+1.19 22.02 +0.40
12 months 23.78 £ 1.40 22.50 £0.30
24 months 24.00 £ 0.81 22.03 £0.30
Gonad (g)
3 months 3.28 +£0.27 3.02+0.34
6 months 3.54+043 3.09+£0.35
12 months 3.71+£0.43 3.02+0.31
24 months 3.92+0.78 3.04 £0.31

Testosterone (ng/mL)
3 months

6 months

12 months

24 months

371.75 £86.23
302.97 £93.02
53.63 £27.08
38.52 £ 21.51

cda 40.725 +17.36
cda 103.91 £97.57
32.37+£23.64
28.51+7.82

cd o

cda

b - differs from 6 months (p<0.05)

c - differs from 12 months (p<0.05)
d - differs from 24 months (p<0.05)
a - differs from same age in the other group (p<0.05)
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Supplementary table 1 - Spearman correlations

Spearman's rho AH,0,
Esperienced Gpx
MDA
tSOD
GST
VitC
NO*
Aco
Acore
Carbonyl
Test.

AH,0, Gpx MDA tSOD GST Vit C NO* Aco Acore  Carbonyl Test.#
1 -0.348  -0.259  0.268  -0.329 -0.664%** 0.102 -0.096 -0.189 0.18 -0.228
-0.348 1 024  -0.492* 0.319 0.221 -0.049 -0.139 -0.088 -0.437 0.314
-0.259 0.24 1 -0.044  0.657**  -0.112 0.104 -0.211 -0.108 -0.29 0.167
0.268 -0.492*  -0.044 1 -0.335  -0.249 -0.182 0.108 0.077 0.450*  -0.453
-0.329 0.319 0.657** -0.335 1 0.152 -0.296 0.127 0.27 -0.271 0.439
-0.664**  0.221  -0.112 -0.249  0.152 1 -0.540* 0.527* 0.588* 0.304 0.027
0.102 -0.049  0.104  -0.182  -0.296  -0.540% 1 -0.845%*  -0.895**  -0.395 0.26
-0.096 -0.139  -0.211  0.108 0.127 0.527*  -0.845** 1 0.880**  0.505*%  -0.257
-0.189 -0.088  -0.108  0.077 0.27 0.588*  -0.895%*  (0.880%** 1 0.3 -0.137
0.18 -0437  -029  0.450* -0.271 0.304 -0.395 0.505%* 0.3 1 -0.603*
-0.228 0.314 0.167 -0.453  0.439 0.027 0.26 -0.257 -0.137  -0.603* 1
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Spearman's rho AH,0, 1 0.311 -0.321  -0.165 -0.785** 0.115 0.044 -0.292  0.015  -0.483* -0.168
Naive Gpx 0.311 1 -0.061 -0.564* -0.504 0.036 -0.657** -0.294 0.183 -0.493 -0.464
MDA -0.321 -0.061 1 -0.154  0.171  0.071 -0.4 0.147  0.047 0.089 0.464
tSOD -0.165 -0.564*  -0.154 1 0.286 0.2 0.343 -0.143  -0.498 0.538%* 0.245
GST -0.785**  -0.504 0.171 0.286 1 0.059 0.153 0.065  -0.035 0.512%* -0.154
VitC 0.115 0.036 0.071 0.2 0.059 1 0.062 0.056  0.363 0.174 0.042
NO* 0.044 -0.657**  -0.4 0.343 0.153  0.062 1 0419  0.236 0.403 -0.035
Aco -0.292 -0.294 0.147  -0.143  0.065  0.056 0.419 1 0.139 0.333 0.088
Acore 0.015 0.183 0.047  -0.498 -0.035 0.363 0.236 0.139 1 0.035 -0.13
Carbonyl | -0.483* -0.493 0.089  0.538* 0.512* 0.174 0.403 0.333  0.035 1 -0.224
Test. -0.168 -0.464 0464 0245 -0.154 0.042 -0.035 0.088  -0.13 -0.224 1
AH,0, Gpx MDA tSOD GST Vit C NO* Aco Acore  Carbonyl Test.

#Test, Testosterone
*%_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).



4. Discusséao e conclusdes

A selecéo sexual e conflito sexual podem moldar estratégias divergentes
de esforco reprodutivo dependente da idade que, por sua vez, afetam a
evolugédo do envelhecimento e longevidade. No entanto trabalhos tratando de
selecao sexual tém sido pobremente integrados a pesquisa de envelhecimento
(Graves, 2007; Bonduriansky, Maklakov et al., 2008), visto que a maioria dos
estudos sobre a reproducdo utiliza apenas fémeas que demostram grandes
alteracées metabdlicas nos processos de geracdo de prole. Alguns estudos
monstraram que os machos também exibem mudancas fisicas, tais como
aumento do tamanho dos testiculos (Arenas-Rios, Leon-Galvan et al., 2007), e
mudancas de comportamento, como brigas com outros machos (Bonduriansky,
Maklakov et al., 2008). Ao contrario do que se esperava, a producado de
espermatozoides parece ter um custo trivial em relacdo aos demais custos

metabolicos (Olsson, Madsen et al., 1997).

O objetivo deste estudo foi tracar o perfil oxidativo nas gbnadas de ratos
machos durante o envelhecimento comparando animais com e sem atividade
reprodutiva. No grupo com atividade reprodutiva (Capitulo 3), os dados
revelaram um aumento progressivo na atividade de todas as enzimas
antioxidantes, até atingirem a idade de 12 meses, seguido de uma queda
abrupta nos animais mais velhos (24 meses). No grupo sem atividade
reprodutiva, a atividade das enzimas antioxidantes permaneceu estavel de 3 a
12 meses de idade, caindo em 24 meses. Estes resultados estdo de acordo
com a teoria de envelhecimento por radicais livres (Harman, 1956) a qual
propbe que ha um acumulo de lesbes moleculares ao longo do

envelhecimento, provocadas pelas reagdbes de espécies reativas nos
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componentes celulares ao longo da vida, que conduzem a perda de

funcionalidade com o aumento da idade.

Esta auséncia de variagdes nos animais ndo reprodutores poderia ser
entendida como uma preservacao do organismo, visto que o orgao nao esta
em uso, o que manteria a atividade enzimatica em niveis basais, protegendo

assim o orgao para quando o animal finalmente fosse reproduzir.

Os machos reprodutores apresentaram, como esperado, maior atividade
da enzima aconitase (artigo fig. 3 A e B), que animais nao reprodutores. Este

resultado é indicativo de maior atividade mitocondrial nos animais reprodutores.

A atividade da enzima aconitase (ACO) esta ligada ao controle de
processos oxidativos, principalmente no funcionamento mitocondrial,
participando do ciclo do acido tricarboxilico (ciclo de Krebs) (Medvedeva,
Popova et al., 2002). Na mitocondria, a ACO faz a conversao do citrato em cis-

aconitato e este para isocitrato (Krebs e Holzach, 1952).

A atividade da enzima esté intimamente relacionada com o estado redox
do ferro em seu nucleo, se este estiver no estado Fe*? a enzima esta ativa, se
estiver no estado Fe*?, a enzima perde este ferro e esta inativa. O mecanismo
proposto de inativagdao da ACO é via danos por 05~. Ao reativarmos a enzima
(Capitulo 3) estamos convertendo todos os Fe*? em Fe*3. O fato de nao haver
diferenca significativa nestas medidas (normal e reativada) pode ser um
indicativo que a mitocdndria esta funcionando normalmente, sem maior escape
de elétrons da cadeia transportadora de elétrons (CTE). (Teixeira, Schumacher

et al., 1998; Ramara, Duckles et al., 2007)
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O grupo reprodutor também mostrou uma correlagao positiva (0,505) da
atividade mitocondrial com niveis de dano oxidativo (carbonilacdo de proteina)
e uma correlacao negativa (-0,845), com niveis de 6xido nitrico. Isto sugere que
houve um aumento de danos a proteinas, provavelmente devido a maior
atividade mitocondrial. A menor concentracao de 6xido nitrico (com o aumento
de atividade mitocondrial), sugere que o Oxido nitrico € consumido em
processos como a espermatogénese e esteroidogénese (Fig 5) (Rosselli, Keller

et al., 1998; Lee e Cheng, 2004).

O éxido nitrico (NO) desempenha um papel importante na reproducao.
No cérebro, ele ativa a liberacdo de hormdnio luteinizante (através dos
neurénios liberadores de hormoénio luteinizante - LHRH) que atinge a hipéfise e
ativa a liberacdo de gonadotrofinas, que por sua vez estimulam a sintese
neuronal de NO (via nNOS) na hipéfise (Canteros, Rettori et al., 1996). No
pénis, estes terminais nervosos liberam NO que ativam a guanilato ciclase
solivel no musculo liso dos corpos cavernosos: essa geracdao de cGMP
provoca o relaxamento do musculo liso do pénis permitindo a entrada de
sangue através das artérias penianas causando assim a erecado (Burnett,
Lowenstein et al., 1992). O NO também influencia o0 comportamento sexual (em
fémeas de ratos €& responsavel pelo comportamento de lordose). No
desenvolvimento das gbnadas femininas, o NO desempenha um papel
importante na inducao da ovulacao e lutedlise (degradacao do corpo luteo na

auséncia de fecundagéo).
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Figura 5: a) processos reprodutivos influenciados pelo 6xido nitrico. b)
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em fémeas. O NO regula a liberacdo de LHRH em resposta a oxitocina,

noraepinefrina (NE), aminoacidos excitatérios (EAA) como o acido glutdmico,
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acido y-amino butirico (GABA), N-Metil-D-Aspartato (NMDA) e potéssio
extracelular (K*). LHRH por sua vez estimula a hipéfisee desencadeia a sintese
de prolactina e LH. LHRH também estimula as gbénadas via liberagdo de
gonadotrofinas e isto regula a sintese de esteroides sexuais (figura adaptada

de Shapar, et al. 2007)

No entanto, nossa compreensdo de como a selegcdo sexual afeta o
envelhecimento é ainda muito restrita. Para desenvolver a nossa compreensao
novos estudos devem caracterizar como a selecdo sexual afeta o esforco
reprodutivo dependente da idade, envelhecimento e vida em uma ampla
variedade de histérias de vida. Levando em conta, por exemplo, espécies com
rituais de acasalamento monogamico comparando com animais com
acasalamento do tipo poliandrico, estratégias de cuidado parental (por exemplo
materna vs paternal vs biparental). Essa pesquisa pode, portanto, elucidar a
interacdo entre estratégias de historias de vida e selecao sexual (Bonduriansky,

Maklakov et al., 2008).

Seria interessante também para ajudar a desenvolver ainda mais o
entendimento da interagdo entre o envelhecimento, ambiente e selecdo sexual
comparar os efeitos de medicdo de envelhecimento em experimentos de
laboratério com medi¢coes em ambiente natural (Bonduriansky, Maklakov et al.,
2008) permitindo assim estudos sobre a selecdao sexual, por exemplo, e avaliar
como esta afetaria a taxa de mortalidade e desempenho fisiol6gico
(senescéncia). Com base nos resultados é possivel concluir que ha diferencas
metabdlicas no testiculo entre animais reprodutores e animais néao

reprodutores.
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Perspectivas

Avaliar diferencas no perfil oxidativo de outros orgaos.

Avaliar diferencas no perfil oxidativo em fémeas, ao longo do

envelhecimento, com e sem atividade reprodutiva.

Estabelecer curvas de sobrevivéncia para a determinacdo da

longevidade dos animais com e sem atividade reprodutiva.

Avaliar diferengas no perfil oxidativo em espécies com rituais de

acasalamento  monogamico comparando com animais com

acasalamento do tipo poliandrico

Avaliar diferencas no perfil oxidativo e estratégias de cuidado parental.

Isolar e avaliar a atividade das mitocdndrias para confirmacao dos

resultados sugeridos pela enzima aconitase.
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