&

UFRGS

Universidade Federal do Rio Grande do Sul
Instituto de Ciéncias Basicas da Saude

Programa de Po6s Graduacédo de Ciéncias Biologicas: Bioquimica

TESE DE DOUTORADO

Ovariectomia altera parametros comportamentais e neuroquimicos em

hipocampo de ratas Wistar adultas: papel da suplementacdo com

vitamina D

Cassiana Siebert

Orientadora: Prof2 Dr2 Angela Terezinha de Souza Wyse

Porto Alegre

2018



Universidade Federal do Rio Grande do Sul
Instituto de Ciéncias Basicas da Saude

Programa de Pos Graduacédo de Ciéncias Bioldgicas: Bioquimica

TESE DE DOUTORADO

Ovariectomia altera parametros comportamentais e neuroquimicos em
hipocampo de ratas Wistar adultas: papel da suplementacdo com

vitamina D

Cassiana Siebert

Orientadora: Prof2 Dr2 Angela Terezinha de Souza Wyse

Tese apresentada ao Programa de Pés Graduacdo em Ciéncias Biologicas:
Bioquimica, como requisito parcial para obtenc&o do titulo de Doutor em
Ciéncias Biologicas: Bioquimica

Porto Alegre, 2018.



CIP - Catalogagao na Publicagdo

Siebert, Cassiana

Ovariectomia altera parametros comportamentais e
neuroquimicos em hipocampo de ratas Wistar adultas:
papel da suplementagdc com vitamina D / Cassiana
Siebert. -- 2018.

136 f£.

Orientadora: Angela T.S. Wyse.

Tese (Doutorado) -- Universidade Federal do Rio
Grande do Sul, Instituto de Ciéncias Basicas da
Saude, Programa de Pés-Graduagdo em Ciéncias
Biolégicas: Bioquimica, Porto Alegre, BR-RS, 2018.

1. Bioguimica. 2. Ovariectomia. 3. Vitamina D. 4.
Menopausa experimental. 5. Neuroquimica. I. Wyse,
Angela T.S., orient. II. Titulo.

Elaborada pelo Sistema de Geragdo Automatica de Ficha Catalografica da UFRGS com os

dados fornecidos pelo(a) autor(a).



Que no fundo é simples ser feliz
Dificil & ser tdo simples
(Simplicidade - O Teatro Magico)



Dedico este trabalho as pessoas mais importantes da minha vida:
minha familia.

Aos meus pais, Dianez e Celso,
Aos meus irméos, Rochele e Tiago.

\%



AGRADECIMENTOS

Agradeco a minha orientadora, Prof® Dr* Angela Wyse, pela
oportunidade de fazer parte de seu maravilhoso grupo, pela orientacdo, pelos
ensinamentos, pela confianca, paciéncia e alegria do convivio diario.

Aos colegas e amigos do laboratorio 36, aos que fizeram parte e aos que
fazem atualmente o laboratério um ambiente agradavel e o convivio alegre.
Obrigada a todos pelo auxilio, pela amizade e conhecimento compartilhado.

Agradeco em especial ao Tiago Marcon, amigo/irmdo que a pos-
graduacdo me deu. A Jana, pelos ensinamentos, parceria diaria e auxilio na
realizacdo desse trabalho.

A minha familia pela paciéncia, pelo amor, pelo apoio e incentivo em
todos os momentos. Agradeco em especial, meus pais Dianez e Celso, e aos
meus irmaos Rochele e Tiago, obrigada pelo amor incondicional.

A Re pelo companheirismo, cumplicidade e paciéncia.

A Mari Parisi pela amizade, conselhos, conversas e cumplicidade diaria
gue tornaram tudo mais leve e feliz.

Aos amigos que Porto Alegre me deu.

Aos professores e alunos colaboradores que auxiliaram em
experimentos que fazem parte dessa tese.

A Universidade Federal do Rio Grande do Sul, ao Programa de Pos-
Graduacao em Ciéncias Biolégicas: Bioquimica, aos funcionarios da secretaria
do nosso PPG e a todos os professores que contribuiram para a minha
formacao.

A CAPES e ao CNPq, pelo apoio financeiro.

Aqueles que de alguma forma ou de outra estiveram ao meu lado
durante a realizacéo desse trabalho.

A TODOS, muito obrigada.

Vi



SUMARIO

P A R T E | e et e e e e 1
RESUMO . ... e e et e e e e e e e e e e s 2
AB ST R A CT e e e 4
LISTA DE ABREVIATURAS ... e 6
LISTA DE FIGURAS ..o 8
1. INTRODUGAO ..ottt en . 9
1.1 Menopausa € EStrOJENOS .......coiuuriiiiiiiaeeee e ettt e e e e e e e e s s eeee e e e e e e s e anneneees 9
1.2 VIEAMINGA Dot e e 12
1.3 Aprendizado € MEMOKIA ........uuuiiiiie e 14
1.4 CIHOESQUEIBTO ...t 15
1.5 INFIAMAGAD ... 17
1.6 SiStEMA CONEITICO ....ueiiiiieeiiiiiieieiee et 19
1.7 ESIreSSE OXIAALVO ......veviiiiieiiiiiiiiiiii et 21
2. JUSTIFICATIVA E HIPOTESE ..o, 25
3. OBUIETIVOS .t e et e e e e et e e e e e aeee 25
3.1 ODJEtIVO GEIAl ... 25
3.2. Objetivos €SPECITICOS ....uuuuiiiiii e 26
(@1 o 11 (1] [ TN ISPt 26
(@1 o 11 (1] [ TN | SO URPPPPRRTN 27
(@22 T 10| [o 1 1 1 SR SUOPPPPRRRTPR 27
e I = | PP 29
1. METODOLOGIA E RESULTADOS ... 30
1.1 Modelo EXperimental.............oiioiiiiiiiiiii e 30
1.0.0 OVAIECTOIMUA ...ttt 30
1.1.2 Suplementacdo com Vitamina D ..............euuuiiiiiiiiiiiiiiiiiiiiiiiiiiieeens 30



(OFT o111V [ TN [OOSRt 32

(@1 o1 1] [ T | RPN 48
(@1 o1 1] (o TN | | RPN 82
2 = || 92
1. DISCUSSAOQ ..ottt 93
2.CONCLUSOES ...t 111
2.1 CONCLUSAO GERAL .....cooueeeieeeeeeeeeeeeeeee e eeen s 113
3. PERSPECTIVAS .....cooieieeeeeee ettt sttt s st 114
REFERENCIAS BIBLIOGRAFICAS ........cooiiieieeeeeeeeeeesee e en e, 115

VIl



PARTE |

1



RESUMO

A privagdo estrogénica caracteristica da menopausa pode estar relacionada
com efeitos negativos para a saude da mulher, bem como ao aumento do risco
de desenvolvimento de doencas neurodegenerativas. A terapia normalmente
utilizada para a menopausa € a reposicdo hormonal, porém efeitos adversos
desta terapia sao relatados. Portanto, ha uma crescente busca por terapias
complementares com a finalidade de minimizar os efeitos da menopausa.
Neste sentido a vitamina D vem sendo proposta como possivel protetora.
Alteracbes comportamentais e bioquimicas (metabolismo energético e em
importantes enzimas como acetilcolinesterase e Na',K'-ATPase) ja foram
encontradas em estruturas cerebrais de ratas adultas submetidas a
ovariectomia, um modelo de menopausa cirdrgica amplamente utilizado para
mimetizar as alteracbes pds-menopausa. Baseado nisso, 0 objetivo do
presente estudo foi investigar parametros comportamentais e bioquimicos
(sistema fosforilante citoesqueletal, parametros inflamatorios, sistema
colinérgico, de estresse oxidativo, dano a biomoléculas e comprimento de
teldbmeros) em hipocampo de ratas adultas submetidas a ovariectomia. Niveis
séricos de estradiol e calcidiol foram dosados. O papel da suplementa¢cdo com
vitamina D também foi investigado. A ovariectomia foi realizada em ratas Wistar
adultas com 90 ou 180 dias. Trinta dias apds o procedimento cirdrgico,
suplementacdo com vitamina D na dose de 500 Ul/Kg/dia por um periodo de 30
dias foi realizada. Resultados mostraram que a ovariectomia em ratas adultas
com 90 dias provocou prejuizo na memoria de reconhecimento de curto (teste
1 h apos o treino) e longo prazo (teste 7 dias apOs o treino) na tarefa de
reconhecimento de objetos, bem como na memoria aversiva de longo prazo
(teste 7 dias apOs o treino) na tarefa de esquiva inibitéria. Além disso, a
ovariectomia provocou um desequilibrio no sistema fosforilante do
citoesqueleto em hipocampo, evidenciado pela aumento na fosforilacdo da
proteina glial fibrilar acida e dos neurofilamentos de baixo peso molecular,
meédio peso molecular e alto peso molecular, sem alterar seus imunoconteudos.
A ovariectomia também causou aumento no imunocontetdo da proteina cinase
c-Jun-amino-terminal, da proteina cinase dependente de calcio/calmodulina Il e
dos sitios repeticbes de aminoacidos lisina-serina-prolina, Ser55 e Ser57
fosforilados. A vitamina D reverteu os efeitos causados pela ovariectomia sobre
0 citoesqueleto, mas néo reverteu os efeitos sobre a memdéria. Com relacao
aos parametros inflamatérios, a ovariectomia em ratas adultas com 90 dias
causou aumento no imunoconteudo de fosfo-NF-kb nuclear, bem como
elevacdo dos niveis de TNF-a e interleucina-6, sem alterar interleucina 1-3. O
sistema colinérgico também mostrou-se alterado através da ativagcdo da enzima
acetilcolinesterase, porém seu imunocontetdo, e o imunoconteudo da enzima
colina acetiltransferase ndo apresentaram alteracdes. A suplementagcdo com
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vitamina D foi capaz de reverter parcialmente o aumento no fosfo-NF-kb e na
interleucina-6. Os niveis de estradiol em soro das ratas submetidas a
ovariectomia apresentaram-se diminuidos em rela¢do aos controles e 0s niveis
de calcidiol das ratas submetidas a suplementacdo com vitamina D
apresentaram-se elevados em relacdo aos controles. Por fim, realizamos a
ovariectomia em ratas adultas com 90 dias ou 180 dias e posterior
suplementacdo com vitamina D. Resultados mostraram que a ovariectomia
alterou a atividade de enzimas antioxidantes em ambas as idades,
representada por aumento na atividade da catalase em ratas submetidas a
ovariectomia com 90 dias e aumento na atividade da superéxido dismutase em
ratas submetidas a ovariectomia com 180 dias. Nao foram observados danos a
lipidios de membrana e proteinas, porém foi observado dano ao DNA em
ambas as idades. Os teldmeros de ratas submetidas a ovariectomia com 180
dias apresentaram reducao significativa. A suplementacdo com vitamina D foi
capaz de reverter as alteracbes sobre o dano ao DNA e também no
comprimento de telémeros. Juntos, nossos achados mostram alteracbes que
podem estar presentes em mulheres na pds-menopausa e alguns efeitos
benéficos da suplementacdo com vitamina D sobre o cérebro. Esperamos com
nossos resultados auxiliar, pelo menos em parte, na compreensdo da
neurobiologia deste importante periodo na vida das mulheres, bem como abrir
perspectivas para novos estudos envolvendo terapias auxiliares.

Palavras-chave: colecalciferol, hipocampo, modelo experimental de
menopausa, ovariectomia, vitamina D.



ABSTRACT

The estrogen deprivation characteristic of menopause may be related to
negative effects on women's health, as well as to the increased risk of
developing neurodegenerative diseases. The therapy normally used for
menopause is hormone replacement, however adverse effects of this therapy
are reported. Therefore, there is a growing search for complementary therapies
to minimize the effects of menopause. In this sense vitamin D has been
proposed as a possible protective. Behavioral and biochemical changes (energy
metabolism and important enzymes such as acetylcholinesterase and Na*, K-
ATPase) have already been found in brain structures of adult rats subjected to
ovariectomy, a model of surgical menopause widely used to mimic
postmenopausal changes. Based on this, the objective of the present study was
to investigate behavioral and biochemical parameters (cytoskeletal
phosphorylating system, inflammatory parameters, cholinergic system, oxidative
stress, biomolecule damage and telomer length) in hippocampus of adult rats
submitted to ovariectomy. Serum levels of estradiol and calcidiol were
measured. The role of vitamin D supplementation has also been investigated.
Ovariectomy was performed in adult Wistar rats at 90 or 180 days. Thirty days
after the surgical procedure, vitamin D supplementation at a dose of 500 1U/kg/
day for a period of 30 days was performed. Results showed that ovariectomy in
90 day-old adult rats resulted in short-term (1 h post-training) and long-term (7-
day post-training) memory impairment in the object recognition task, as well as
in long-term aversive memory (7 days post-training) in the task of inhibitory
avoidance. In addition, ovariectomy caused an imbalance in the
phosphorylating system of the cytoskeleton in the hippocampus, evidenced by
the increase in the phosphorylation of the glial fibrillary acidic protein and of the
neurofilaments of low molecular weight, medium molecular weight and high
molecular weight, without altering their immunocontents. Ovariectomy also
caused an increase in the immunocontent of the c-Jun-amino-terminal protein
kinase, Ca?‘/calmodulin-dependent protein kinase Il, and the lysine-serine-
proline repeat, Ser55 and Ser57 phosphorylated amino acid sites. Vitamin D
reversed the effects of ovariectomy on the cytoskeleton, but did not reverse the
effects on memory. With regard to inflammatory parameters, ovariectomy in 90-
day-old adult rats caused an increase in the immunocontent of nuclear
phospho-NF-kb, as well as elevated levels of TNF-a and interleukin-6, without
altering interleukin 1-B. The cholinergic system was also altered by the
activation of the enzyme acetylcholinesterase, but its immunocontent and the
immunocontent of the enzyme choline acetyltransferase did not present
alterations. Vitamin D supplementation was able to partially reverse the
increase in phospho-NF-kb and interleukin-6. Serum estradiol levels in
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ovariectomized rats were decreased compared to controls and calcidiol levels of
rats submitted to vitamin D supplementation were higher than controls. Finally,
we performed ovariectomy in adult rats at 90 or 180 days old and subsequent
vitamin D supplementation. Our results showed that ovariectomy altered the
activity of antioxidant enzymes at both ages, represented by increased catalase
activity in rats submitted to ovariectomy at 90 days and increase in superoxide
dismutase activity in rats submitted to ovariectomy at 180 days. No damage to
membrane lipids and proteins was observed, but DNA damage was observed in
both ages. The telomeres of rats submitted to ovariectomy at 180 days old
presented a significant reduction. Vitamin D supplementation was able to
reverse changes on DNA damage and also on telomere length. Together, our
findings show changes that may be present in postmenopausal women and
some beneficial effects of vitamin D supplementation on the brain. We hope,
with our findings, to assist in the understanding and knowledge of the
neurobiology of this important period of women's lives, as well as open up
perspectives for future research involving adjunct therapies.

Keywords: cholecalciferol, experimental model of menopause, hippocampus,
ovariectomy, vitamin D.
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1.INTRODUCAO

1.1 Menopausa e estrégenos

A menopausa é uma importante fase na senescéncia reprodutiva feminina.
Menopausa natural € definida como a interrupcdo permanente da ovulagéo e
da menstruagdo durante um periodo de 12 meses (Kato et al., 1998; Soules et
al., 2001; Takahashi e Johnson, 2015). Apesar de a menopausa ser um evento
fisiologico na vida da mulher, muitas experienciam esta fase precocemente
(entre os 40 e 45 anos) ou prematuramente (antes dos 40 anos), de forma
espontanea ou induzida por intervencdes médicas como a quimioterapia, a
exposicdo a radiacdo ou apos ovariectomia (OVX) bilateral (Grant et al., 2015;

Rocca et al., 2010; Shuster et al., 2010).

Em mulheres com o ciclo reprodutivo normal, os ovarios secretam
compostos esteroides, como estrégenos e progesteronas, e compostos nado
esteroides como inibinas, relaxinas, ativinas e folistatinas. Essa liberacdo é
regulada pelo eixo hipotalamo-hip6fise-gonadal, através da secrecdo das
gonadotrofinas hipofisarias: o hormonio luteinizante (LH) e o hormdnio foliculo-
estimulante (FSH), os quais estdo sobre o controle da secrecdo do hormdnio
liberador de gonadotrofinas (GnRH) que é produzido e liberado pelo hipotalamo
(Messinis, 2006). Diversos fatores hormonais e neuro-enddcrinos modulam
positivamente e negativamente a secrecdo do GnRH, dentre estes, 0s
mecanismos de retrocontrole positivo e negativo exercidos pelos compostos
ovarianos e pelas gonadotrofinas presentes na circulagdo e que variam

conforme o ciclo menstrual. O periodo de transicdo para a menopausa engloba



mudanc¢as como a elevacdo do FSH, e nos ovarios ocorre o esgotamento dos
foliculos ovarianos, consequentemente diminuindo os niveis de estrogenos,
progesterona e de substancias ndo esteroidais na circulacdo, abolindo este

mecanismo de retrocontrole (Honour, 2017; Messinis, 2006).

Apesar de acontecerem alteracbes no padrdo de secrecdo de diversos
horménios apds a menopausa, a deplecdo de estrogenos é a mais amplamente
investigada, devido as importantes funcdes exercidas por este hormoénio. O
organismo feminino secreta trés tipos principais de estrogenos: estrona, estriol
e estradiol (17B-estradiol, E2 ou estrégeno), sendo este ultimo, o principal
estrogeno circulante durante a idade reprodutiva da mulher (Rettberg et al.,
2014). O estriol e a estrona sdo encontrados em baixos niveis e possuem uma
menor atividade sobre os receptores de estrogénio (RE) (Gruber et al., 2002;
Morissette et al., 2008). Os estrogenos atuam principalmente como hormonios
sexuais, mas também circulam por todo o organismo exercendo efeitos em
varios outros 6rgaos e sistemas, tais como o sistema nervoso central (SNC),
cardiovascular, imune e 6sseo (Arnal et al., 2010; Fiocchetti et al., 2012; Wise,
2002). As acbes dos estrégenos sao mediadas por seus REs que possuem
duas classe gerais: os REs nucleares e REs associados a membrana, ambos
encontrados no cérebro (Brinton, 2009; Mitra et al., 2003). No cérebro os
estrogenos sdo conhecidos por exercer papel neuroprotetor (Fiocchetti et al.,
2012; Petrovska et al., 2012; Wise, 2002), pois sao capazes de promover
plasticidade sinaptica e excitabilidade neural (Brinton, 2009; McEwen, 2002),
induzir sobrevivéncia neuronal, modular marcadores sinapticos associados a

cognicdo (Gibbs e Gabor, 2003), além de possuirem propriedades
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antioxidantes (Bellanti et al., 2013) e ainti-inflamatérias (Vegeto et al., 2008).
Neste sentido, dados na literatura mostram que a privacdo estrogénica
caracteristica da menopausa pode estar relacionada com o aumento do risco
de desenvolvimento de doencas neurodegenerativas em mulheres (Henderson,
2014; Mott e Pak, 2013).

A fim de investigar os mecanismos relacionados as mudancas observadas
ap0s a menopausa em mulheres, alguns modelos animais podem ser
empregados. Dentre estes modelos destaca-se a OVX, um modelo cirdrgico de
deplecdo hormonal ovariana que consiste na remocao bilateral dos ovarios,
causando uma reducdo drastica na secrecdo hormonal (Conn, 2006; Diaz
Brinton, 2012). A OVX é um modelo bem consolidado e amplamente utilizado
para mimetizar as alteracdes observadas no periodo pos-menopausa. Estudos
anteriores do nosso grupo de pesquisa ja demonstraram que a OVX causa
importantes alteracdes bioquimicas e comportamentais (memdéria aversiva e
espacial) em ratas Wistar adultas (Ben et al., 2009a; Mackedanz et al., 2011;
Monteiro et al., 2008; Monteiro et al., 2005b; Siebert et al., 2014).

O tratamento normalmente utilizado por mulheres para amenizar os sinais e
sintomas da menopausa € a terapia de reposicdo hormonal (TRH). Os
beneficios da TRH sobre a memdéria e fung¢des cognitivas tém sido relatados
(Sherwin, 2003; Shoupe, 2011). Por outro lado, ha indicios de que esta terapia
também pode causar efeitos adversos como o0 aumento do risco de
desenvolvimento de tumores e doencas cardiovasculares (Lobo, 2007; Miquel
et al., 2006). Dessa forma, a procura por alternativas de tratamento para
substituir ou complementar a TRH tem crescido nos ultimos anos (Ben et al.,

2010; Monteiro et al., 2005a; Siebert et al., 2014).
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1.2 Vitamina D

Dentre as terapias utilizadas para combater as mudancas no estado
redox e funcBes cognitivas relacionadas a idade, por exemplo, destacam-se os
compostos dietéticos e/ou farmacolégicos como antioxidantes e alguns
horménios. Neste sentido, a vitamina D (VIT D), considerada um horménio
esterdide, que tem como principal funcdo regular a homeostase do calcio,
influenciando na formacéo e reabsorcdo 0ssea, vem ganhando espago como

potencial agente terapéutico (Briones e Darwish, 2012; Mpandzou et al., 2016).

A VIT D é encontrada em duas formas basicas: a VIT D, ou
ergocalciferol, proveniente de alimentos de origem vegetal, e a VIT D3 ou
colecalciferol, que pode ser proveniente da sintese cutanea endogena apés
exposicao a radiacdo ultravioleta B ou através de alimentos de origem animal.
A VIT D3 endbgena é sintetizada na pele por acdo da radiacdo ultravioleta B
sobre o precursor 7-deidrocolesterol (pro-vitamina D3), convertendo este em
pré-vitamina D3, uma substancia termoinstavel que sofre isomerizagcao térmica,
adquirindo uma configuracdo mais estavel na forma de VIT D3 (colecalciferol).
Na circulacdo sanguinea, tanto a VIT D3 enddgena quanto a proveniente da
dieta se liga a uma a;-globulina chamada proteina ligante da vitamina D (DBP)
e é entdo transportada para o figado. No figado, o colecalciferol sofre
hidroxilagdo no carbono 25 através da acdo da 25-hidroxilase (CYP2R1),
produzindo a 25-hidroxivitamina D3, também chamada de calcidiol, 25-
hidroxicolecalciferol ou 25(OH)D3. Apds, o calcidiol ligado a DBP retorna a
corrente sanguinea para ser transportado até o rim, onde é novamente

hidroxilado em seu carbono 1 pela enzima la-hidroxilase (CYP27B1) gerando o
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calcitriol (1a,25-dihidroxivitamina D3 ou 1a,25(0OH).D3), a forma ativa da VIT D
(Figura 1)(Ferrari et al., 2017; Mostafa e Hegazy, 2015; Mpandzou et al., 2016;

Pike et al., 2009).

Suplemento na dieta:

Exposi¢ao solar a raios

Figado * Ergocalciferol (D2)

uve Enzimas
hepaticas * Colecalciferol (D3)

7- dehidrocloesterol l

l

Calcidiol (25 OH vitamina D)
Forma mensurada no sangue

Calcitriol (1,25 OH2 vitamina D) Keids caleitraico
Forma ativa no organismo _ - Forma inativa

Figura 1. Sintese e metabolismo da vitamina D. Fonte: Adaptado de Mostafa e

Hegazy (2015)

A VIT D possui inumeros alvos biolégicos e sua acdo ocorre atravées de
seus receptores (VDR), encontrados na maioria das células do organismo,
incluindo os neurbnios e células gliais (Eyles et al., 2007). Tanto em ratos
quanto em humanos, o VDR parece estar localizado em regides como
amigdala, coértex e hipocampo, que sdo areas cerebrais envolvidas no
funcionamento cognitivo (Eyles et al., 2005; Harms et al., 2011). No SNC, a VIT
D parece estar envolvida na regulacdo da neurotransmisséo, neuroprotecao,

imunomodulagdo (Dursun et al., 2011; Spach e Hayes, 2005), bem como na
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regulacdo da excitotoxicidade neuronal mediada pelo célcio e reducdo do

estresse oxidativo (Mpandzou et al., 2016).

1.3 Aprendizado e memoria

Sabe-se que a flutuagcdo hormonal que ocorre durante o ciclo reprodutivo
influencia regides cerebrais relacionadas com o aprendizado e a memoria
(Boulware et al., 2012; Pompili et al., 2012; Walf et al., 2006). Evidéncias
indicam que o estradiol modula fungbes cognitivas em animais e humanos.
Neste sentido, trabalhos mostram que a menopausa pode causar um declinio
da memodria e o aparecimento de disturbios cognitivos (Halbreich et al., 1995;
Henderson, 2006; Luine, 2014). O aprendizado e a memoria sdo funcdes
bésicas do SNC. Denomina-se memoria, a capacidade de adquirir, armazenar
e evocar informacdes que posteriormente possam ser utilizadas (Izquierdo e
Medina, 1997). As memoérias podem ser chamadas de diferentes formas de
acordo com o seu tempo de duracdo: quando perduram por poucos minutos ou
horas, sdo denominadas de memdérias de curta duracdo, e quando perduram
por muitas horas, dias ou meses, sdo denominadas de memodrias de longa

duracéo (Alberini et al., 2006; Izquierdo et al., 1998).

O hipocampo é uma estrutura cerebral que possui importante papel nos
processos relacionados a memoria e aprendizagem (Ahmed et al.,, 2013),
apresenta REs (Birzniece et al., 2006) e é altamente sensivel aos efeitos da
OVX (Leffa et al., 2014; Monteiro et al., 2005b; Siebert et al., 2014). Além disso,

estudos anteriores ja demonstraram prejuizos nas memorias espacial e
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aversiva em ratas adultas ovariectomizadas (Ben et al., 2010; Monteiro et al.,

2008; Monteiro et al., 2005a).

1.4 Citoesqueleto

O citoesqueleto € uma complexa rede de proteinas que determina a
forma celular, fundamental para manter a homeostase celular do SNC. Seus
componentes principais sao os filamentos de actina ou microfilamentos (MF),
os filamentos intermediarios (FI) e os microtabulos (MT) (Alberts et al., 2008).
Esses filamentos sdo conectados entre si e suas fungdes coordenadas, o que
permite a participacdo destes em diversas atividades celulares, juntamente

com proteinas acessorias (Alberts et al., 2008; Bear et al., 2002).

Os neurofilamentos (NFs) sdo importantes Fls na fisiologia neuronal.
Formados pela polimerizacao de trés subunidades denominadas NFs de baixo,
médio e alto peso molecular (NF-L, NF-M e NF-H, respectivamente), os NFs
sao os principais componentes do citoesqueleto de neurdnios maduros (Alberts
et al., 2008). A principal funcdo do NFs consiste na manutencdo do calibre
axonal e dessa forma, o aumento da velocidade de condugdo do impulso
elétrico, um processo regulado por fosforilacdo (Jung et al., 2000). A proteina
glial fibrilar acida (GFAP) € outro importante Fl, sintetizada nos astrocitos e
células de Schwann (Guo-Ross et al., 1999). A GFAP possui importante papel
na modulacdo da motilidade e forma celular, jA que fornece estabilidade

estrutural aos astrécitos (Eddleston e Mucke, 1993).
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A funcdo destas proteinas em resposta a estimulos extracelulares é
regulada por fosforilacdo, que consiste em uma modificacdo pdés-traducional
importante para as vias de transducdo de sinais (Rojas et al., 2013). A
fosforilacdo altera a funcdo de uma proteina de forma rapida e reversivel,
sendo o grau de fosforilacdo de uma proteina alvo reflexo do balanco entre as
acOes contrarias de proteinas cinases e fosfatases, o que integra um conjunto
de rotas de sinalizacdo celular (Okuda et al., 2004). A fosforilacdo das
subunidades de FIs acontece em seus dominios amino e carboxi-terminal.
Proteinas cinases dependentes de segundo mensageiros, como a proteina
cinase A (PKA), a proteina cinase C (PKC) e a proteina cinase dependente de
calcio e calmodulina (PKCaMill), realizam principalmente a fosforilacdo do
dominio amino-terminal, enquanto proteinas cinases independentes de
segundos mensageiros, como as proteinas cinases ativadas por mitbgenos
(MAPKS) e cinase dependente de ciclina 5 (Cdk5) fosforilam o dominio carboxi-

terminal (Chang e Goldman, 2004; Sihag et al., 2007; Zamoner et al., 2008).

Trabalhos na literatura demonstram que proteinas do citoesqueleto
estdo correlacionadas com a promocdo e manutencdo do estresse oxidativo,
bem como modulacdo de processos mitocondriais (de Lima Pelaez et al.,
2007). Além disso, ja foi demonstrado que esterbides sexuais (estrégenos e
progesterona) induzem alteragcbes no conteldo e atividade de proteinas
relacionadas ao citoesqueleto como MAP2, TAU e GFAP em células cerebrais

(Hansberg-Pastor et al., 2015).
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1.5 Inflamacgéo

A inflamacéo é uma resposta do organismo que atua como mecanismo
de defesa frente a um estimulo nocivo. Apesar de protetora no controle de
infeccbes e promocao do reparo tecidual, a inflamacdo também pode ser
danosa para os tecidos (Abbas e Bhawan, 2010). A resposta inflamatoéria
envolve células e fatores soliveis e é caraterizada pela liberacdo de
mediadores inflamatérios e recrutamento de leucocitos a partir da circulacao.
Tais leucdcitos tornam-se entédo ativados no local da inflamacéo e liberam mais
mediadores inflamatoérios (Colton, 2009; Zhang, 2008). A presenca de
inflamacédo, particularmente no SNC, é chamada de neuroinflamacédo e €
caracterizada pela ativacdo de microglia e astrécitos. A neuroinflamacao pode
ser desencadeada por uma série de fatores, incluindo infeccdes, lesdo cerebral
traumatica, presenca de metabdlitos téxicos ou autoimunidade, e sua presenca
vém sendo relatada em processos neurodegenerativos como doenca de
Parkinson e Alzheimer (Xanthos e Sandkuhler, 2014).

O fator de transcricdo nucler kappa B (NF-kB) € um importante fator de
transcricdo relacionado a resposta celular frente a estimulos (citocinas
inflamatorias, radicais livres, estresse, entre outros) e responsavel pela
regulacdo da expressdo de inumeros genes. O NF-kB é expresso no SNC e e
sistema nervoso periférico, tanto por neurbnio quanto por células da glia.
Diversos dimeros ja foram descritos no SNC, porém 0s mais comuns sao p50-
p65 e p50-p50 (O'Neill e Kaltschmidt, 1997; Shih et al., 2015). Em condi¢bes
ndo patoldgicas a ativacdo do NF-kB pode estar envolvida na plasticidade,

desenvolvimento neural e na atividade sindptica. O NF-kB é normalmente
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encontrado no citoplasma ligado a proteina inibitoria 1kB, em um complexo
inativo. Em resposta a um estimulo que ative a via do NF-kB, o kB é fosforilado
pelo complexo IKK, que o marca para degradacdo no proteossoma. O NF-kB é
assim liberado e pode ser translocado para o nucleo da célula, onde ativa a
expressdo de genes especificos (Baldwin, 2001). O NF-kB é um dos
reguladores mais importantes da expressao genica pro-inflamatoéria. A sintese
de citocinas, tais como o fator de necrose tumoral alfa (TNF-a), intereucina-1-
beta (IL-1B), interleucina-6 (IL-6) e interleucina-8 (IL-8), € mediada por NF-kB
(Shih et al., 2015; Tak e Firestein, 2001).

As citocinas sdo mediadores inflamatorios secretados frente a um
estimulo e desempenham seu papel na fase inicial e crénica da resposta imune
e inflamatéria por compartilhar sinais intracelulares com receptores,
distribuirem informacdes sobre o tipo de infeccdo e recrutar células efetivas
para realizacdo da defesa do hospedeiro (Curfs et al.,, 1997; Turner et al.,
2014). Elas sao produzidas e secretadas principalmente por mondcitos,
macrofagos, células endoteliais, linfécitos e fibroblastos e no SNC por microglia
e astrdcitos ativados (Hirano e Kishimoto, 1992; Jones e Thomsen, 2013). Tais
citocinas medeiam sinalizacdo célula-célula e se ligam a receptores de
superficie de alta afinidade, podendo exercer acdo local ou sistémica e
influenciar a sintese de outras citocinas (Bruunsgaard, 2005).

O TNF-a, a IL-1B e a IL-6 sdo importantes citocinas pro-inflamatorias,
liberadas frente a estimulos inflamatérios. O TNF-a é secretado principalmente
por macrofagos ativados, mas também pode ser produzido por outros tipos
celulares como mondcitos, células T, mastocitos, células NK, fibroblastos e

neurdénios. O TNF-a consiste em um potente ativador do sistema imunologico e
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pode induzir a ativacdo adicional de células ou astrécitos em repouso, bem
como do NF-kB, além de ser é uma potente citocina pro-inflamatéria
relacionada a diversas doencas inflamatérias (Frankola et al., 2011; Olmos e
Llado, 2014; Turner et al., 2014). A IL-18 € produzida por células como
monaocitos, macréfagos e neutrofilos em resposta a produtos bacterianos como
o lipopolissacarideo (LPS) ou outras citocinas, como o TNF-a. Aumento de
seus niveis pode levar a ativacdo de MAPKSs e do fator de transcricdo NF-kB,
bem como é amplamente relatado em condicdes neurodegenerativas
(Dansokho e Heneka, 2017; Kondera-Anasz et al., 2005; Turner et al., 2014). A
IL-6 é expressa por mononucleares, fagécitos, células T, células B, fibroblastos,
células endoteliais, queratinocitos e células da medua 6ssea. Aumento de seus
niveis estimula a sintese de proteinas de fase aguda, promove proliferacdo de
linfécitos B e secrecdo de anticorpos (Hirota et al., 2005; Turner et al., 2014).
Estudos na literatura demonstram que a menopausa esta associada a
um estado inflamatério sistémico representado pelo aumento dos niveis séricos
de citocinas proé-inflamatérias como IL-1, IL-6 ou TNF-a (Cioffi et al., 2002;
Yasui et al., 2006). A relacdo entre as diminuicbes hormonais associadas a
menopausa e 0 aumento dos niveis séricos de citocinas pré-inflamatérias ainda

nao é totalmente compreendida (Malutan et al., 2014; Su e Freeman, 2009).

1.6 Sistema colinérgico

s

O sistema colinérgico € amplamente conhecido por modular fungbes
como aprendizado e memoria (Maurer e Williams, 2017; Sarter e Bruno, 1997).

A acetilcolina (ACh), seus receptores e 0 aparato enzimatico responsavel por
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sua sintese e degradacdo constituem o sistema de neurotransmisséo
colinérgica. A colina acetiltransferase (ChAT) € a enzima responsavel pela
sintese de ACh a patrtir de colina e acetil-CoA, posteriromente a ACh € liberada
na fenda sinaptica onde pode se ligar a receptores muscarinicos ou nicotinicos.
Na sinapse a ACh é clivada em colina e acido acético pela enzima
acetilcolinestersae (AChE), sendo assim, ambas as enzimas sdo consideradas
marcadores importantes dessa via, por controlar a acdo da ACh (Maurer e
Williams, 2017; Zimmerman e Soreq, 2006). Recentemente, estudos tém
demonstrado o papel da ACh na interacdo do SNC com o sistema imune inato
para controlar a resposta inflamatdria, ressaltando seu envolvimento através da
"via colinérgica anti-inflamatodria” composta pelo nervo vago, pela ACh e pela
subunidade a7 do receptor nicotinico de ACh (Maurer e Williams, 2017; Pavlov
e Tracey, 2005; Rosas-Ballina e Tracey, 2009; Scherer et al., 2014). Essa via
representa um mecanismo de resposta do SNC a presenca de estimulos
inflamatorios na circulacdo, sendo mediada pela acdo do nervo vago no sentido
de inibir a liberacdo de citocinas pro-inflamatorias e proteger contra a
inflamacéo periférica (Maurer e Williams, 2017; Pavlov e Tracey, 2005; Tracey,
2007). Portanto, a sinalizacdo da ACh além de essencial para o funcionamento
cognitivo, bloqueia a inflamacéao.

O mecanismo responsavel pela acdo anti-inflamatéria da ACh baseia-se
na ativacdo das fibras aferentes do nervo vago por citocinas inflamatorias, as
gquais agem como sensor para a inflamacgéo (Pavlov e Tracey, 2005; Zila et al.,
2017). Logo, tal informacao € transmitida ao SNC, que estimula o nervo vago
eferente a produzir ACh, induzindo a diminuicdo da sintese e liberacdo de

importantes citocinas pro-inflamatorias como o TNF-a, IL-1B e IL-6 por
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macrofagos (Gwilt et al., 2007; Maurer e Williams, 2017; Parrish et al., 2008).
Neste sentido, a via colinérgica anti-inflamatéria representa um mecanismo
fisioloégico pelo qual o SNC atua com o sistema imune inato controlando a
resposta inflamatdria (Gallowitsch-Puerta e Pavlov, 2007).

Dados da literatura demonstram alteragcbes de funcdo colinérgica
relacionada a OVX (Henderson, 2008). Estudos anteriores do nosso grupo de
pesquisa demonstraram aumento da atividade da AChE em hipocampo de

ratas adultas submetidas a OVX (Ben et al., 2009b; Monteiro et al., 2005b).

1.7 Estresse oxidativo

Espécies reativas, também chamadas de radicais livres, sdo definidas
como qualquer espécie quimica que contétm um ou mais elétrons
desemparelhados em seu orbital mais externo, o que confere uma elevada
reatividade a molécula (Halliwell e Gutteridge, 2007b). Espécies reativas
podem exercer funcbes benéficas e/ou deletérias para sistemas vivos. Quando
em baixas concentracbes atuam na defesa contra agentes infecciosos e nos
processos de sinalizacéo intracelular. No entanto, em elevadas concentragées,
as espécies reativas podem causar danos a biomoléculas como lipidios,
proteinas e DNA, podendo resultar em perda de funcéo celular (Halliwell, 2012;

Valko et al., 2007).

As espeécies reativas podem ser derivadas do oxigénio (EROs) e
também do nitrogénio (ERN). As principais EROs sdo o anion superoéxido (O2

%), peroxido de hidrogénio (H.O,), radical hidroxila (OH®), anion hipoclorito (OCI’
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) e o oxigénio “singlet’ (*O.), e dentre as ERN incluem-se 6xido nitrico (NO"),

oxido nitroso (N2O) e peroxinitrito (ONOO™ )(Halliwell e Whiteman, 2004).

A exposicdo a radicais livres, a partir de uma variedade de fontes,
incluindo o préprio metabolismo energético celular, levou o organismo a
desenvolver uma série de mecanismos de defesa, como 0s antioxidantes
enzimaticos e nao enzimaticos. Um antioxidante é definido como uma
substancia que, em baixa concentracdo em relacdo a um determinado
substrato, € capaz de retardar ou prevenir a oxidacdo do substrato oxidavel
(Halliwell, 1995). Sdo exemplos de defesas antioxidantes enzimaticas a
superéxido dismutase (SOD), a catalase (CAT) e a glutationa peroxidase
(GPx), e de defesas antioxidantes ndo-enzimaticas, o acido ascorbico (vitamina
C), a-tocoferol (vitamina E), carotendides, flavonéides entre outras (Halliwell,
2011; Halliwell e Gutteridge, 2007b). A SOD é uma metaloenzima, responsavel
por catalisar a reacdo de dismutacdo do anion O, formando H,O, e O, (Yu,
1994). O H,0; resultante pode ser decomposto pelas enzimas CAT e GPx. A
CAT atua na decomposicao do H,O, a H,O e O, (Halliwell e Gutteridge, 2007b;
Yu, 1994).

Em condicdes fisiolégicas, existe um equilibrio entre a producdo de
espécies reativas e as defesas antioxidantes. Entretanto, quando esse
equilibrio é rompido ocorre o chamado estresse oxidativo (Finkel e Holbrook,
2000; Gutteridge e Halliwell, 2000). O estresse oxidativo pode causar efeitos
prejudiciais, tais como peroxidacdo de lipidios de membrana, agressdo as
proteinas e danos ao DNA (Silva e Coutinho, 2010; Valko et al., 2016).

Qualguer célula aerébia pode sofrer os efeitos decorrentes do estresse
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oxidativo, porém, particularmente o cérebro de mamiferos possui elevada
sensibilidade ao dano oxidativo (Halliwell, 2006, 2012). Dados da literatura
relatam a presenca de estresse oxidativo relacionada a deplecdo hormonal
ovariana decorrente da menopausa (Doshi e Agarwal, 2013). Estudo anterior
do nosso grupo de pesquisa demonstrou haver aumento de atividade
antioxidante, mais especificamente da CAT frente a OVX em hipocampo de
ratas adultas (Monteiro et al., 2005b), sugerindo um mecanismo compensatorio

frente a presenca de espécies reativas.

O estresse oxidativo também parece estar relacionado a senescéncia
celular prematura (Chen et al., 2007a; Pole et al.,, 2016). A analise do
comprimento de teldmeros como marcador de senescéncia celular vem sendo
extensamente proposta (Butt et al., 2010; von Zglinicki e Martin-Ruiz, 2005). Os
teldbmeros sdo estruturas constituidas de uma sequéncia repetida de DNA, que
ficam localizados nas extremidades dos cromossomos e possuem como funcéo
proteger a integridade dos genomas e impedir a fusdo com outros
cromossomos. Com o passar da idade os telébmeros das células teciduais
diminuem e a quantidade de telomerase, enzima responsavel por manter o
comprimento de telémeros, € insuficiente para manter o comprimento dos
mesmos durante as repetidas divisdes celulares (Blackburn, 2000; de Jongh et
al., 2017). O encurtamento de teldbmeros pode ser acelerado pela presenca de
estresse oxidativo, inflamacéo e proliferacdo celular (Pusceddu et al., 2015), o
gue pode aumentar a probabilidade de desenvolvimento de senescéncia celular
e apoptose. Neste sentido, estudos clinicos e pré-clinicos jA demonstraram

evidéncias sobre a diminuicdo de teldbmeros associada a menopausa e o papel
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benéfico dos estrogenos sobre a atividade da telomerase, principalmente em
leucocitos (Cen et al., 2015; Gray et al.,, 2014; Pines, 2013; Shenassa e

Rossen, 2015).
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2.JUSTIFICATIVA E HIPOTESE

Partindo do principio de que a deplecdo hormonal ovariana causa
importantes alteragdes no organismo feminino, incluindo no SNC, aumentando
a suscetibilidade de desenvolvimento de déficit cognitivo, distirbios emocionais
e até uma maior predisposicdo ao desenvolvimento de doencgas
neurodegenerativas, nossa hipétese é que a suplementacdo com VIT D atua de
forma benéfica na reversdo dos efeitos comportamentais e neuroquimicos

causados pela OVX.

3. OBJETIVOS

3.1 Objetivo Geral

O presente estudo teve como objetivo geral investigar a influéncia da
OVX, um modelo animal amplamente utilizado para mimetizar alteracdes pos-
menopausa, sobre parametros comportamentais (memoria) e neuroquimicos
(sistema fosforilante do citoesqueleto, parametros inflamatorios, sistema
colinérgico, estresse oxidativo, dano a biomoléculas e comprimento de
teldomeros) em hipocampo de ratas Wistar adultas. O papel neuroprotetor da

VIT D também foi investigado.
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3.2. Objetivos especificos

Os objetivos especificos estédo subdivididos em trés capitulos, que seréo

apresentados na forma de artigos cientificos, como segue:

Capitulo |

e Avaliar os efeitos da OVX em ratas Wistar adultas de 90 dias sobre o
desempenho dos animais nas seguintes tarefas: campo aberto,
reconhecimento de objetos e esquiva inibitoria de curta (teste 1 hora apos o
treino) e longa duracéo (teste 7 dias ap0s o treino);

o Verificar o perfil de fosforilagdo dos seguintes filamentos intermediarios
de astrocitos e neurbnios: proteina glial fibrilar acida (GFAP),
neurofilamentos de baixo, médio e alto peso molecular (NF-L, NF-M e NF-H
respectivamente) em hipocampo de ratas Wistar adultas de 90 dias
submetidas a OVX;

e Avaliar o efeito da OVX em ratas Wistar adultas de 90 dias sobre o
imunocontetdo dos filamentos intermediarios: GFAP, NF-L, NF-M e NF-H,
bem como dos sitios de fosforilacdo (pSer57, pSers5 e pKSPrepeats) e de
cinases envolvidas na fosforilacdo (p-p38, pJNK1/2, pERK1/2, PKAasub e
PKCaMllc-sub) em hipocampo;

e Investigar o papel neuroprotetor da VIT D sobre as alteragbes
identificadas, bem como o imunoconteudo de seu receptor (VDR) em

hipocampo de ratas Wistar adultas de 90 dias submetidas a OVX.
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Capitulo Il

Avaliar o imunocontetdo de NF-kB/p65 e fosfo-NF-kB/p65 nas fracbes
citosolica e nuclear em hipocampo de ratas Wistar adultas submetidas a
OVX com 90 dias;

Analisar os niveis de TNF-q, IL-1B e IL-6 em hipocampo de ratas Wistar
adultas submetidas a OVX com 90 dias;

Verificar o efeito da OVX sobre parametros do sistema colinérgico como
atividade da AChE e imunocontetdo de AChE e ChAT em hipocampo de
ratas Wistar adultas submetidas a OVX com 90 dias;

Avaliar os niveis de estradiol e calcidiol (VIT D) em soro, bem como
medir o peso corporal ao final do experimento e a ingesta alimentar de
ratas Wistar adultas submetidas a OVX com 90 dias de vida;

Investigar o possivel papel protetor da suplementacdo com VIT D sobre

0s parametros analisados.

Capitulo llI

Avaliar parametros relacionados a estresse oxidativo como atividade das
enzimas antioxidantes superéxido dismutase (SOD) e catalase (CAT), e
oxidacdo do DCFH em hipocampo de ratas Wistar submetidas a OVX
em duas diferentes idades: 90 dias de vida ou 180 dias de vida;

Avaliar o conteudo de sulfidrilas, niveis de substancias reativas ao acido

tiobarbitdrico (TBARS) e dano ao DNA em hipocampo de ratas Wistar
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submetidas a OVX em duas diferentes idades: 90 dias de vida ou 180
dias de vida;

e Analisar o comprimento de teldomeros em hipocampo de ratas Wistar
submetidas a OVX em duas diferentes idades: 90 dias de vida ou 180
dias de vida;

e Investigar o papel da suplementacdo com VIT D sobre os parametros

acima listados.
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PARTE Il
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1. METODOLOGIA E RESULTADOS

Os capitulos I, II, 1l serédo apresentados na forma de artigos cientificos,

0S quais apresentam o desenho experimental como segue:

1.1 Modelo Experimental

1.1.1 Ovariectomia

Ratas Wistar adultas (90 ou 180 dias de vida) provenientes do Biotério
do Departamento de Bioquimica foram aleatoriamente divididas em quatro

grupos: (1) SHAM, (2) OVX, (3) VIT D e (4) OVX+ VIT D.

A OVX consiste na retirada cirargica bilateral dos ovarios a fim de causar
a deplecdo dos horménios ovarianos, mimetizando alteracfes observadas no
periodo pds-menopausa. O procedimento cirdrgico foi realizado através de
incisdes translombares, mediante anestesia com uma mistura de cetamina e
xilasina (90/20mg/Kg) e de acordo com Monteiro et al. (2005b) e Ben et al.
(2009b). Os grupos SHAM e VIT D foram submetidos apenas a incisfes

cutaneas seguidas de sutura.

1.1.2 Suplementagdo com Vitamina D

Trinta dias apdés a OVX, as ratas foram submetidas a suplementacéo
diaria de VIT D, realizada por gavagem, por um periodo de 30 dias. As ratas

controles receberam igual volume do veiculo (propilenoglicol) utilizado para
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dissolver a VIT D. Aproximadamente doze horas apés a ultima suplementacao
as ratas foram submetidas aos testes comportamentais e/ou decapitadas sem

anestesia para posteriores analises.

A forma suplementada de VIT D foi o colecalciferol (vitamina D3), para
gue possa ser metabolizado até sua forma ativa: calcitriol. Utilizamos para este
estudo a dose de 500 Ul/Kg/dia de colecalciferol, que consiste em uma dose
utilizada na literatura para estudos animais de diferentes modelos e em
diferentes formas de administracdo (Chabas et al., 2013; de Souza Santos e
Vianna, 2005; Féron et al., 2014; Gueye et al., 2015; Salum et al., 2013; Salum

et al., 2012).
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Abstract The objective of study was to investigate changes
caused by ovariectomy (OVX) on aversive and non-aversive
memories, as well as on cytoskeleton phosphorylating sys-
tem and on vitamin D receptor (VDR) immunocontent in
hippocampus. The neuroprotective role of vitamin D was
also investigated. Ninety-day-old female Wistar rats were
divided into four groups: SHAM., OVX, VITAMIN D and
OVX + VITAMIN D; 30 days after the OVX, vitamin D
supplementation (500 IU/kg), by gavage, for 30 days was
started. Results showed that OVX impaired short-term and
long-term recognition, and long-term aversive memories.
OVX altered hippocampal cytoskeleton phosphorylating
system, evidenced by the hyperphosphorylation of glial
fibrillary acidic protein (GFAP), low molecular weight
neurofilament subunit (NFL), medium molecular weight
neurofilament subunit (NFM) and high molecular weight
neurofilament  subunit (NFH), and increased the
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immunocontent of ¢-Jun N-terminal protein Kinases (JINK),
Ca?*/calmodulin-dependent protein kinase 11 (PKCaMII)
and of the sites phosphorylated lysine—serine—proline (KSP)
repeats, Ser55 and Ser57. Vitamin D reversed the effects
caused by OVX on cytoskeleton in hippocampus, but it was
not able to reverse the effects on memory.

Keywords Experimental menopause - Ovariectomy -
Vitamin D - Short-term memory - Long-term memory -
Cytoskeleton

Abbreviations

ANOVA  Analysis of variance

(e Cilcio

GFAP Glial fibrillary acidic protein

JNK c-Jun N-terminal protein Kinases

KSP Lysine-Serine-Proline

MAPK Mitogen-activated protein kinase

NFH High molecular weight neurofilament subunit
NFL Low molecular weight neurofilament subunit
NFM Medium molecular weight neurofilament subunit
OVX Ovariectomy

PKA cAMP-dependent protein kinase A

PKCaMIl  Ca®*/calmodulin-dependent protein kinase II
VDR Vitamin D receptor

Introduction

Natural menopause is defined as the permanent interruption
of ovulation and menstruation for a period of 12 months
(Soules et al. 2001. Takahashi and Johnson 2015).
Although menopause is a physiological event in the
woman’s life, many experience it at an early phase (be-
tween ages 40 and 45) or prematurely (before age 40),
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spontancously or induced by medical interventions as
chemotherapy, radiation exposure or bilateral ovariectomy
(OVX) (Grant et al. 2015: Rocca et al. 2010; Shuster et al.
2010; Rocea et al. 2012). Studies have associate the pre-
mature or early menopause with increased risk for devel-
oping of neurological diseases (Zhang et al. 2013: Scott
et al. 2014) and cognitive impairment (Rocca et al. 2010),
through mechanisms not fully understood.

Estrogens regulate and coordinate various cell functions,
organs and genes, acting through receptors and signaling
pathway, which can activate and regulate genomic and
molecular responses necessary for cell survival (Rettberg
et al. 2013). Experimental evidence shows that estradiol
modulates cognitive function in both animals and humans
(Luine 2014). For instance, it has been reported that the
decrease in estrogen levels may be related to learning and
memory impairments and that estrogens appear to exert
neurotropic effects on brain tissue, acting indirectly to
maintain cognitive functions (Luine 2014). Moreover,
studies show that OVX, an animal model widely used to
investigate biochemical and behavioral changes caused by
estrogen deficiency (Ben et al. 2009b; Mackedanz et al.
2011; Siebert et al. 2014; Waynforth and Flecknell 1992),
impairs spatial and aversive memories (Ben et al. 2010:
Monteiro et al. 2008, 2005a).

The cytoskeleton consists of microtubules, intermediate
filaments (IFs) and actin filaments, and it is fundamental
for many complex functions performed in the cells. The IF
proteins promote structural and mechanical support for the
cell and are involved in numerous cellular functions, such
as transport, migration, signaling and apoptosis (Pessoa-
Pureur et al. 2014; Snider and Omary 2014). The neuron-
specific IF, namely neurofilaments (NFs), plays a crucial
role in maintaining structure and function of neurons,
control of axonal caliber and consequently neural activity
(Hoffman et al. 1987). NFs are divided into type 1V light,
medium and heavy molecular mass NF proteins (NFL,
NFM and NFH, respectively). In mature astrocytes, the
main IF found is the glial fibrillary acidic protein (GFAP),
with functions related to the maintenance of cell shape,
mechanical strength and astrocyte functions like migra-
tion/cell motility. cellular proliferation, glutamate home-
ostasis,  neurite  outgrowth  and  injury/protection
(Middeldorp and Hol 2011; Pessoa-Pureur et al. 2014).

IF proteins are phosphorylated on their head and tail
domains, and phosphorylation/dephosphorylation plays a
major role in regulating the organization and function of
IFs (Sihag et al. 2007; Omary et al. 2006: Grant and Pant
2000). In this context, changes in the phosphorylation
profile have been associated with aggregation of aberrant
IFs and seem to be associated with pathological features of
several neurodegenerative diseases (Pessoa-Pureur et al.
2014; Sihag et al. 2007). Several studies have demonstrated
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that changes in the dynamics of cytoskeletal proteins are
also involved with learning and memory process (Lam-
precht 2016; Amram et al. 2016; Liebert et al. 2016).
Hormones with systemic signaling activities, such as
estrogen and progesterone, can regulate the activity and
expression of some cytoskeletal proteins and influence
several brain functions, including learning and memory
(Hansberg-Pastor et al. 2015). However, to our under-
standing there not are data in the literature relating to
estrogen deficiency, memory and cytoskeleton in the
hippocampus.

Women frequently use hormone replacement therapy
(HRT) to treat menopause symptoms. Despite memory and
cognitive benefits have been reported after HRT (Sherwin
2003; Shoupe 2011), there is evidence that it is also able to
predispose to tumor development and to increase the risk of
cardiovascular disease (Miquel et al. 2006: Lobo et al.
2014). Therefore, studies that aim to find alternative ther-
apies to replace HRT have grown in the last years (Franco
et al. 2016; Al-Rahbi et al. 2014; Ben et al. 2009a; Siebert
et al. 2014). In this context, the vitamin D that has
numerous biological targets and acts through its receptor
(VDR) found in most cells, including neurons and glia
(Eyles et al. 2007; Holick 2007: Nissou et al. 2013), has
been described as a potential therapeutic neuroprotective
agent in several conditions (Deluca et al. 2013; Briones and
Darwish 2012).

Considering that the menopause triggers a series of
changes in the organism and that these alterations may be
associated with memory deficits and brain alterations. we
decided to investigate the effects of OVX in adult female
Wistar rats on: (a) locomotor and exploratory activities,
(b) aversive and recognition (short- and long-term) mem-
ories, (c) the phosphorylation profile of intermediate fila-
ments of astrocytes and neurons in the hippocampus and
(d) the possible neuroprotective action of vitamin D sup-
plementation over these variables. The working hypothesis
is that vitamin D can decrease brain changes caused by
menopause.

Materials and Methods
Animals

Adult female Wistar rats were obtained from the Central
Animal House of the Department of Biochemistry at the
Institute of Basic Health Sciences, Universidade Federal do
Rio Grande do Sul (UFRGS) in Brazil. The animals were
maintained in a room with hght/dark cycle 12:12 h, at a
constant temperature (22 °(), and had free access to water
and specific diet [20% (w/w) protein commercial chow].
The care with animals followed the official governmental
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guidelines issued by the Brazilian Federation of Socicties
for Experimental Biology, following the Guide for the Care
and Use of Laboratory Animals and Arouca Law (Law n®
11.794/2008). This study was previously approved by the
University Ethics Committee for the Use of Animals
(CEUA) under the project (#28033).

Experimental Protocol

The experimental protocol consisted of two phases: firstly,
memory function in adult female rats submitted to OVX
and subsequently supplemented with vitamin D was
investigated. Secondly, the phosphorylation profile and
immunocontent of IF and from other proteins were studied
(Fig. 1).

OVX Procedure

Ninety-day-old female Wistar rats (100 animals) were
randomly divided into four groups: (1) SHAM (control:
surgery without ovaries removal); (2) OVX (surgical
removal of both ovaries): (3) VITAMIN D and (4)
OVX + VITAMIN D. Briefly, the rats were subjected to a
surgical procedure for removing both ovaries. Animals
were anesthetized by intraperitoneal administration (i.p.) of
ketamine (90 mg/kg) and xylazine (10 mg/kg) mixture.
The experimental model of OVX was performed as pre-
viously described (Ben et al. 2009a; Mackedanz et al.
2011). Animals submitted to this model present a signifi-
cant decrease in estradiol circulating levels (Waynforth and
Flecknell 1992; Monteiro et al. 2005b).

Vitamin D Supplementation

The daily supplementation of vitamin D (cholecalciferol—
vitamin D3—C9756, Sigma-Aldrich) was started 30 days
after OVX through gavage, 200 pL. once per day, for a
period of 30 days. The control groups (SHAM and OVX)
received equal volume of vehicle (propylene glycol) used
to dissolve vitamin D. The dose of cholecalciferol used was

500 IU/kg/day. which was chosen based on data from lit-
erature (Gueye et al. 2015; Chabas et al. 2013: de Souza
Santos and Vianna 2005; Féron et al. 2014; Salum et al.
2012, 2013). The weight of the animals was controlled
weekly.

Approximately 12 h after the last administration, the
rats were subjected to behavioral tests and/or decapitated
without anesthesia for further tissue analysis. The estrous
cycle was monitored before decapitation. SHAM rats
(without ovaries removal) were decapitated in the diestrus
phase, in which low plasma concentrations of estrogen are
present.

Behavioral Testing

The tests were performed in different days. with an interval
of 24 h, in a quiet room, with low illumination, in the order
appearing below.

Open Field

The open-field test was conducted for evaluation of loco-
motor and exploratory activities in a black wooden box
measuring 50 cm x 50 cm x 50 cm. The animals were
placed facing the lower left corner of the box and observed
for 5 min (Rojas et al. 2013). Behavioral parameters were
recorded and subsequently elaborated with an automated
activity-monitoring system (Any-maze: Stoelting, Wood
Dale, IL. USA).

Novel Object Recognition

Recognition memory (short-term and long-term) was
assessed by the novel object recognition task. This test is
divided into two phases: In the first phase (training ses-
sion), the animal was placed in the open-field box and
confronted with two identical objects (object 1 and 2) by
5 min (time of object exploration was registered); in the
second phase (test session), 1 h or 7 days after the training,
the animal was once again placed in the box: however, one

Fig. 1 Timeline of QOvariectomy Behavioral testing
experiments. Evaluation of the itami
effects of OVX and vitamin D . e sl cUpamantation Decapitation
supplementation on memory, Behavioral | A
phosphorylation profile of parameters I | 1 T
intermediate filaments and 90 120 150 160
immunocontent of these days days days days
proteins and others t t T I ”
ll J\ J
Hippocampal 1 Y
analysis Ovariectomy J’ Vitamin D
supplementation
Reogvety and Decapitation and

Estrogen decreased

hippecampus removal
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object was substituted for a third different object (object 3)
and the time spent exploring the novel object (object 3) and
the familiar object (object 1) was measured for 5 min. In
the test session (second phase), the discrimination index
was calculated each time by the difference in the explo-
ration time divided by the total time spent exploring the
objects through the formula: Object [-Object 3/Object
3 4 Object] (Rojas et al. 2013).

Inhibitory Avoidance

The evaluation of aversive memory was performed by the
inhibitory avoidance task and run in an acrylic box
(50 x 25 x 25 cm), with a platform on the left side of the
box (3 cm high and 7 em wide). The box floor was com-
posed of a grid of parallel stainless steel bars (measuring
1.5 mm diameter) spaced 1 c¢m apart. In the training phase,
each animal was gently placed in the platform: the latency to
step down placing their four paws on the grid was measured.
In the moment in which the rat stepped down from the
platform, touching its paws on the grid, they received a 0.5-
mA, 60-Hz foot shock for 2's. Animals were tested for
retention | h and 7 days after the training phase. In the test
session, the rats were placed in the platform, but the foot
shock was omitted: step-down latency was used as an index
of retention (Arteni et al. 2003; Sanches et al. 2013).

Cytoskeleton Protein Phosphorylation
Preparation of Hippocampus Slices

Rats were euthanized by decapitation without anesthesia
approximately 12 h after the last vitamin D administration,
and the hippocampus was dissected under refrigeration and
cut into 400-mm-thick slices with a Mecllwain chopper
(Pierozan et al. 2010).

Preincubation

The slices were preincubated at 30 °C for 20 min in
Krebs-Hepes medium (124 mM  NaCl, 4 mM KCl,
1.2 mM MgSO,. 25 mM Na-HEPES (pH 7.4), 12 mM
glucose, 1 mM CaCl,) and posteriorly at the followings
protease inhibitors: | mM benzamidine, 0.1 mM leupeptin,
0.7 mM antipain, 0.7 mM pepstatin and 0.7 mM chymo-
statin (Pierozan et al. 2010).

In Vitro °P Incorporation Experiments
After the preincubation, a new incubation was carried out
at 30 °C with 100 ml of the basic medium containing

100 pCi B2 Na,POy, as previously described by (Funchal
et al. 2003). The labeling reaction occurred for 30 min at

2 Springer

30 °C and was stopped with | ml of cold stop buffer
containing 150 mM NaF, 5 mM, EDTA. 5 mM EGTA,
Tris—=HCl 50 mM. (pH 6.5) and protease inhibitors (de-
scribed above). Posteriorly. slices were washed twice with
stop buffer to remove excess radioactivity (Pierozan et al.
2010).

High Salt-Triton-Insoluble Cytoskeletal Fraction
Preparation

Briefly, the slices, after the labeling reaction, were
homogenized in 400 pL of ice-cold high salt buffer con-
taining 5 mM KH,PO4 (pH 7.1), 600 mM KCI, 10 mM
MgCls, 2 mM EGTA, 1 mM EDTA. 1% Triton X-100 and
the protease inhibitors. Posteriorly, the homogenate was
centrifuged at 15.800 x g at 4 °C for 10 min. The super-
natant was discarded, and the pellet was again homoge-
nized with the same volume of the high-salt medium. The
suspended pellet was centrifuged as described above and
the supernatant discarded (Pierozan et al. 2010). Lastly, the
final Triton-insoluble IF-enriched pellet, containing the
IFs, was dissolved in 1% SDS and protein concentration
was determined (Lowry et al. 1951).

Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The samples were dissolved in 25% (v/v) of solution
containing 40% glycerol, 5% mercaptoethanol, 50 mM
Tris-HCI, pH 6.8 and boiled for 3 min. Equal protein
concentrations of the cytoskeletal fraction were loaded
onto 10% polyacrylamide gels and analyzed by SDS-
PAGE according to the discontinuous system of (Laemmli
1970). The gels were exposed to X-ray films (Kodak
T-Mat) at —70 °C with intensifying screens, and thus, the
autoradiography was obtained. Cytoskeletal proteins were
quantified by scanning the films with a Hewlett-Packard
Scanjet 6100C scanner and determining optical densities
with an Optiquant version 02.00 software (Packard
Instrument Company). Density values were obtained for
the studied proteins.

Western Blot Assays for GFAP, NFH, NFM, NFL,
PERK, pJNK, p38MAPK, pPKCam, pKSP Repeats,
pSer55, pSer57 and VDR Immunocontent

The homogenization of tissue slices was realized in 100 pl
of a lysis solution (2 mM EDTA, 50 mM Tris-HCI. pH
6.8, 4% (w/v) SDS). After, samples were dissolved in 25%
(v/v) of solution containing 40% glycerol, 5% mercap-
toethanol, 50 mM Tris-HCI, pH 6.8 and boiled for 3 min.
The proteins of homogenate (30 pg) were separated by
SDS-PAGE and transferred to nitrocellulose membranes
(Trans-blot SD semi-dry transfer cell. BioRad) for 1 h at
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15 V in transfer buffer (48 mM Trizma, 39 mM glycine,
20% methanol and 0.25% SDS). Then, nitrocellulose
membranes were washed in Tris-buffered saline (TBS:
0.5 M NaCl, 20 mM Trizma, pH 7.5) for 10 min, followed
incubation in blocking solution (TBS plus 5% defatted
dried milk) by 2 h. After, the blot was washed twice for
5 min with TBS plus 0.05% Tween-20 (T-TBS) and
incubated overnight at 4 °C in blocking solution containing
some of the following monoclonal antibodies: anti-NFH
(clone N52), anti-NF-150 (clone NN-18), anti-NF68 (clone
NR-4), anti-GFAP (clone G-A-5). anti-pNFLSer55, anti-
pNFLSer57, anti-KSPrepeats, anti-phosphoERKI1/2, anti-
phosphop38, anti-phosphoJNK1/2, anti-PKAasub, anti-
PKCaMIlcsub or anti-VDR. After the incubation, the blot
was washed twice for 5 min with T-TBS and a new incu-
bation in blocking solution containing peroxidase-conju-
gated anti-rabbit 1gG or peroxidase-conjugated anti-mouse
1gG for 2 h was realized. The blot was washed twice again
for 5 min with T-TBS and twice for 5 min with TBS. The
blot was then developed using a chemiluminescence ECL
kit (Pierozan et al. 2010: Biasibett et al. 2016). Immuno-
blots were quantified by scanning the films with a Hewlett-
Packard Scanjet 6100C scanner and determining optical
densities with an Optiquant version 02.00 software (Pack-
ard Instrument Company).

Protein Determination

The determination of total protein was performed by col-
orimetric method (Lowry et al. 1951) using serum bovine
albumin as standard.

Statistical Analysis

The parametric data were analyzed by one-way analysis of
variance (ANOVA) followed by post hoc Tukey test, or by
the Student’s t test. Nonparametric data were analyzed by
Kruskal-Wallis test followed by post hoc Dunn’s test.
Values of p < 0.05 were considered statistically signifi-
cant. All analyzes and graphics were performed using
GraphPad Prism 5.1 software program in a compatible
computer.

Results

Behavioral Effect of OVX and Vitamin D
Supplementation

Initially, we evaluated the effect of OVX and vitamin D
supplementation in adult female Wistar rats on exploratory
and locomotor activities of animals through the open-field

task. We observed that the OVX and vitamin D supple-
mentation does not alter these parameters (p > 0.05).

The evaluation of recognition memory was performed
through the novel object recognition task (Fig. 2) of short
term (tested | h after training) and long term (tested 7 days
after training). In the training session, no difference was
observed between groups on percentage of exploration
time of each object and in the recognition index (p > 0.05).
In the short-term test session, animals subjected to OVX
and/or vitamin D supplementation presented an impairment
in recognition memory, as evidenced by percentage of
exploration time of each object (Fig. 2a). It was observed
that animals subjected to OVX, vitamin D and/or
OVX + vitamin D explored equally the objects [(1 and 3)
p > 0.05], while SHAM group explore more the novelty
[(3): p<0.05]. The recognition index did not present
significant difference (p > 0.05). The same pattern of
alteration was observed in the long-term test. Animals
subjected to OVX and/or vitamin D supplementation also
explored equally the familiar object and the novel [(1 and
3) p=>0.05], while animals SHAM explore more the
novelty [(3) Fig. 2b: p < 0.05]. The recognition index did
not present significant difference between groups
(p > 0.05).

The inhibitory avoidance test was performed in order to
analyze the effect of OVX and/or vitamin D supplemen-
tation on aversive memory. The test was performed 1 h
after the training session for evaluating the short-term
memory and 7 days after training to evaluate the long-term
memory. In the test session | h after training (recall), there
was no significant difference in latency to step down from
the platform between the groups (p > 0.05), but in the test
session 7 days after training the OVX group showed an
impairment in the task (Fig. 3: p < 0.05).

Effect of OVX and Vitamin D Supplementation
on Cytoskeleton and VDR Immunocontent in Hippocampus

Regarding cytoskeleton, the effect of OVX and/or vitamin
D supplementation on in vitro phosphorylation of GFAP
and NF subunits present in the IF-enriched cytoskeletal
fraction of astrocytes and neurons, respectively, in hip-
pocampus of female adult rats was evaluated (Fg. 4).
Results showed that OVX causes hyperphosphorylation of
GFAP, NFL. NFM and NFH (p <0.001). Vitamin D
supplementation in OVX group reversed the increase
in vitro *2p incorporation in all parameters (p < 0.01).
Western blot analysis of IFs subunits showed that neither
OVX nor vitamin D supplementation changes the levels of
these proteins (Supplemental Fig. 1; p > 0.05).

The participation of the second messenger-independent
protein kinases (phosphorylate sites in the carboxyl-ter-
minal taill domain) and second messenger-dependent
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protein kinases (phosphorylate residues in the amino-ter-
minal head domains) of the IF subunits also was analyzed.
Western blot analysis of mitogen-activated protein Kinase
pathways (MAPKs) showed no difference in the immuno-
contents of the phosphorylated forms of extracellular sig-
nal-regulated kinases 1/2 (phosphoERK 1/2) (Fig. 5a:
p > 0.05) and phospho-p38 (Fig. 5c. p > 0.05) between
groups, but, ¢-Jun N-terminal protein kinases 1/2 (phos-
phoJNK 1/2) immunocontent increased in OVX group
(p < 0.001) and vitamin D supplementation was able to
reverse such effect (p < 0.001) at SHAM level (Fig. 5b).
Regarding second messenger-dependent protein Kinases,
immunocontents of cAMP-dependent protein kinase A
(PKA) (Fig. 6a) and Caz*'/calmodulin—dependem protein
kinase II (PKCaMII) (Fig. 6b) showed that the expression
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weight neurofilament subunit
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expression protein of PKCaMII increased in OVX
group (p < 0.01). Vitamin D supplementation was also
able to revert this parameter at SHAM group level
(p < 0.01).
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In order to check the phosphorylating sites targeted by
protein Kinases, we investigated the expression protein of
phosphoKSPrepeats  (phosphorylates  carboxyl-terminal
domain of NFM and NFH), phosphoSer57 and phos-
phoSer55 (phosphorylates amino-terminal domain of
NFL). In Fig. 7. we observed that OVX increased phos-
phorylation level of phosphoKSPrepeats (p < 0.01), phos-
phoSer55 (p <0.01) and phosphoSer57 (p < 0.001).
Vitamin D was able to reverse such effects, reducing this
activation when compared to SHAM groups (pKSPrepeats,
p < 0.01; pSer55 and pSer57, p < 0.001). All the immu-
noblots can be visualized in Supplemental Fig. 2.

Lastly, to investigate the action of vitamin D, we eval-
uated the protein expression of VDR in hippocampus of
rats subjected to OVX and/or vitamin D supplementation.
Western blot analysis showed that expression of the
receptor does not change between the experimental groups
(Supplemental Fig. 3: p > 0.05). Figure 8 shows a sum-
mary of the results found in this work.
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Fig. 7 Effect of OVX and vitamin D supplementation on the
following phosphorylation sites immunocontent: pKSP repeats (a),
pSer35 (b) and pSer37(c), in the cytoskeletal fraction from hip-
pocampus slices of female adult rats. Representative Western blots of
proteins studied are shown. B-Actin was used as loading control. Bars
represent the mean + SD of percentage of controls. Data were
analyzed by one-way ANOVA (n = 6 amimals per group) and was
considered significant as p < 0.05. ***Different from SHAM group
(p < 0.001); **Different from SHAM group (p < 0.01);***Different
from OVX group (p < 0.001);"Different from OVX group
(p < 0.01). OVX ovariectomy

Discussion

In this study, initially, we investigated the effect of
experimental menopause on behavioral parameters. We
observed no locomotor or exploratory deficits in open-field
test, but evaluation of recognition memory showed an
impairment in the short-term memory (tested | h after
training) and long-term memory (tested 7 days after

@ Springer

training) of animals subjected to experimental menopause,
which was represented by similar exploration percentage of
both objects (familiar and new). Based on the natural
tendency of rodents to explore new objects in comparison
with what is already familiar (Ennaceur and Delacour
1988), our result demonstrated an impairment in recogni-
tion memory. Furthermore, we observed the presence of
negative recognition index in some groups (short- and
long-term memory), showing the preference of these
groups to the familiar object; however, this preference was
not statistically significant.

Regarding aversive memory. assessed by the inhibitory
avoidance task, we observed that ovariectomized rats pre-
sent a significant impairment in long-term aversive mem-
ory (tested 7 days after training), but not in the short-term
testing (tested 1 h after training). Considering that memo-
ries are divided into short-term memory, lasting minutes to
hours, and long-term memory, lasting days. weeks, and
even a lifetime (Bailey et al. 1996; Izquierdo and Medina
1997: Routtenberg 2008). in our study we chose a 7-day
period of long-term memory because previously we
showed that rats subjected to OVX had an impairment in
aversive memory at 24 h after training session (Ben et al.
2010). Thus, we can suggest that the OVX causes
impairment in the retention of long-term aversive memory,
detected 24 h after the training and persisting for at a
minimum 7 days.

Estrogen appears to have a beneficial effect on hip-
pocampal-dependent memory (Luine 2008). Estriol, a type
of estrogen, seems to be involved with differentiation and
plasticity of hippocampal neurons (Audesirk et al. 2003:
Solum and Handa 2002; Luine 1997), suggesting that
hippocampus may be an important target of this hormone
(Juraska et al. 1989; Woolley and McEwen 1992; Mukai
et al. 2010; Maki 2005).

The phosphorylating system associated with cytoskele-
tal IF proteins in hippocampus was also evaluated. Initially,
we investigated in vitro phosphorylation of NF subunits
and GFAP present in the IF-enriched cytoskeletal fraction
of neurons and astrocytes, respectively, in hippocampus of
female adult rats: results showed that the modulation of
OVX causes hyperphosphorylation of GFAP and NFs
subunits without changing the IFs immunocontent. It is
known that second messenger-dependent protein kinases
phosphorylated specific sites located on the head domain of
IF subunits (Zheng et al. 2003). Consistent with this. results
showed that PKCAMII are activated by OVX, suggesting
that this protein kinase is involved in GFAP and NFL
phosphorylation. Moreover, NFLSer55 and NFLSer57
appeared to be specific sites targeted by OVX, and
PKCaMII is the most prominent protein kinase mediating
this effect. The phosphorylation of these specific sites is
relevant for filament assembly (Gill et al. 1990), and
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dysregulation of the dynamics of phosphorylation/dephos-
phorylation can interfere with the functions of the neural
cytoskeleton. Moreover, phosphorylation of the head
domain of homopolymeric filaments like GFAP is known
to play a special role in dividing cells. Therefore, abnormal
phosphorylation of GFAP could lead to the disassembly of
GFAP contributing to disruption of cell homeostasis (Gill
et al. 1990).

KSP repeats on NFM and NFH tail domains are
hyperphosphorylated in the hippocampus by OVX.
Hyperphosphorylation of KSP repeats in neuronal IFs is
considered an important event promoting the aggregation
between NFs and causing the formation of agglomerates
into the axons (Holmgren et al. 2012). These agglomerates
interfere with NF axonal transport and can explain, at least
in part, the behavioral deficits associated with OVX. Since
these sites are phosphorylated by second messenger-inde-
pendent protein kinases MAPK, we searched for the pro-
tein kinases activated by OVX and we found that INK are
phosphorylated/activated in the hippocampus. We could,
therefore, propose that the tail domains of these NF sub-
units are phosphorylated by INK.

Female sex hormones can modify the size, morphology
and function of neural cells, and these changes are due to
modification in glial cytoskeleton
(Hansberg-Pastor et al. 2015). Several reports have
demonstrated that estrogen plays an important role in
regulating the cytoskeleton dynamics (Sanchez et al. 2009;
Kramdr et al. 2013; Giretti and Simoncini 2008). Estrogen
is a key modulator of cell morphology and movement, and
some of these events lead to cytoskeletal rearrangement by
changes in the phosphorylation state (Hansberg-Pastor
et al. 2015). Since this hormone has an important role in

the neuronal and

L o—

cytoskeleton regulation, the lack of estrogen could be
deleterious for the cytoskeletal dynamics and knowledge of
the mechanisms by which sex hormones OVX modulation
on cytoskeletal may be important to understand the chan-
ges of learning and memory during the different stages of
life.

After performing the surgical procedure (OVX) and
before the assessment of behavioral and cytoskeletal tests,
vitamin D supplementation was performed in the animals
studied. Results showed that vitamin D was able to reverse
the changes caused by OVX on cytoskeleton, but it was not
able to improve the performance of animals in behavioral
tasks. In addition, we observed an effect of vitamin D per
se on recognition memory. These results are interesting to
our understanding that there are not data in literature
relating vitamin D supplementation, memory and ovariec-
tomy. On the other hand, a study using adult male Wistar
rats in a streptozotocin-induced diabetes model showed
that cholecalciferol, at doses of 500 IU/kg/day. promoted
recovery of recognition memory: however, in this study the
treatment time was 10 weeks and only males were used.
which did not suffer hormonal fluctuations as in females
(Alrefaie and Alhayani 2015).

In order to verify whether the neuroprotection of vitamin
D on cytoskeleton 1s due to changes in protein expression
of its receptor, we analyzed the VDR immunocontent in
hippocampus. The results showed that the VDR did not
change in the experimental groups studied. VDR is widely
distributed in the brain, particularly in hippocampus
(Langub et al. 2001; Lardner 2015), a region involved in
learning and memory. But in our study, results suggest that
protective actions of vitamin D are not through changes in
protein expression of receptors.
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It has been reported that vitamin D acts through VDR
modulating a complex signaling system involving rapid
formation of second messengers, activation of protein
kinases and the opening of Ca®* channels. Considering the
relevance of Ca*™ and second messengers on the modula-
tion of the phosphorylating system associated with the
cytoskeleton, it is likely that vitamin D is upstream of
complex membrane initiated signaling pathways leading to
prevention of effects caused by OVX. Consistent with this,
it has been shown that the vitamin D has modulatory
effects on cytoskeleton, acting through Ca** overload and
adenylyl cyclase (Zanatta et al. 201 1; Zamoner et al. 2008).

In conclusion, the present study showed that OVX causes
an impairment in recognition and aversive memories,
besides an imbalance in the hippocampal cytoskeleton
phosphorylating system, causing hyperphosphorylation of
1Fs and changes in proteins related to this system. Vitamin D
prevented cytoskeleton changes but not memory deficits
(Fig. 8). Therefore, more studies are necessary to understand
the neuroprotective effects of this vitamin on behavior which
remain controversial. Taken together, our findings show
changes that may be present in postmenopausal women and
we hope to help, at least in part, in understanding the neu-
robiology of this important period in women’s lives.
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Supplemental Fig 1 Effect of OVX and vitamin D supplementation on
immunocontent of intermediate filament in the cytoskeletal fraction (a) from
hippocampus slices of female adult rats Representative Western blots of
proteins studied are shown (b). B-actin was used as loading control. Bars
represent the means+SD of percentage of controls. Data were analyzed by one-
way ANOVA (n= 6 animals per group) and was considered significant as
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ABSTRACT

The aim of this study was to verify the effects of ovariectomy (OVX) and/or
vitamin D supplementation (VIT D) on inflammatory and cholinergic parameters
in hippocampus, as well as on serum estradiol and VIT D levels of rats. Ninety-
day-old female Wistar rats were randomly divided into four groups: SHAM,
OVX, VIT D or OVX+VIT D. Thirty days after OVX, VIT D (500 IU/kg/day) was
supplemented by gavage, for 30 days. Approximately 12 hours after the last VIT
D administration, rats were decapitated without anesthesia; the hippocampus
and serum were obtained for further analysis. Results showed that OVX rats
presented a decrease in estradiol levels when compared to control (SHAM).
There was an increase in VIT D levels in the groups submitted to VIT D
supplementation. OVX increased the immunocontent of nuclear p-NF-kB/p65,
TNF-a and IL-6 levels. VIT D partially reversed the increase in p-NF-kB/p65
immunocontent and IL-6 levels. Regarding cholinergic system, OVX caused an
increase in acetylcholinesterase activity without changing acetylcholinesterase
and choline acetyltransferase immunocontents. VIT D did not reverse the
increase in acetylcholinesterase activity caused by OVX. These results
demonstrate that OVX alters inflammatory and cholinergic systems parameters
and that VIT D supplementation at the dose used, partially reversed the
increase in immunocontents of p-NF-Kb/p65 and IL-6 levels, but it was not able
to reverse the other parameters studied. We hope to assist in changes
understanding that occurs after menopause and open new perspectives for

research involving VIT D therapies.

Keywords: Vitamin D; inflammation; acetylcholinesterase; cholinergic system;

choline acetyltransferase; ovariectomy.
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1. Introduction

17B-Estradiol (estrogen, estradiol) is a steroid hormone secreted mainly
by ovaries and known to exert anti-inflammatory and neuroprotective functions
in several organs and systems, including central nervous system (SNC) (Pozzi
et al., 2006; Pratap et al., 2016; Villa et al., 2016). The estrogenic deprivation
that occurs in menopause may be associated with cognitive impairment and
increased risk for neurodegenerative diseases development (Georgakis et al.,
2016; Henderson, 2014). In addition, the abrupt reduction of circulating
estrogen caused by surgical menopause has been related to increasing in body
fat, drop in basal metabolism and also increase of inflammatory mediators (Ben-
Shmuel et al., 2015; Pacifici et al., 1989; Van Pelt et al., 2015; Vegeto et al.,
2006; Vieira-Potter et al., 2015).

Nuclear factor-kappa B (NF-kB) is an important mediator of the
responses triggered by inflammation and oxidative stress (Lawrence, 2009;
Sies et al., 2017; Sunday et al., 2007). It is a nuclear transcription factor and its
activation is related to transcription regulation of a large number of genes,
including proinflammatory cytokines, chemokines, stress-response proteins and
anti-apoptotic proteins (Lawrence, 2009; Li and Verma, 2002). Proinflammatory
cytokines may be secreted by activated microglia in response to several
inflammatory/oxidative stimulus and increased levels of proinflammatory
cytokines such as tumor necrosis factor-alpha (TNF-a), Interleukin-13 (IL-1B)
and Interleukin 6 (IL-6) have been related to neurodegenerative conditions
(Colonna and Butovsky, 2017; Kempuraj et al., 2017). In this context, literature
studies have associated the ovariectomy (OVX), a surgical model of

menopause, with the presence of an inflammatory phenotype (Au et al., 2016).
52



Acetylcholine (ACh) is an important neurotransmitter in the central and
peripheral nervous system. ACh together with the enzyme acetylcholinesterase
(AChE) and choline acetyltransferase (ChAT) constitute of brain cholinergic
system, known to modulate several important functions, such as learning and
memory (Perry et al., 1999; Peter et al., 2016; Sarter and Bruno, 1997). In this
way, recently we have shown that OVX impairs memory and increases AChE
activity in hippocampus of adult rats (Monteiro et al., 2008; Monteiro et al.,
2005; Siebert et al., 2017). It has been shown that the cholinergic system is
associated with inflammation mechanisms through the “cholinergic anti-
inflammatory pathway”, suggesting that ACh would act through the
transmission of neural signals via the vagus nerve to inhibiting the release of
peripheral cytokines (Han et al., 2017; Pavlov and Tracey, 2005; Rosas-Ballina
and Tracey, 2009).

Hormone replacement therapy (HRT) is widely prescribed to
postmenopausal women for treatment and relief of signs and symptoms.
Although effective in some cases, adverse effects of this therapy are widely
reported (Sohrabji and Bake, 2006), therefore, it is very important the search for
alternative and/or complementary therapies in order to obtain better results for
the general health of women in the postmenopausal period. In this context,
vitamin D (VIT D) is considered a steroid hormone beneficial for calcium
homeostasis with antioxidant and anti-inflammatory activities (Di Somma et al.,
2017; Hajiluian et al., 2017; Longoni et al., 2017). In humans, the main sources
of VIT D are the endogenous formation as result of ultraviolet B radiation
exposure (Barberger-Gateau, 2014; Di Somma et al.,, 2017; Mpandzou et al.,

2016; Stroud et al., 2008) and the diet, which has become an important
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alternative source of this vitamin. Studies described in the literature have
already shown some benefits of VIT D supplementation on changes associated
with OVX (Babaei et al., 2017; Li et al., 2016; Siebert et al., 2017).

In this work we investigate the effects of OVX on inflammatory and
cholinergic system in hippocampus of adult female Wistar rats. Serum levels of
estradiol and VIT D, as well as body weight were evaluated. The possible
neuroprotective role of VIT D supplementation on changes caused by OVX was
also investigated. Our hypothesis is that OVX causes changes related to
hippocampal inflammatory and cholinergic systems, and that VIT D

supplementation acts in a beneficial way in reversing such changes.

2. Material and Methods

2.1. Animals

Ninety-day-old female Wistar rats were obtained from the Central Animal
House of the Department of Biochemistry at the Universidade Federal do Rio
Grande do Sul (UFRGS), Porto Alegre, RS, Brazil. Animals were housed in
plastic cages and maintained at a constant temperature (22 °C) in a light/dark
cycle 12:12 h with free access to water and receiving specific commercial chow
(pelleted food containing in its composition 2.000 IU/kg of VIT D3). The ethical
standards followed the official governmental guidelines issued by the Brazilian
Federation of Societies for Experimental Biology, following the Guide for Care
and Use of Laboratory Animals and Arouca Law (Law n° 11.794/2008). Animal
experimentation protocols had been approved by the University Ethics

Committee for the Use of Animals (CEUA) under the project #28033.
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2.2. Experimental groups

Female Wistar rats (90-day-old) were randomly divided into four groups:
(1) SHAM (submitted to surgery without ovaries removal); (2) OVX (submitted to
surgical removal of both ovaries); (3) VIT D or (4) OVX+VIT D. The summary of

the experimental design can be seen in Fig 1.

2.3. Ovariectomy procedure

Ninety-day-old female Wistar rats were anesthetized by intraperitoneal
(i.p.) administration of a mixture of ketamine (90 mg/kg) and xylazine (10 mg/kg)
and subsequently submitted to a surgical procedure for removing both ovaries
(OVX) according to Mackedanz et al. (2011) in order to eliminate endogenous

ovarian steroids and mimics the effects observed after menopause.

2.4. Vitamin D supplementation

Thirty days after the OVX, the animals received the daily supplement with
VIT D (200 pL) for 30 days by gavage. Control groups (SHAM and OVX)
received an equal volume of vehicle (propylene glycol). Based on previous work
the dose of VIT D (cholecalciferol — vitamin D3; Sigma-Aldrich®) used was 500
IU/kg/day (Chabas et al., 2013; de Souza Santos and Vianna, 2005; Gueye et
al., 2015; Salum et al., 2013; Siebert et al., 2017). Approximately 12 hours after
the last administration, rats were decapitated without anesthesia and the blood

and hippocampus were removed for further analysis.
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2.5. Evaluation of daily food consumption and body weight

The daily food consumption was evaluated through the control of the
weight of food (g) ingested daily per rat (15 days of evaluation). For this, the
amount of food consumed per box (g) was divided by the number of animals per
box, generating an estimate of daily food consumption (g). We also performed
the control of the body weight (g) of animals before OVX, during treatment with

VIT D (weekly, for VIT D dose adjustment) and at the end of experiment.

2.6. Serum estradiol and calcidiol levels measurements

The hormonal determinations were performed in serum. Blood was
collected and centrifuged at 1000xg for 10 min at 4°C, and serum was removed
by suction. Estradiol levels were detected by radioimmunoassay method and
calcidiol (25(OH)D) levels were detected by the chemiluminescent method. The
results were calculated as picogram per ml (pg/ml) for estradiol levels and

nanogram/ml (ng/ml) for calcidiol levels.

2.7. Cytokine levels measurements

The hippocampus was homogenized in 1:5 (w/v) saline solution (0.9%
NaCl). The homogenate was centrifuged at 800xg for 10 min at 4 °C, and the
supernatant was used for analysis. TNF-a, IL-18 and IL-6 levels in the
hippocampus were measured by kit rat high-sensitivity enzyme-linked
immunoabsorbent assays (ELISA) with commercially available kits (Sigma-

Aldrich®).

56



2.8. Acetylcholinesterase activity measurement

The hippocampus was homogenized in 10 volumes (1:10, w/v) of 0.1 mM
potassium phosphate buffer (pH 7.5) and centrifuged at 1000xg for 10 min at 4
°C. AChE activity was determined in the supernatant according to the method of
Ellman et al. (1961), with modifications (Scherer et al., 2010). Hydrolysis of
rates were measured at acetylthiocholine concentration of 0.8 mM in 300 pL
assay solution with 30 mM phosphate buffer, pH 7.5, and 1.0 mM 5,5'-dithiobis-
(2-nitrobenzoic acid - DTNB) at 25 °C. Fifty microliters of hippocampus
supernatant was added to reaction mixture and incubated for 3 min. The
hydrolysis was monitored by the formation of the thiolate di-anion of DTNB at

412 nm for 2—3 min, measured at intervals of 30 s.

2.9. Cellular preparation for cytosolic and nuclear detection of NF-kB/p65
immunocontent

Cellular preparation for detection of cytosolic and nuclear fractions of NF-
kB/p65 and NF-kB/p65 phosphorylated subunit (p-NF-kB/p65) was realized as
described by da Cunha et al. (2012). Hippocampus was homogenized in
hypotonic lysis buffer (300 uL) containing 10 mM HEPES (pH 7.9), 1.5 mM
MgCl,, 10 mM KCI, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM
dithiothreitol (DTT), 5 mM NaF, 1 mM sodium orthovanadate plus protease
inhibitor cocktail. Subsequently, the samples homogenate were lysed with 18 uL
10% IGEPAL. The homogenate was then centrifuged (14.000xg, 30s, 4 °C), the
supernatants containing the cytosolic fraction were stored at =80 °C and the
nuclear pellet was resuspended in 200 pL ice-cold hypertonic extraction buffer

containing 10 mM HEPES (pH 7.9), 0.40 M NaCl, 1.5 mM MgClI2, 10 mM KCl,
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0.5 mM PMSF, 1 mM DTT, 5 mM NaF, 1 mM sodium orthovanadate, 0.25 mM
EDTA, 25% glycerol plus protease inhibitor cocktail. The extract resulting was
mixed for 40 min and centrifuged at 14.000xg, 10 min, 4 °C. The supernatants
containing nuclear protein were stored at -80 °C. Lastly, aliquot of samples
were dissolved in 25% (v/v) of a solution containing 40% glycerol, 5%

mercaptoethanol, and 50 mM Tris-HCI, pH 6.8, for electrophoresis analysis.

2.10. Tissue preparation for detection of acetylcholinesterase and choline
acetyltransferase immunocontents

The hippocampus was homogenized in 200 uL of a lysis solution
containing 2 mM EDTA, 50 mM Tris—HCI, pH 6.8, and 4% sodium dodecyl
sulfate (SDS). The samples were dissolved 1:1 in Laemmli buffer 2x containing
40% glycerol, 5% 2-mercaptoethanol, 50 mM Tris—HCI, pH 6.8 and 10 % SDS,
and boiled for 5 min. The samples were stored at —80 °C (Biasibetti-Brendler et

al., 2017).

2.11. Western blotting analysis of NF-kB/p65, acetylcholinesterase and
choline acetyltransferase

Total protein homogenate were separated by 10 % SDS-PAGE (20
pg/lane of total protein and 10 ug/lane of total protein for nuclear fraction of NF-
kB/p65) and transferred (Trans-Blot SD Semi-Dry Transfer Cell, Bio-Rad) to
nitrocellulose membranes for 1 h at 15 V in transfer buffer (48 mM Trizma, 39
mM glycine, 20% methanol, and 0.25% SDS). Blot was then incubated
overnight at 4°C in a blocking solution containing 5% bovine serum albumin

(BSA) and the following diluted antibodies: mouse anti-B-actin (1:1000, Sigma-
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Aldrich), rabbit anti-AChE (1:1000, Santa Cruz Biotechnology), goat anti-ChAT
(1:1000, Sigma-Aldrich), rabbit anti-NF-kB/p65 (1:1000; Santa Cruz
Biotechnology) or rabbit anti-p-NF-kB/p65 (1:1000; Santa Cruz Biotechnology).
For detection of AChE immunocontent, the blot was washed twice for 5 min with
0.05% Tween-20 Tris-buffered saline (T-TBS) and twice for 5 min with Tris-
buffered saline (TBS), followed by incubation for 2 hours in antibody solution
containing non-conjugated anti-rabbit IgG diluted 1:1000. Later, the blot was
washed as above described and then incubated for 1h in a solution containing
streptavidin-HRP (Cell Signaling Technology) diluted 1:3000. For the other
antibodies, the blot was washed twice for 5 min with T-TBS and twice for 5 min
with TBS, followed by incubation for 2 hours with peroxidase-conjugated anti-
mouse IgG (Cell Signaling Technology) diluted 1:1000 for B-actin, anti-rabbit
IgG (Cell Signaling Technology) diluted 1:2000 for NF-kB/p65 and anti-goat IgG
diluted 1:3000 for ChAT. The blot was developed using a chemiluminescence
kit (Immobilon Western Chemiluminescent HRP Substrate, Millipore) and
detected by ImageQuant LAS 4000, GE Healthcare Life Sciences (Biasibetti-

Brendler et al., 2017).

2.12. Protein determination
The determination of total protein was performed by a colorimetric

method (Lowry et al., 1951), using serum bovine albumin as standard.

2.13. Statistical analysis
The data were analyzed by two-way analysis of variance (ANOVA)

followed by post hoc Tukey's test. Values of p<0.05 were considered
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statistically significant. All analyses and plots were performed using GraphPad

Prism 5.1 software program in a compatible computer.

3. Results

3.1. Serum levels of estradiol and calcidiol, body weight and daily food
intake of Wistar rats submitted to OVX and/or VIT D supplementation

Serum estradiol levels were measured in order to confirm the efficacy of
OVX. As can be observed in Table 1, estradiol levels were significantly altered
by OVX [F(1,19)=11.82, p=0.0028] and there was no effect of VIT D
supplementation [F(1,19)=0,6919, p=0.4158] nor interaction [F(1,19)=1.493,
p=0.2366]. Post hoc Tukey’'s test analysis revealed that OVX and OVX+VIT D
groups present a decrease in estradiol levels compared to non-ovariectomized
groups SHAM and VIT D (p<0.05). The measure of serum calcidiol levels was
performed in order to confirm the efficacy of VIT D supplementation in
increasing their circulating levels (Table 1). Serum calcidiol levels was altered
by VIT D supplementation [F(1,18)=20.89, p=0.0002]. There was no effect of
OVvX [F(1,18)=1.138, p=0.3001], and no interactions [F(1,18)=0.09612,
p=0.7601]. Post hoc Tukey’s test analysis revealed that there was an increase
in calcidiol levels in VIT D and VIT D+OVX groups when compared to groups
SHAM and OVX that received vehicle (p<0.05).

We also analyzed the body weight and food intake of rats. Table 1
showed that the body weight of the rats at the end of experiment was altered by
OVX [F(1,8)=31.15, p=0.0005]. There was no effect of VIT D supplementation

[F(1,8)=0.035, p=0.8554] and no interactions [F(1,8)=0.854, p=0.3743]. Post
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hoc Tukey’s test analysis revealed that OVX and OVX+VIT D groups present
an increase in body weight compared to controls groups SHAM and VIT D
(p<0.05). Daily food intake was not altered by OVX [F(1,20)=0.8781, p=0.3599],
nor by VIT D supplementation [F(1,20)=0.6652, p=0.4243], and no interactions

were seen [F(1,20)=0.1593, p=0.6940].

3.2. Effect of OVX and/or VIT D supplementation on parameters related to
hippocampal inflammation in adult Wistar rats

Fig 2 shows the effect of OVX and/or VIT D supplementation on
immunocontent of cytosolic and nuclear fraction of NF-kB/p65 and p-NF-
kB/p65. Two-way ANOVA revealed a significant interaction between OVX and
vehicle administration on nuclear fraction of p-NF-kB/p65 immunocontent
[F(1,19)=10.19, p=0.0037; Fig 2d]. There was no effect of OVX, neither of VIT D
supplementation on this parameter [F(1,19)=2.957, p=0.1018; F(1,19)=01045,
p=0.9196, respectively; Fig 2d]. Analyzing the interaction, post hoc Tukey’s test
analysis revealed that the immunocontent of nuclear fraction of p-NF-kB/p65
was significantly increased by OVX in the groups that received vehicle
administration (SHAM and OVX; p<0.01; Fig 2d). VIT D supplementation
partially reversed the increase in nuclear fraction of p-NF-kB/p65 caused by
OVX. No alterations caused by OVX were observed on immunocontent of
cytosolic fraction of NF-kB/p65 and p-NF-kB/p65, as well as in the
immunocontent of nuclear fraction NF-kB/p65 [F(1,20)=0.4756, p=0.4984;
F(1,20)=0.01656; p=0.8989; F(1,20)=0.5836; p=0.4543, respectively]. There
was no effect of VIT D on these parameters [cytosolic fraction of NF-kB/p65:

F(1,20)=0.3884, p=0.5402; cytosolic fraction of p-NF-kB/p65: F(1,20)=0.01660,
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p=0.8988; nuclear fraction of NF-kB/p65: F(1,20)=0.02862, p=0.8674] and no
interactions were observed [cytosolic fraction of NF-kB/p65: F(1,19)=0.01182,
p=0.9145; cytosolic fraction of p-NF-kB/p65: F(1,19)=0.3543, p=0.5584; nuclear
fraction of NF-kB/p65: F(1,19)=0.5134, p=0.4824] (Fig 2a, Fig 2b and Fig 2c).
Since active form NF-kB promotes gene expression of proinflammatory
molecules, we evaluated the effect of OVX and/or VIT D supplementation on
TNF-a, IL-1B and IL-6 in hippocampus of adult rats. Fig 3 shows that OVX
induced an increase in TNF-a (Fig 3a) and IL-6 (Fig 3c) levels in rat
hippocampus [F(1,16)=30.97, p<0.0001 and F(1,16)=5.25, p=0.0358,
respectively], but not in IL-1B levels (Fig 3b) [F(1,16)=1.444, p=0.2470]. There
was no effect of VIT D supplementation on these parameters [TNF-
a:F(1,16)=0.1020, p=0.7536; IL-18: F(1,16)=2.424, p=0.1390; IL-6:
F(1,16)=0.01644, p=0.8990] and interaction was observed only in IL-6
[F(1,16)=8.820, p=0.0090]. Post hoc Tukey's test analysis revealed that the
OVX and OVX+VIT D groups present an increase of TNF-a levels compared to
SHAM (p<0.01; Fig 3a). Regarding IL-6 levels (Fig 3c), OVX group presents an
increase in this parameter compared to SHAM (p<0.01) and VIT D
supplementation seems to partially reverse this effect (equal to SHAM and

OVX).

3.3. Effect of OVX and/or VIT D supplementation on parameters related to
the cholinergic system in hippocampus of adult Wistar rats

In order to investigate whether OVX and/or VIT D supplementation would
affect the cholinergic system, we evaluated some parameters related to this

system in hippocampus of adult rats. Fig 4a shows a significant effect by OVX
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on AChE activity [F(1,20)=22.35, p<0.0001]. There was no effect of the VIT D
[F(1,20)=2.556, p=0.1255] and no interaction [F(1,20)=3.015, p=0.0979]. Post
hoc Tukey's test demonstrated an increase in AChE activity in OVX and
OVX+VIT D groups (p<0.01). We also analyzed the immunocontent of AChE
and ChAT in hippocampus of adult rats submitted to OVX and/or VIT D
supplementation. OVX did not exert effects on immunocontent of AChE (Fig 4b)
and ChAT (Fig 4c) [F(1,16)=0.6787, p=0.4221 and F(1,12)=0.09496, p=0.7633,
respectively]. VIT D supplementation also did not affect this immunocontent
[AChE: F(1,16)=0.1485, p=0.7050; ChAT: F(1,12)=0.3154, p=0.5847] and there
was no interaction [AChE: F=(1,16)=0.9222, p=0.3512; ChAT: F(1,12)=1.215,

p=0.2919].

4. Discussion

Changes in estrogens levels seem to affect several brain processes,
including cognition (Au et al.,, 2016; Heberden, 2017; McEwen et al., 2012).
Previous studies from our research group and others have already shown that
OVX is associated with alterations in energy metabolism and cytoskeleton in
hippocampus, as well as with learning and memory impairment in adult rats (Cui
et al., 2017; Siebert et al., 2014; Siebert et al., 2017). In the present study, we
investigated some biochemical parameters related to inflammation and
cholinergic system in hippocampus of adult female Wistar rats submitted
bilateral ovarian withdrawal (OVX) followed by VIT D supplementation. The
body weight, food intake and serum estradiol and calcidiol levels were also

evaluated.
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In this study OVX significantly increased body weight, which corroborates
with the literature data (Ben et al., 2010; Fang et al., 2015; Iwasa et al., 2011;
Mackedanz et al.,, 2011; Monteiro et al., 2008; Russell et al., 2017). VIT D
supplementation, at the dose used in our study, was not able to act on body
weight gain since the animals of the OVX + VIT D group also presented na
increase in body weight when compared to the SHAM group. Excessive body
weight gain related to estrogen deprivation may predispose to the development
of obesity, insulin resistance, cardiovascular and chronic diseases (Ferrara et
al.,, 2002; Rogers et al., 2009; Tchernof and Despres, 2000), which are
associated with a decline in quality of a woman's life (Lobo et al., 2014). In order
to verify that the body weight gain of the OVX animals in this study is related to
the increase in dietary intake, we evaluated the daily food intake per animal (g).
Although the literature suggests that increase in body weight caused by OVX
would be due to hyperphagia (Iwasa et al., 2011; Jiang et al., 2008), our data
did not show changes in daily food intake among groups. It is necessary to
emphasize that the measure of food consumption in this study was controlled
during a short period (about two weeks), concomitant with vehicle or VIT D
administration, and consists of a mean estimate of the food consumption per
box.

Surgical removal of ovaries causes an abrupt decrease in serum
estradiol levels. In agreement with previous reports (lwasa et al., 2011;
Monteiro et al., 2007; Waynforth and Flecknell, 1992), the present study
revealed that rats submitted to OVX present a significant decrease in serum
estradiol, confirming the efficacy of the surgical procedure. In addition, in order

to verify whether the dose of VIT D supplemented was effective in increasing
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serum VIT D levels, we performed the calcidiol measurement in serum of
animal. Results showed that 500 1U/Kg/day VIT D supplementation increased
serum calcidiol levels in the supplemented groups. The calcidiol is the most
abundant form of VIT D and the best indicator for assessing VIT D status
(Maeda et al., 2014).

Although the association between menopause and an increased risk of
neurological disorders is widely described and investigated, the mechanisms
involved are still not fully understood. Considering that neuroinflammation is
described as a common feature of various diseases affecting the brain (Simen
et al., 2011) and postmenopausal decrease in estrogens levels may be related
to alterations in inflammatory status (Au et al., 2016), we investigated some
inflammatory parameters in hippocampus of adults rats submitted to OVX
and/or VIT D supplementation. The evaluation of cytoplasmatic and nuclear NF-
kB/p65 was performed by analyzing the immunocontents of NF-kB/p65 and p-
NF-kB/p65. OVX increased nuclear p-NF-kB/p65 immunocontent. VIT D per se
had no effect on NF-kB/p65 immunocontent, but partially reversed this
parameter. NF-kB is an important transcription factor activated in inflammatory
situations. It is a heterodimer situated in the cytoplasm and bound to inhibitory
proteins (IkB) inactivated. Phosphorylation process induces activation and
translocation of NF-kB to the nucleus and thus transcriptional activation of
specific target genes, such as inflammatory mediators, including cytokines,
chemokines and cell adhesion molecules occurs (McKay and Cidlowski, 1999;
Shih et al.,, 2015; Sunday et al.,, 2007; Tak and Firestein, 2001). This
translocation can be a mechanism to cellular responses to oxidants or

inflammatory and immune stimulus (Barnes, 1997; Morgan and Liu, 2011).
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The NF-KB activation can stimulate the secretion of inflammatory
cytokines, which are molecules involved in signaling during the immune
response (Lawrence, 2009; Tak and Firestein, 2001). Therefore, we analyzed
the levels of the proinflammatory cytokines TNF-a, IL-1B and IL-6 in
hippocampus. Results showed that OVX provoked an increase in
proinflammatory cytokines TNF-a and IL-6. VIT D per se had no effect on these
parameters and partially reversed the increase in IL-6 levels. Proinflammatory
cytokines TNF-a, IL-1 and IL-6 produced by microglia are considered classic
mediators of inflammation (Wang et al., 2015). Estrogens exert anti-
inflammatory actions in several systems, therefore our results agree with other
studies in the literature that report the presence of inflammatory changes in
brain of animals submitted to OVX (Benedusi et al., 2012; Kireev et al., 2014;
Wang et al., 2016; Xu et al., 2015) and although the mechanisms involved in
the activation of the immune system in adult Wistar rats submitted to OVX need
to be better studied, our results suggest that the increase in cytokines levels
observed could be closely related to NF-kB activation.

Acetylcholine (ACh) is an important cerebral neurotransmitter of the
nervous system and is involved in learning and memory processes (Maurer and
Williams, 2017; Mohapel et al., 2005). ChAT is the enzyme responsible for the
synthesis of ACh from acetyl-coenzyme A and choline. AChE is the enzyme
responsible for the hydrolysis of ACh in acetate and choline. ACh, together with
its receptors and the enzymes AChE and ChAT constitute the cholinergic
neurotransmission system, which has recently received great attention in
relation to its role in anti-inflammatory pathways (Han et al., 2017; Maurer and

Williams, 2017). In this context, we investigated the activity and immunocontent
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of AChE, as well as ChAT immunocontent in hippocampus of adult rats
submitted to OVX and/or VIT D supplementation. OVX increases AChE activity
without altering the AChE and ChAT immunocontents. VIT D per se had no
effect on these parameters and was also not able to reverse the activation of
AChE activity. Our results allow us to suggest that the increase in AChE activity
without changing ChAT immunocontent may be cause a reduction of cholinergic
neurotransmission due to a decrease in the levels of available ACh in the
synaptic cleft, corroborating with memory deficits already described in this
model (Siebert et al.,, 2017) and may be related to the inflammatory changes
observed in this study.

Although beneficial effects of VIT D supplementation have already been
described (Barberger-Gateau, 2014; Feron et al., 2014; Gregoriou et al., 2017),
few studies specifically address the effects of VIT D supplementation in the form
of cholecalciferol in hippocampus, especially using a OVX model. In this study,
VIT D supplementation partially reversed the increase in p-NF-KB/p65
immunocontent and IL-6 levels in hippocampus of adult female Wistar rats
submitted to OVX. Therefore, we may suggest that the VIT D dose used could
help improve inflammatory parameters. Regarding the cholinergic system, we
did not observe a reversion in AChE activity by VIT D, therefore the dose used
was not effective in improving this parameter. Other beneficial actions of VIT D
in this dose and in this model have already been reported in previous studies
(Siebert et al., 2017).

In summary, our results revealed that OVX causes an imbalance in the
inflammatory and cholinergic hippocampal systems of adult Wistar rats, but the

mechanism by which such changes occur is still not completely clear. Although
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effective in increasing serum calcidiol levels, VIT D supplementation was not
fully effective in reversing the inflammatory and cholinergic changes in the
hippocampus. We hope, with our findings, to assist in the understanding and
knowledge of brain alterations that may be present in postmenopausal women.
They may open perspectives for future research in order to better understand
the cerebral changes observed in the postmenopausal period. A summary of

the results of this work may be found in Fig 7.
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Figures Legends

Figure 1. Timeline of experimental design. OVX- ovariectomy; VIT D — vitamin

D

Figure 2. Effect of OVX and/or VIT D supplementation on cytosolic and nuclear
fraction of NF-kB/p65 and p-NF-kB/p65 in hippocampus of adult female Wistar
rats. NF-kB/p65 citosolic fraction (a), p-NF-kB/p65 citosolic fraction (b), NF-
kB/p65 nuclear fraction(c), p-NF-kB/p65 nuclear fraction (d). Results are
expressed as percentage of control. Uniformity of gel loading was confirmed
with B-actin as standard. Data are mean + SD for five to six animals in each
group (two-way ANOVA followed by Tukey's test). **p < 0.01, different from
SHAM. OVX - ovariectomy; VIT D - vitamin D; NF-kB/p65 - nuclear factor-kappa

B; p-NF-kB/p65 - phosphorylated nuclear factor-kappa B

Figure 3. Effect of OVX and/or VIT D supplementation on proinflammatory
cytokines levels in hippocampus of adult female Wistar rats. (a) TNF-a levels,
(b) IL-1B levels and (c) IL-6 levels. Results are expressed as pg/mg protein.
Data are mean + SD for five animals in each group (two-way ANOVA followed
by Tukey's test). **p < 0.01, different from SHAM. OVX - ovariectomy; VIT D -
vitamin D; IL-6 - interleukin-6; TNF-a - tumor necrosis factor alpha; IL-1 8 -

interleukin-1 beta

Figure 4. Effect of OVX and/or VIT D supplementation on cholinergic

parameters in hippocampus of adult female Wistar rats. (a) acetylcholinesterase
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activity, (b) acetylcholinesterase immunocontent and (c) choline
acetyltransferase immunocontent. Results are expressed as umol AcSCh/h/mg
protein (a) or percentage of control (b and c). Uniformity of gel loading was
confirmed with B-actin as standard. Data are mean £ SD for four to six animals
in each group (two-way ANOVA followed by Tukey's test). **p<0.01 and
***pn<0.001, different from SHAM. OVX - ovariectomy; VIT D - vitamin D; AChE -
acetylcholinesterase; ChAT — choline acetyltransferase; AcSCh -

acetylthiocholine

Figure 5. Representative figure of the main results
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Table 1. Serum levels of estradiol and calcidiol, body weight and daily food intake of Wistar rats
submitted to OVX and/or VIT D supplementation

Parameters Groups

SHAM ovX VITD OVX+VITD

Serum estradial levels (pg/ml) 30.69+11.29 1384+566 232641078 15.25+#5.81
Serum calcidiol levels (ng/ml) 49.96+4.38 64.24+3165 100.56+20.30° 108.41+29.717 %
Final body weight (g) 250.33+152 2966642205 F 258.33+305 291.33£1021°F
Daily food intake (g) 1593+095 16.70+2.07 16.63+1.25 1694+1.08

Mote: Data are expressed as mean £ SD for 5-6 animals per group (Two-VWay ANOVA followed by post hoc Tukey's test).
* significantly different from SHAM (p=0.05).

** significantly different from SHAM (p=0.01).

*** gignificantly different from SHAM {p=0.001).

* significantly different from VIT D (p=0.05).

& significantly different from OWX (p=0.05).

77



Fig 1

Recovery period Food intake measurement
(30 days) (15 days)

o N

90 days old 120-150 days old 151 days old | Serum and i
! hippocampal analyzes
! \ J ! T

ovX Euthanasia

VIT D supplementation

Weekly body weight measurement
Initial body weight

measurement Final body weight
measurement
Fig 2
a b
= 150 T 150-
@ 2
- c
; T T ; T
0o = o=
2 2 1001 £ £ 100- 1
3 c € c
EQ E 3
g ':.-, =
= 0 50 E o 50
o X i m X i
m = 0 =
¥ w
w =
= 0- _ r a o r r
SHAM ovX VITD OVX+VITD SHAM ovX VITD OVX+VITD
NF-«xB | — ‘ —_— —‘l p-NF-xB — 1
_——
c d
= €
1501 150+
3 g -
c o T
g = L 1 S T
c 2 1004 S 2 100-
25 £ 5
£ 0 E o
0% S%
g 1\6, 50 + ; é 50+
m ¥
¥ o
— z
z 0- : ' L 0- ' r
SHAM OoVX VITD OVX+VITD SHAM ovX VITD OVX+VITD
NF-xB |

| -1

=]
e pactn

78



Fig 3
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Fig 5
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Abstract

The aim of this study was i investigate the effectof ovanecomy (OWX), asurgical model of menopase, and/or vitamin D (VIT
D) suppleme ntation on oxidative status, DNA damage, and elomene length in hippocampis of rats at two ages. Mine ty-day-old
{adulf) or | B0-day-old (older) fomale Wistar rats wene dividod inbo four groups: SHAM, OV, VIT D, and OVX +VIT DL Thirty
diays after WX, rats were supplementod with WIT Dd (500 TV kg) by gavage, for a period of 30 days. Reslts showed that OVX
altered antiooddant eneymes, increasing the activities of cat s inadult ras and superoxide disrutase in older rats. VIT D per se
increased the activities of catalase and suporeide disnmtase in older rats, bt not in adul ras. VIT D supplementation i OV
(O + VIT D) rats did net reverse e o fioet of OVX on catalase inadult rats, but it partially reversed the increase in supsemostide
dismubsse activity inolder rats. VX incressed DNA damage inhippocampus of adultand older rats. VIT D per se reducod DMA
damage, and when associaed to OV it partally reversed this slteration. Additonalby, OV caused a telomere shortening in
older rak, and VIT D was able & reverse such effoct Taken together, these reauls demonstrate that srgical menopawse in rats
cases hippocampal biochemical changes and VIT D appears, at least in part, to act in a beneficial way.

Keywords Vitamin D - DNA damage - Telomere kength - Antiosddant enzymes - Experimental menopause - Ovariecimy
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CHS Central nervols system HET Hormome replacement teerapy
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Menopause i & physiological sete in women's lives. Tt oocurs
naturally, diagnesed after 12 months of amenorrhea without
pathological cause, but, it can also be induced by chemaoter-

apy, radiation exposure, or surgery, such & owvariectomy
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(Grant ot 8l 2015; Shuster et al. 2000). The real effocs of
surgical memopse ane: it fully understad, but itis believed
o b associated with increased long-term health risk factors
{Henderson and Sherwin 2007; Rocca et al. 20010; Shuser
atal 20100

Evidence shows that estrogenic deprivation characteristic
of menopause may be relaied to increased nisk of developing
neursdegenerative discases in women, highlighting the possi-
ble nouropriective mole of catrogens (Georgakis ot al. 2006;
Henderson 20 14). Furthermone, the involwment of estrogens
in the protection against oxidative imbalanee is well recog-
nizad (Borras ot al 2000 Xiso at al. 2017 Accentused es-
regen's reduction has been related to an imbalanee betweon
the production of oxddant species and antioxidant defenses,
leading to oxidative stress (Dwshi and Agarwal 200 3)
Adthough the low concentration of osadative spocios is mpsr-
tnt in tee intracellular signaling, high concentrations may
capse damage to biomolecules such as lipids, proteins, and
DA, which may contribute to damage and cellular fumcion
loss (Halliwell 2012; Yalko et al. 2016). Elevated levelk of
reactive oxygen spocies {BOS) induce the oxidation of gua-
nine bases (Cadet and Wagner 2013) and single and double
breaks in e DMNA (Maten and Conninghan-Bussel 2013,
Tamm et al. 20E). Consequenty, progressive aceumulation
of DMA damage is relaied o premature induction of senes-
ceneoe and the appearance of an carly disease-dopondent -
naiype (BhatiaDey et al. 2006; Chen ot al 20071

Among seescenoe, & lomene lengths have boon proposoed
a5 a biomarker of cellular aging (Sanders and Mewman 201 3;
wim Zglinicki and Martin-Ruiz 2005). Telomens are nibomo-
cleoproiin stroctures located at the end of linear eulcaryotic
chromosomes whose function is attributed o protection of
genome integrities (Blackburn 20080; O"Sullivan and
Karlseder 20100, The telomeres ame composed of 8 wndemly
repeated hesamer DA sequemnce {(3-TTAGGG-3") and natu-
rally undergo shomening under physiological conditions
{0"Callaghan and Fenech 2011). However, the promatne or
accelerated shorbening raie has been considered a marker of
cellular senescence (Bemadotte of al 2016).

Memepansal women wsal by perform homons replacemaent
therapy (HET) for the substitution of endegenous estrogens;
havwever, it is koown that this practice is not free of adverse
effect. Thenefone, the search for albemative meatments & ne-
place o complement the HTE wed by memopseesal womey
e imcreased in the last years (Benoet al 2000; Mondeiro etal
20fa; Siehert etal 2004). Vitamin D VIT D) is considered a
steroid hormone with importmt function o caleiwm homeo-
stasis The main source of WVIT D i its endogenous fomoe ion
i cutanaous teswes 85 3 esult of exposune to wlraviolet B
radiation (Mpandzouw et al. 2016; Strouwd ot al. 2008
However, diet has bocome an ingortant albemative source of
VWIT D. WIT D has numerous biological wrgets and acts

throwgh its recopior (VDR), fond in most body cell (Evles

) Spimger

et al. 2007 In both ras and humans, VDR appears to e
localized in brain key anca regions, such as amygiala, coriex,
and hippocampus, which are imvolved in cognitive fundcton-
ing (Exyles etal 2005; Harmsetal. 200 1; MoGrath ot al 2004).
In this work, we investigate the effects of ovaroctomy
{0 XE-surgical menopease maosdel ), performed at two different
ages of femsle Wistar rai: 9 days old (adulf) and 180 days
old {older), on oxidative stress parameters, DA damage in-
dest, and relative telomene length in hippocampus, 8 brain
struciure sensitive to effoct caused by this maodel (Montein
et al. 2005k Sichent ot al. 2014). The neuroprodective effect of
WIT D supplementation was alse evaluated. Our hypothesizis
that ¥IT D could reverse some aberation caused by OWXL

Material and Methods
Anirmak and Reagents

Female Wistar rats (90 or 180 days old) were obtained from
the Ceniral Animal House of the Department of Biochemistry
at ihe Inatimte of Basic Health Sciences, U niversidade Federal
iy R Grramedie do Sul (UFRGS), Brazil Animals wene housad
in plastic cages and maintmined at & constant tengse rature
{22 %) in a lightidark cycle 12:12 h with free access to waler
aned protein commencial chow containieg 2 806 IV kg of vita-
min D3 {chaecalciferod) in its comgpos tion. The cthical stan-
dards followed the official governmental gwidelines izsued by
the Brazilian Federation of Societies for Experimental
Biology, following the Guide for Care and Use of
Laboratory Animals and Arowca Law (Law moo 117940
). Animal experimentation protocok hed been approved
by the University Ethics Commities for the Use of Animals
{CHEUA) under the project (#28033). All chemicals were pur-
chased from Sigma-Aldrich (St Louis, MO, USA), exocopt
Platinum® Tag DMNA polymerase eneyme (Invitnegen, TISA).

Experimental Groups

Considering that Wistar rats reach sexual matunty from the
sivth week of life (Sengupta 2013), we chose to perform 0% X
in adult Wistar rats at two different ages ©0or 180 days old.
Minety- or |B-day-old female Wistar rats were randomly di-
vided into four groups (1) SHAM {control: surgery without
ovaries remaoval), (2) 0% (sumical removal of both ovarnies),
{3) VIT D, and (4) OVE + VIT D. The timeline of the exper-
imctal protocel wsed can be seenin Fig. 1.

OVY, Procadure

Animals were anesthetized by intraperitoneal {ip.) adminis-
tration of a mixture of ketmmine {9 mg'bke) and xylazine
{10 mg/kg) and subsogquently subjecedio a surgical prooedun:
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fior remaoving both ovaries as previously described (Ben etal — Catalase Assay

20 Mackedanz ot al. 2011). Studies from our and other
groups have already shown that OVWVX cawses a significant
decrease in estradiol circulating levelk (Monteiro et al.
2005k:; Waynforth and Flacknell 1992), which confirms the
effoctiveness of the procedure for this punpose.

Vitamin D Supplementation

After full recuperation from 05X (30 days), animaks recsived
for & 30-day period, daily supplementation with VTT D { cho-
lecalciferobvitamin D3, 206 pL once per day) by gavage.
Comtrol growps (SHAM and OV X) received an ogual vwolume
of wehicle (propylene glycol). Based on previous work
(Chabas et al. 2013; de Souza Santos and Vianna 2005,
Gueye etal 20135; Salum et al. 2013), the dose of VIT Dused
was 500 TV kg'day, Animals” weight was control lod weekly,
Approcimately [2 h after the laat administraton, & wee
decapitated withow anesthesa and the hippocanpus was ne-
mowved for further tissue analysis. The rats of the SHAM
roup were docapiiod at the diestrus stage of the satrous oycle,
where low plasma conoonitrations of estropen e present.

Tissue Preparation o Measure of Oxidative Stress

The hippocampus was homegenized in & vohemoes (1: 10, w'
v of 20 mb sodivm phosphate buffer, pH 74 containing
140 M EXC1 and centrifioged at Bld=g for 10 min at 4 *C.
The supematant was immadiately frozen for subseguent oo-
dative siess assEays.

Supercdde Dismutase Assay

The assay for the measurement of the antioxidant enzyme
superaide dismtase (SOD) activity is based on the awiooi-
dation ability of the reagent pyrogallol {1,2,3-
trihoydroocybse nzene) in the presence of superoxide | ubsiraie
for S0D). The inhibition of this awoxidation oocurs in the
presance of S0D, whose activity can be then indirectly
assayod spoctrophotometrically at 4290 o (Mardklund 1985).
A calibration curve was performad with purified SO0D as stan-
dard. The resubts wene reported a5 wnitk/ing ook in.

The assay for the messurement of the antioxidant eneyme
catalase (CAT) activity is based on the consumption of Ha(s
measured at 240 nn in a reaction madivm conts ining 20 mbd
Ha(a, 0.1% Tritom X- 104, 10 mM potassivm phosphaie buff-
ar pH 7.0, and 0.1-03 mg proteinfml (Achi 1984) CAT
activity was expressod s CAT units'mg protein. One CAT
it was defimoed a3 | mmol of Hy Oy consumed per mine.

I7dichlomfluoresdn Oxidation Assay

The production of BOS was measuned based om the oo dation
of 2'T-dchlomfluprescein (LeBel et al. 1992). Hippocampus
supemmatant (60 pL) was incubated with 240 pL of 1060 phy 2
Tdichloroflusreseein diacette (IFH-DA) solution for
30 min at 37 *C in the dark. DCFH-DA, is cleaved by cellular
exierases, and the resultant 27 dichlorofluorescin (DCFH ) is
oxidized by BOS present in samples. This reaction produces
2T dichloroflusrescein (CF), a fluomscent compound,
which was messuned at 288-nm exeitation and 525-nm emnis-
sion. The production of reactive spocies was calculated as
nml DCFimg protein.

Thiobarbituric Add Reactive Substances Assay

The indezx of lipid peroxidation was determined by TBARS
according to e method deseribed by Ohkeawa et al {1979).
Hippocampus supernatant was mixed with 20% trichlomace-
ticacid (TCA) and 0.8% thiobarbituric acid (TBA) and heatod
in a boiling water bath for 60 min. TEBARS wene de ferminad
by sbsorbance at 535 nm. The resulis ane calculated as nmol

TBARS mg protein
Sulfhydryl Content

The sulihydryl conent iz inversely comelaied i ooidative
damage present in proteins. This assay is based on the reduc-
tion of 5 5'-dthio-his {2-nitrobenznic acid-DTHE) by thiols,
generating a yellow derivate S-thio-2-nitrobenaoic acid (THNB)
whose sheorption was messumed spoctrophotometrically at
412 nm {Aksenoy and Markeshery 20000, The resuls are
caleulated a5 ol THE/mg protein

4} Srciger
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Comet Assay

The alkaline comet assay was performed in duplicate as de-
scribed by Singh et al. {1988) in accordance with general
guidelines for use of the comet asssy | Bajpayes ot al. 2005;
Hartmanm et al. 2003 ; Tice et al 2004, Homoge nized tisswes
wore suspended in agamss and spread onto glass mic rsc ope
slides pre-coated with agarose. Agarose cell suepension was
allowed to set at 4°C for 5 min. To examine DMNA damage,
slides were incubaied in ice-cold lysis solution (2.5 M Nall,
100 mM EDTA, 10 mM Tris, pH 100, and 1% Triton 3-100
with 1% DMS0) in order to nendove proeing, leaving DMNA
as “nuclopids”, Mext, shdes were placed in a honzontal ¢lec-
trophoresis chamber, coverad with a fresh solution {30680 mhd
Ma0H and 1 mM EDTA, pH > 13) for 20 min at 4 *C o allow
DMA unwind and the oxpression of alkali-labile sites.
Elecophonesis was performed for 20 min (25 W 315 ma;
0.9 Viem). Slides were then newtralizod, washad in bidistillod
water, and stined 1sing a @lver s ining proiscol. After over-
might drying at rospm bemperatne, slides wene analyzed using
am opitical microscope. A total of 100 comets (50 comets from
cach of the two replicate slides) were arbitanly chosen and
amalyzed. Comets were visually scored from 0 (o migration)
o 4 (meaximal migration) sccording to wil length. From this, &
DMA damage index (D) was created for oells ranged from 0
{all cells with no migration) to 4400 (all cells with naximal
migration) (Tice et al. 2000). Slides were analyzed by at least
two different operainrs blinded for the eoperimental identifi-
cation of the groups. Scores are presenied a5 median values.

Telomere Length Determination

The rebative gueamti fica tion of e lomere length was performed by
rezal-timne polynersse chain (gPCR). For each sample, two oon-
secutive reactions wene performed, a telomernic (T) and single
copy gene {3684 control amplification, as previously reportad
{Cawthin X2 with modifications (Barbe-Toana et al 2006).

Brefly, after cuthanasia a small portion of e T pposcsam-
pus tisswe was snap frozen in liguid Ma. Genomic DNA
(gDMNA) was exractad with phemol e hlorotomisoanny] aco-
heol (25:24:1) (Chomezynski and Sacchi 1987), and gD'NA
{25 ngfeaction) was used a5 enplate for measurement of
relative telomere length. We used alneady published oligonu-
cleotide primers (O0"Callaghan and Fenoch 20011}, specific for
mosdent single copy gene (3684, 5) or humandodent telomeres
({T) detection.

In cach mun, standard curves wemne porformed for single
copy cmstiutive gene (5) and telomenes (T). Reactions wene
done using the Platinum® Tag DNA polymerase enzyme
{Invitrogen, TISA) in a StepOnePlus™ apparstus (Applied
Biozystems). We included two controls per plate, a negative
contral i detoct any possible contaminsation, awd a randomly
chosen sample.

) Spimger

The results wene analyzod when the efficiency of the reaction
was B0-1109%, and linear regession coefficient of the standand
curve was = 00985, Triplicates with difference =05 threshold
cycles (Cf) were discarded and repeated. The T/S ratio was cal-
culsied by the delta delta Ct method (each sample relative o e
control group mean) wEng SepDnePlus™ (Softwane w222
Applied Bisystens). The coefficient of variation (CoV =stan-
dand deviationimesn) was caleulsted to monior te vier-plate
varation, The relaive messurement of elomene length was
esipresand &5 & mean vahee of the sample by the T/S mitio.

Protein Determination

The determination of total prokein was performed by colorni-
metric methad (Lowry etal. 1951), using serem bovine albu-
min a5 standand.

Statitical Analysi

The data werne analyzed by one-way anslysis of variance
{ANOVA) followed by post hoe Tukey's test. Mon-
parametric data {ielomene length) were analyzed by Kruskal-
Wallis test fol lowe d by post o Dunn s test or hMann-Whitney
Urvest. Values of p <0005 wene considensd sttisically signif-
icant. All amalyses and plos wene performead wsing GraphPad
Prism 5.1 softwane program ina compatible compuber.

Results

Tables | and 2 show the effect of OVE and'or VIT D supple-
mentation on oxidative stahs parameiens in rats submited to
ONX at two different ages 9 or 180 days old, respectively.
Results showed that OWX at 90-day-old rats increased the
activity of the antioxidant enzyme CAT (p<0.05), but did
mvt alter the activity of the antioxidant enzyme S0D
{p=005) VIT D per s¢ did not alter these parmameters
{p = 0U035); howewer, when associated with OWX {0V +
WIT D grougy), maintained incresse in CAT activity observad
in OWX group (p <0005, Table 1) Omn the other hand, 007X in
1 fl-dary-old rats present & different patiem of changes on an-
Fymatic antiowidant defenses (Table 2). At this age OV
group showed an incresse in 50D activity (p< 0.005)
and no change in CAT activity (p= 005 VIT D per se
increased S0D and CAT activities (p < 0005, p< 005, -
spoctively], and when the supplementation was associaed
with OWE (OVX+ VIT I, it partially reversed the in-
crease in the S0D sctivity cavsed by OVE. Regarding
the reactive species levels, lipid damage, and protein dam-
age (IMCFH oxidation, TRBARS levels, and sulfhwdryl con-
tent, respectively), the results showed that both OVX and
VIT D supplementation did not alter these parameters in
bpth ages {p = (L05, Tables | and 2).
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Table1 Parameers of ocidative sirss in hippocampaes of ad okt ovenecnmized mis andJor viemin T so pplemenied
Parameiers Gaoops

SHA M OVX VITD WX+ VITD
SO0 acthvi ty (it fmg peo isin) 1207 + 089 10994+ 102 12221 & 107 1121 £ D98
ICAT activity fomitsng profedn) 057015 083 +0.M0* 66+ 016 OEX+0I*
TFH aocichaticom {memin Vg, protedin I8 + T2 164 96 + 4607 32580+ MAD 14246+ 6551
THARS levels inmol'mg peotsn) 157 £ 034 1544022 134014 137 + 004
Sl Brydry] comient {rmmo TR g peotein) S6.69 4 2090 9B+ 6T 4121 +79% 47+ 403

Dt are evpressed as mean+ S0 fior 5-8 snimaks per groop fomewmy AROWVA flowed by post hoo Tokey 's =)

Adult ms submited o VX or SHAM 2490 days old
#5i gmificnely different SHAM (p < 0L05)

Subsequently, we evalusied the DMA damage index in hip-
pecampus from Wistar rats submitted i OVX at 90 (adult
rats, Fig. 25) or 180 (old rais, Fig. 2b) days old and VIT D
supplementd The results followed the same pattem in both
ages. OV X significantly ncreased the DMNA damage index
{Fig. 2a, b; p< 0001) when compared to contral (SHAM).
VIT D per se decreased DNA damage index (Fig. 2a:
P05 and 2 p<0.001), but when was associated with
O%WXE (OVX +VIT D), it partially reversed the DMA damage
cased by OV (Fig. 2a, b, different from SHAM and OV
groups, p < 0.001).

Finally, we porfprmod anal ysis of the telomene s length (TS
ratio) in hippocampus of rats submitted to OVE at 90 or
180 days old with or without VIT D supplementation
{Fig. 3a, b, respactively). Figune 3a shows mo statistical differ-
enee i Elomeres length between the groups (p = 0005) of rats
submithed to OWVX at W) days old; however, we obhserved a
endency of decresse in telomenes length in OV and VIT D
groags, When this parameter was anal yzed in rats submitied to
OV at | B0 days old, the resulis showed that OWX rats have
shorter Elomenss {p < 0005, Fig. 3b); VIT D per se did ot

alter telomere length (p= 005), and when associated with
O (OWX +WIT D), VIT D supplementation was able to
meverse the telomere shorening observed (p < 0.005)
Considering that the e lomenes length auffers influence of mor-
mial aging, we performad additonal analyss of this parameter
betwoen the ages studied (Table 3). The resuls showed that
amimak submited to OV at 180 days old presented telo-
menes shorter than those submitted o OWX at 9 days old

{p <0.05).

Di .

In the present sudy, we investigated some biochemical pa-
rameters axsoc mied with eidative stress, DMA damage, and
Eelomere length in hippocampus of fomale Wistar rats afier
bilateral ovarian withdrawal (O%X) at two different ages: ‘W
or 180 days old, followed by WVIT D supplementation. The
hippocampus was the brain strectune wsed becase is associ-
ated with memory mechaniam, and previous stsdies shoow that
OWX causes memory impaimment { Monteiro o al. 20408

Tahle? Parameters of oidative sress in hippocampes of older ovasieoiomi 2d ras andior vitamin T supplemented

Parameters Caromes

SHAM oV VITD NX+VITD
SO0 activi ty (it img. peoisin) RO + 096 1208+ 1 GE** 126+ | 59%% 10594+ 147
(CAT activity fnmitsimg protein) 0.5 + (DS 045 +012 071 £002* 054+ 00
TCFH aoociclation {memo Vimg, profein) FERTE £ 40ED IETE L 2581 X5 B6+ 1509 X058+ IES]
THARS levels {nmol'mg peotein) LIT 006 Ll6+03H0 280+ 038 293+ 033
Sl vy dnyl comient {ramo TRRM g peotein) 4476 4 1474 4739+ 1278 dA1E+ 1316 5565+ 1161

Diata are spresssd as mean < S0 for 6-8 snimals per groop fonswey ANOVA flkoeed by post hoo Tokey 's test)

Oilder ms submitted o OV X ar SHAM at 130 days old
* Sigmi ficandly diffesent from SHAM o < 005}

** Signi ficandy differnt Fom SHAM (p< LO0S)

* i gmitFicanthy different fom VIT T {jp < Q005)

4 Srwhger



Fig. 2 Effect of ovaneciomy and

vitumin I sup plamentation an
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Fesmnlts as expressead o mean +
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*p (L0, ***n < 000] {one-way
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Sicheert ot al 2007, Su et al. 2012) and albers some biechemical
parameters, including energy metholizm in this brain stoc-
ture of adult rats { Sichert et al. 2014).

Initially, we investigabod some midative stress markers such
as the activities of antioddant eneymes S0 and C AT, reac tive
Oy 2o Spocios production, and damage & lipid and prodein in
e hippocampus. Results showed that OV alters eneymatic
anticecidant defenses, but did not change other parame s nelat
ad to oecidative stress analyred (levek of reactive spacies, pro-
tein damage, and lipids) at both ages. Ras submitiedto OV at
O days old present an increase in CAT activity, and rats sub-
mitted i OVX at 18D days old present an increase in 50D
activity, sugpesting that the effoct of OV m tese enmymes
depend on the age of rats, S0D catalyzes e reaction of
dismutation of superoxide (O ) inoxygen (0) and Iydrogen
peneide (Hy 04, CAT is one of te eneymes esponsible for
deinatifiying HaOy (Grober etal X013 Halliwell and Gutieridge
AW Th). CAT activation observed in rats submitted 0 OV at
O days ol d may e an adaptive mechanism for Hy Oy, presence
theat iz being detood fied and terefone is not deecied by ooxida-
tion of DCFH, a messure wsed for the detection of meactive
oxygen species. On the ofwr hand, the S0D activation ob-
sorved in ras submitted to OVX at 180 days old may be
resulting in an increase in HaOs which was alko nat detocted
by the ooddation of DCFH and did not result in the CAT acti-
vation, This HaDs, produced as a result of the SOD activation,
may e following te Fenton or Haber-Weiss reaction, fomning
thee hapdingeey] (0= ) radical s. The OH= radical ishighly reactive;
it cam neact and sl cellular structunes and infleence encymes,
membrames, or nue keic acids { Martindale and Holbrook 20002,

Fig. 3 Effect of ovariestomy and
vitamin [ sup plameniation on 249
e o leng gh feom: adult JOV
ot A dmyx old (m)] and older mis 1.5 —|_
OV = 180 doys old (b
W
T
SHOW AWK

jak]

Fezsgnlts aze exgprensad o mesdian
ond imerguasti s mnge for 6-8
i mals eadh growp. **p < 0005
{Erusial- Wallis £l kooed by post
oo Dumm's sty OV
ovamieciomy, VIT I vitumin D

Telomere length [TIS]

) Spimger

WITD  OIT D

WTD  avEsT o

Damape imdex (D)

"SHamM  gwd  WTD  SwXiaTD

Evidenos indicaies that the contimuous presence of meactive spe-
cigs may lead to wpregulation of antioxidant eneymes as adap-
tive celluler sy fir ootidative stress (Finkel and Holbrook
2000, Ha liwel ] and Guiteridge 20607 a; Hall wel] and Whikeman
N Poljsakand Milisaw 201 3). Thenefone, we canmol rule ot
the presence of owidative aress in these animals. Since the
DCFH ooadation was not altered, the increase in antioodants
engymes activities may be reflecting 8 compensatory mecha-
mism for the prodiction of neactive spocies present over time
after 0% X, Wealan observod that VIT D per a2 increased SO0
amd CAT activifies in older rats, but when it was sssoc iated with
OWH (OWVH + VIT D), the activities of SO0 and CAT de-
creased;, therefore, when te VIT D was supplemented i rak
with intact ovanes, there was an increase i activities of antiox-
idtamit defenses of CAT and S0D.

Considering the newroprotective propertics already de-
scribed for estrogens and alko VIT D (Annweiler et al. 2014;
Arevalo o al. 2015, Green and Simploins 200; EKeshy ot al
H011), we investigated the presence of DMNA damage index in
hippecampus of mats submitod & OV at W or |80 days old
and subsaguent WIT D supplementation. Fesnlts showed that
OWX caused an incresse in DNA damage index at the same
patiem of alberaton at the wo ages sudied. VIT D per e
reduced the DMNA damage ndex and partially reversed the
effoct of 0% on this parameter. Since that oxidative stress
may promote demage to lipids and prodeins a3 well as DNA
(Halliwell 2007, Silva and Coutinho 20100, and that in our
stndy we olserved that OVE provokes alierstion in antiooi-
dtanteneymnes and damage to IINA, bt ot i Lipid ad proein
{measured by TRBARS and sul fhadry]l conients), we could not

b

A0
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3.0 —
2.54 I 1
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Tabled Analysic of e ielomens length hatween the ages

Adalt Oilder
SHAM 133 0 78-1.76) 118 (083 1.57)
OVX 078 {.66-1.171) 049 {0.47-0.58)"
VIT D (82 {0 69-1.0%) 078 {65 1365
OVX+ VIT D 107 {0 83166 112 {094 3.1065)

Diata sz expressed as median and mierquartile mnge for S -8 ammals par
goup (Mann- Wihitney L7 i)
Adnlt o sobmited in OV or SHAM 2t 90 days ald

Oider: mis submiitied in OV or SHAM at 1 80 days old
'_:Ii:l].l]i

englude other mechanisms that may be oocwring due to a
direct or mdirect ¢ Foct of oxidative stress in ovanecimized
animals (aegpested by adaptation of antioxidant eneymes). It
iz albo important &0 remember that in our study, the surgical
procedure of OVX was porformed 2 months befone of e
decapitation of e animals; terefore, the changes observed
can have boen accumulated over the 6 days of OV

The relationship botwoen DA damage and aging has oo
widely studied (Fei Fang et al. 2006, Ribezzo ot al 2016;
Schimacher et al. 200f). Both ooddative stress and DNA dam-
age can canse shortening of telomenes and consogquently accel-
erake senescence (Bemadote ot al. 2016, Comets-Melo et al
A4y, therefore, in this shudy, we abo nvestigaied the Eelomene
length in hippocanpus of Wistar rals submitted 0 OWX at 90
and 180 days obd and subseguent VIT D suppleme ntation. In the
amimals submited o OVX at 90 days old, te OVE and VIT D
e s proups presenied a tendency of the docreased Elomene
lengihes, bt this was not significant In | B0-day-old ras submit-
ied i OV, we obsorved that OVX sgnificantty meduced the
elomene length, and the VIT D supplementaton (08X + VIT
) retums this change at SHAM-group level In addition, our
results show that mormeal aging of te animals of this sudy dees
mt case elomere shorening, epesevisd by s milar mean elo-
mere hength of SHAM animals at both ages. Nonetheless, WX
iz & factor that stinmlates telomeres attrition of rats submited to
O at 18D days old when compared o the mE suhmited to
O8N at 90 days old {p < 0.05). Those observed telomenes shaont-
enineg can e oqlained by the presence of DMNA demage, since
theat the presence of ootidative DMNA damage can aoce leraie this
o (Ceoromzy ot al AWM, Yip etal. 2007T). In addition, the
O%WX may be causing a rodection in the activity or in owverall
levek of elomersse, resuliing in shorening of elomerws The
critical shorening of elonenes enders e and of te chromo-
spme improdected, thus, oocwrs subsoquent DNA damage -
aponees and activation of signaling patvwsays tat induce repli-
cative semescence of apoptods (Artnd and Aterdi 2005,
Smogorrewska and de Lange 202, These evenls may com-
romise homeeatass and teswe functon evemhally leading to
arganism aging, = mmal ing semescence (Chen et al. H007T).

We also explone the effocts of VIT D supplementation on
Thippocampus in B or 180 days old rets sebmitted to O We
olserved some effect of VIT D per s and others resulting
from iE asociaion with OWVX, eversing OV effock. The
different actions of WVIT D in the body have been sudiod, in-
chuding regulation of nourstranamission, newnoprekection, and
immmnumsemodulation (Dusm et al. 3011 Spach and Hayes
H05), as well & in the negulation of caleim-modised newn-
nal esvciindnaicity and reduction of oxidative sress (Mpandzou
et al. 201 6; Tarbali and Khezri 2016). The beneficial effects of
WIT I sugpsplemvcmtstion in ove e oo zed ras observed in this
study on DMNA damage in both ages and telomere shorening in
older rats could apen pespectives for new studies o discover
the mechanizms invol ved in these actions.

These data togeter argpest an imbalance in ot ant oxcidant
system thatcould comoborate, at leastin part, with DNA dam-
age and ke lomeres shortening observed in OV group. VIT D
appears i e beneficial in reversing, pring ipal by, the e fiocts of
OWX in older rats. Althowgh homuonsl chamges due to OV
are well describsad in the lieraure, our resuls do not allow us
to discuss the mechanisms involved without further studies
addressing te more spocific moechanisms of action. Our re-
sults constituie & preclinical study that opons pergeectives for
ofher sudies nvolving OWX effocs and auxiliary therapies.
W hope, with our findings, & assist in the unde rstanding and
knowlodge of brain alterations that may be presont in post-
e e s | wommnen and inthis way contribue i the advance -
ment of research in this aea
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1. DISCUSSAO

Os processos relacionados ao envelhecimento e a menopausa humana
estdo associados ao aumento de diversos fatores de risco para a qualidade de
vida e saude geral da mulher. Investigar a fisiopatologia de tais eventos é algo
complexo, portanto, a utilizacdo de modelos experimentais em roedores a fim
de mimetizar as alteracdes presentes no periodo pdés-menopausa tém sido
amplamente empregados. Embora alguns mecanismos possam diferir em se
tratando de uma espécie para outra, a utilizacao de tais modelos proporcionam
oportunidades para estudarmos elementos importantes envolvidos nos
processos reprodutivos e de envelhecimento, abrindo perspectivas para a
melhor compreensao de tais eventos, bem como possibilitando a utilizacdo de
intervencdes no sentido de prevenir e/ou reverter alguns efeitos
proporcionando melhora na qualidade de vida durante esse periodo tdo longo
da vida das mulheres (Koebele e Bimonte-Nelson, 2016).

Nesse contexto no presente estudo utilizamos a OVX bilateral em ratas
Wistar adultas como um modelo animal de deplecdo ovariana a fim de
mimetizar alteracfes decorrentes da menopausa (Koebele e Bimonte-Nelson,
2016; Savonenko e Markowska, 2003). A OVX causa uma rapida diminuicdo na
secrecdo dos horménios ovarianos. Dados na literatura mostram que cerca de
uma semana apo6s o procedimento cirdrgico os niveis circulantes de estradiol ja
se apresentam significativamente reduzidos (Monteiro et al., 2005c; Savonenko
e Markowska, 2003).

A suplementagcdo com VIT D tem sido amplamente utilizada como

terapia auxiliar em diversas condi¢fes, sobretudo na menopausa, onde a maior
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parte dos estudos aborda seus efeitos sobre o metabolismo 0sseo (Harvey e
Cooper, 2016; Sullivan et al., 2017). A VIT D é uma molécula lipossoluvel que
atravessa facilmente a barreira cérebro-sangue podendo, portanto exercer
efeitos sobre o cérebro (Nair e Maseeh, 2012). Neste sentido, resolvemos
investigar os efeitos da suplementacédo com VIT D em ratas adultas submetidas
a OVX sobre o cérebro, mais especificamente sobre o hipocampo. Com base
na literatura, escolhemos a dose de 500 Ul/Kg/dia de colecalciferol (VIT D) para
utilizarmos em nosso estudo (Chabas et al., 2013; Salum et al., 2013).
Considerando que nossos animais recebem suplementacéo com VIT D na dieta
padrdo (cerca de 2000 UI/KG de racao), escolhemos tal dose, considerada
relativamente baixa e que poderia se somar com a dieta minimizando o0s riscos
de maleficios em decorréncia de possivel toxicidade.

A diminuicdo precoce e prolongada de hormonios ovarianos nha
circulacao, particularmente de estradiol, parece estar relacionada com efeitos
neuroldgicos negativos (Brann et al., 2007; Scott et al., 2012). A relacdo entre o
aumento no déficit cognitivo e a menopausa € amplamente relatada, porém os
mecanismos envolvidos ainda ndo sdo totalmente conhecidos. No presente
estudo, iniciamos investigando os efeitos da menopausa experimental em ratas
Wistar adultas sobre parametros comportamentais. Nao foram observados
déficits locomotores ou exploratérios no teste de campo aberto, mas a
avaliacdo da memoria de reconhecimento mostrou comprometimento na
memoria de curto prazo (teste 1 h apos a sesséo de treino) e de longo prazo
(teste 7 dias apds a sessao de treino) em animais submetidos a menopausa
experimental, o que foi representado por percentual de exploracdo semelhante

de ambos objetos (familiar e novo). Com base na tendéncia natural dos
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roedores para explorar novos objetos em comparacdo com o que ja é familiar
(Ennaceur e Delacour, 1988), nosso resultado demonstrou haver
comprometimento na memoria de reconhecimento. Em relagdo a memoaria
aversiva, avaliada pela tarefa de esquiva inibitoria, observamos que as ratas
ovariectomizadas apresentaram comprometimento significativo da memoria
aversiva de longo prazo (teste 7 dias apds a sessao de treino), mas ndo no
teste de curto prazo (teste 1 h apos a sesséo de treino). Considerando que as
memorias sdo divididas em memoéria de curto prazo, com duracdo de minutos a
horas e memdéria de longo prazo, com duracdo de dias, semanas e até uma
vida inteira (Bailey et al., 1996; Izquierdo e Medina, 1997; Routtenberg, 2008),
em nosso estudo escolhemos avaliar a memoria de longo prazo 7 dias apés a
sessdo de treino, pois dados anteriores do nosso grupo de pesquisa ja
demonstraram que ratas submetidas a OVX apresentam comprometimento na
memoria aversiva 24 horas apés a sesséao de treino (Ben et al., 2010). Assim,
podemos sugerir que a OVX causa comprometimento na retencdo de memoria
aversiva de longo prazo, detectada 24 horas apés a sessao de treino e
persistindo durante pelo menos 7 dias. Prejuizos na memoéria de
reconhecimento relacionada a OVX em camundongos ja foram relatadas,
porém a alteracdo dependeu do tempo de avaliacdo: quando avaliados 12
semanas apo0s a OVX os animais apresentaram déficit na memoria de
reconhecimento e quando avaliados anteriormente, 6 semanas apos a OVX tal
alteracdo de memaria nao foi observada (Bastos et al., 2015). Além disso, Diz-
Chaves et al. (2012) mostraram que o tratamento com valerato de estradiol
melhora a memoria de ratas OVX, demonstrando acédo benéfica dos

estrogenos sobre a mesma.
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A suplementacdo com VIT D néo foi capaz de melhorar o desempenho
dos animais nas tarefas comportamentais. Além disso, a VIT D per se alterou a
memoria de reconhecimento. Fedotova et al. (2016), em um estudo utilizando
ratas Wistar ovariectomizadas, mostraram que a VIT D, na forma de
colecalciferol em doses elevadas administrada de forma isolada ou em
conjunto com 17B-estradiol, possui efeito antidepressivo em ratas fémeas
adultas. Além disso, Alrefaie e Alhayani (2015), em um estudo com ratos Wistar
machos adultos em um modelo de diabetes induzido por estreptozotocina
mostrou que o colecalciferol na dose de 500 Ul/kg/dia, promoveu a
recuperacdo da memoria de reconhecimento. No entanto, neste estudo, o
tempo de tratamento foi de 10 semanas e foram utilizados apenas machos que
nao sofrem flutuacées hormonais como as fémeas. Portanto, podemos sugerir
que, talvez, a dose e o tempo de tratamento utilizados neste estudo podem néo
ter sido suficientes para alcancar efeitos sobre os parametros de memdria
analisados.

Estudos prévios ja demonstraram alteragdes nas atividades de
importantes enzimas cerebrais, como enzimas antioxidantes, AChE, citocromo
c oxidase e Na',K'-ATPase, bem como alteracdes comportamentais no
modelo de OVX em ratas adultas. Baseado nisto, estendemos nossos estudos,
focando especificamente em hipocampo, uma importante estrutura cerebral
relacionada a processos de memodria e altamente sensivel aos efeitos dos
estrogenos (Ben et al., 2009b; Monteiro et al., 2005b; Monteiro et al., 2005c;
Siebert et al., 2014). Buscamos melhor compreender 0s mecanismos

envolvidos nas alteracfes encontradas até o momento e outras, bem como
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investigar os efeitos da suplementacdo com VIT D sobre os parametros
investigados.

A partir destes resultados e outros da literatura que confirmam que a
menopausa pode ocasionar distirbios de memodria e aumentar o risco de
desenvolvimento de neurodegeneracao, avaliamos parametros relacionados ao
sistema fosforilante do citoesqueleto em hipocampo. O citoesqueleto é
importante na organizacdo celular e especificamente os neurofilamentos estao
relacionados com a fragilidade celular, visto que sao responsaveis por fornecer
resisténcia mecanica para as células (Fuchs e Cleveland, 1998; Omary, 2009;
Omary et al., 2004). Além disso, distirbios na homeostase do citoesqueleto
parecem estar associados a neurodegeneracao (Afreen et al., 2017; Zetterberg,
2016). Iniciamos investigando a fosforilacdo in vitro de subunidades de NFs e
GFAP presentes na fracado citoesquelética enriguecida com FIs de neurbnios e
astrocitos, respectivamente. Os resultados mostraram que a OVX causa
aumento da fosforilacdo de GFAP e NFs sem alterar o imunocontetdo destes
Fls. Sabe-se que as proteinas cinases dependentes de segundos mensageiros
fosforilaram locais especificos localizados nos dominios amino-terminal de
subunidades de FIs (Zheng et al., 2003). Consistente com isto, nossos
resultados mostraram que a PKCaMIl é ativada pela OVX, sugerindo que tal
proteina cinase esta envolvida na hiperfosforilagdo da GFAP e NF-L detectada
nesses animais. Além disso, NFLSer55 e NFLSer57 parecem ser os sitios de
fosforilagéo alvos da OVX, sendo a PKCaMill a proteina cinase responséavel por
mediar este efeito. A fosforilacdo destes locais especificos é relevante para a
montagem dos filamentos, e a desregulacdo na dinadmica de

fosforilacdo/desfosforilacdo pode interferir no desempenho das funcbes do
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citoesqueleto neuronal. Aléem disso, a fosforilacdo anormal da GFAP pode levar
a desmontagem da mesma, contribuindo para perturbacbes da homeostase
celular (Gill et al., 1990).

Sitios KSP, localizados no dominio carboxi-terminal de NF-M e NF-H
também apresentaram-se hiperfosforiladas no hipocampo em decorréncia da
OVX. Hiperfosforilacao de sitios KSP “repeats” em Fls neuronais € considerado
um evento importante por promover a agregacdo entre NFs, causando a
formacdo de aglomerados em ax6nios (Holmgren et al., 2012). Estes
aglomerados interferem no transporte axonal de NFs, e podem explicar, pelo
menos em parte, os déficits comportamentais associados com a OVX. Levando
em consideracdo que estes sitios sdo fosforilados por proteinas cinases
independentes de segundo mensageiro MAPKSs, pesquisamos por proteinas
cinases ativadas pela OVX e identificamos JNK fosforilada/ativada no
hipocampo. Portanto, podemos propor que os dominios carboxi-terminais de
subunidades de NFs (NF-M e NF-H) estédo sendo fosforilados por JNK.

Hormonios sexuais femininos podem modificar o tamanho, morfologia e
funcdo das células neurais e essas mudancas sdo devido a modificacbes no
citoesqueleto neuronal e glial (Hansberg-Pastor et al.,, 2015). Estudos
demonstram que os estrogenos desempenham importante papel na regulacao
da dindmica do citoesqueleto (Giretti e Simoncini, 2008; Kramar et al., 2013;
Sanchez et al., 2009). Além disso, o estrogénio € um modulador chave da
morfologia celular e movimento, sendo estes eventos responsaveis pelo
rearranjo do citoesqueleto em decorréncia de mudancas no estado de
fosforilacdo (Hansberg-Pastor et al., 2015). Uma vez que este hormdnio tem

um papel importante na regulacdo do citoesqueleto, a falta de estrogénio
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poderia ser prejudicial para sua dinamica. O conhecimento desses mecanismos
utilizados pelos horménios sexuais para modular o citoesqueleto e, portanto, a
plasticidade sinaptica pode ser importante para entender as alteracfes de
aprendizado e memdria presentes na menopausa.

A suplementacdo com VIT D reverteu as alteracbes em nivel de
citoesqueleto causadas pela OVX. Foi relatado que a VIT D atua modulando
um sistema de sinalizacdo complexo envolvendo rapida formacao de segundos
mensageiros, ativacdo de proteinas cinases e abertura de canais de Ca*".
Considerando a relevancia do Ca?* e dos segundos mensageiros sobre a
modulacdo do sistema de fosforilacdo associado ao citoesqueleto, é provavel
que a VIT D atue em vias de sinalizacao protegendo contra efeitos da OVX. De
acordo com isso, ja foi descrito que a VIT D tem efeitos moduladores sobre o
citoesqueleto, agindo através de sobrecarga de Ca** e adenilil ciclase (Zanatta
et al., 2011; Zamoner et al., 2008).

A fim de verificar se a dose de VIT D utilizada seria suficiente para
causar aumento nos VDRs, avaliamos o imunocotetdo de VDR hipocampal. Os
resultados mostraram que o imunoconteudo de VDR néo altera entre 0s grupos
experimentais estudados. O VDR é amplamente distribuido no cérebro,
particularmente no hipocampo (Langub et al., 2001; Lardner, 2015). Porém,
nossos resultados nos permitem sugerir que as agdes neuroprotetoras da VIT
D em nivel de citoesqueleto no hipocampo ndo ocorrem através de alteracbes
no imunoconteudo de VDR.

Em conjunto nossos resultados iniciais mostram que a OVX causa
comprometimento das memoarias de reconhecimento e aversiva, além de um

desequilibrio no sistema de fosforilacdo do citoesqueleto em hipocampo. A
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dose de VIT D que utilizamos ndo foi capaz de reverter os parametros
relacionados a memoria, porém se mostrou efetiva em reverter as alteracdes
citoesqueletais encontradas nos animais OVX, portanto, seguimos noSSO
estudo utilizando esta mesma dose, a fim de investigar outros beneficios desta
suplementacao.

Sabe-se que os estrogenos afetam multiplos sistemas corporais, sendo
considerados entdo com acao pleiotrépica. Situacbes que causem alteracdes
nos niveis fisiolégicos circulantes dos estrégenos como menopausa natural,
administracdo de estrégenos exdgenos ou remocao cirugica dos ovarios, por
exemplo, tém sido relacionada com altera¢des do sistema imune, bem como de
processos cognitivos e neurodegeneracdo (Au et al., 2016). Procurando
investigar outros mecanismos relacionados as alteracdes jA observadas em
decorréncia deste modelo e considerando a relacdo entre o aumento de
mediadores inflamatérios e a presenca de neurodegeneracdo, seguimos nossa
investigacdo analisando parametros inflamatérios em hipocampo. A ativagdo do
fator de transcricdo NF-kB é um importante evento na regulagdo da resposta
inflamatoria, portanto, avaliamos esta ativacdo através da andlise do
imunoconteido de NF-kB/p65 e fosfo-NF-kB/p65 em fracBes hipocampais
citoplasmaticas e nucleares. Em nosso estudo, OVX causou um aumento do
imunocontetdo de fosfo-NF-kB/p65 nuclear. O NF-kB é um importante fator de
transcricdo ativado em situacdes de inflamacdo. O NF-kB € um heterodimetro
situado no citoplasma e ligado a proteinas inibitérias (IkB) inativadas. O
processo de fosforilacdo induz a ativacdo e translocacdo de NF-kB para o
nacleo e, portanto, a ativacéo transcricional de genes alvos especificos, como

mediadores inflamatorios, incluindo citocinas, quimiocinas e moléculas de
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adeséao celular (Barnes, 1997; Sunday et al., 2007; Wang et al., 2015). Essa
translocacdo pode ser um mecanismo de resposta celular a oxidantes ou a
estimulos inflamatérios e imunes (Benedusi et al., 2012; Wang et al., 2016). O
NF-kB €& responsavel pelo inicio da aceleracdo de varios processos
neurodegenerativos como nas doencas de Parkinson, doenca de Alzheimer e
infeccdes virais. Muitos estudos clinicos ou utilizando modelos experimentais
descrevem um aumento de NF-kB em condigdes neuropatoldgicas (Grilli e
Memo, 1999).

A ativacdo do NF-kB pode estimular a secrecdo de citocinas
inflamatorias, que sdo moléculas envolvidas na sinalizacdo durante a resposta
imune (Lawrence, 2009; Wang et al., 2015). Portanto, analisamos os niveis das
citocinas pro-inflamatérias TNF-a, IL-1B e IL-6 em hipocampo. Os resultados
mostraram que a OVX causou um aumento nos niveis das citocinas pro-
inflamatorias TNF-a e IL-6, sem alterar significativamente os niveis de IL-13. As
citocinas investigadas sdo consideradas mediadoras classicas da inflamacéo
(Xu et al.,, 2015). Nossos resultados concordam com outros estudos na
literatura que relatam a presenca de alteracfes inflamatérias em cérebro de
animais submetidos a OVX (Kireev et al., 2014; Maurer e Williams, 2017; Xu et
al., 2015). Neste sentido, sugerimos que o aumento nos niveis de citocinas pro-
inflamatérias observado nos animais submetidos ao nosso modelo de OVX
pode estar intimamente relacionado com a ativacao NF-kB. A VIT D per se néo
teve efeito sobre tais parametros e a suplementacdo com VIT D em ratas OVX

reverteu parcialmente o aumento nos niveis de fosfo-NF-kB e IL-6.
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Beneficios da suplementacdo com VIT D sobre a inflamacéo ja foram
relatados (Chirumbolo et al., 2017; Hansdottir e Monick, 2011; Mousa et al.,
2017). Estudos sugerem que os beneficios da VIT D sobre respostas
inflamatorias e imunes € apoiado pela presenca do VDR na maioria das células
imunes, incluindo mondcitos, macréfagos e linfocitos T e B ativados (Gysemans
et al., 2005; Mousa et al., 2017). Estudos in vitro relatam que a forma ativa da
VIT D (1,25-dihidroxivitamina D3) inibe a expressdo de citocinas pro-
inflamatorias, além de estimular a producdo de citocinas anti-inflamatorias,
atuando como reguladora da atividade das células imunes (Guillot et al., 2010;
Lemire, 1992). Além disso, um trabalho utilizando o modelo de doenca de
Parkinson em comundongos mostrou que a suplementacdo com VIT D diminuiu
a expressao de citocinas pré-inflamatérias, aumentou a expressao de citocinas
anti-inflamatérias, bem como atenuou a ativacdo de células microgliais em
estriado e substancia nigra (Calvello et al., 2017). Somado a isso, uma possivel
acdo da VIT D como inibidora do fator de transcricdo NF-kB tambem ja foi
relatada (Al-Rasheed et al.,, 2015; de Jongh et al., 2017). Tais evidéncias
mostrando acdes benéficas da VIT D no controle da inflamacéo podem explicar

a reversao parcial no imunocontetdo de NF-kB e nos niveis de IL-6.

A ACh é um neurotransmissor cerebral importante do SNC e envolvida
em processos de aprendizagem e memoria. A ACh, juntamente com seus
receptores e as enzimas ChAT (responsavel pela sintese de Ach a partir de
acetil-coenzima A e colina), e a AChE (responsavel pela hidrolise de ACh em
acetato e colina), fazem parte do sistema de neurotransmisséo colinérgica, que

recentemente recebeu grande atencédo em relacdo a sua atuacao na via anti-
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inflamatoria (Maurer e Williams, 2017; Pavlov e Tracey, 2005). Estudos
anteriores ja demonstraram aumento da atividade da AChE, em hipocampo de
ratas adultas submetidas a OVX (ref), portanto, estendemos tal investigacao
analisando além da atividade enzimatica, o imunoconteudo de tal enzima bem
como o imunoconteudo da ChAT. Nossos achados demonstraram que a
ativacdo da AChE observada neste modelo é independente de alteracdées no
imunocontetdo da enzima e também do imunocontetado da ChAT. O aumento
da atividade de AChE sem alteracdo no imunocontetdo de ChAT pode causar
uma reducdo da neurotransmissdo colinérgica devido a uma diminuicdo nos
niveis de ACh disponivel na fenda sinaptica, corroborando com os déficits de
memoria ja descritos neste modelo, bem como para altera¢des inflamatérias
observadas, ja que a ACh pode atuar no sentido de atenuar a inflamacédo. A
VIT D per se nao teve efeito nesses parametros e também nao foi capaz de
reverter a ativacdo na atividade AChE, demonstrando nao exercer efeitos sobre
o sistema colinérgico.

Nesta parte do trabalho dosamos os niveis de estradiol em soro ao final
do experimento (60 dias apés a OVX) e observamos reducao significativa dos
niveis de estradiol nos animais submetidos & OVX, confirmando a eficacia da
cirurgia para o objetivo proposto. Da mesma forma, para verificar se a dose
utilizada de VIT D estaria causando alterac6es nos niveis de VIT D circulantes,
dosamos os niveis de calcitriol em soro. Resultados mostraram aumento dos
niveis de calcitriol em soro de ratas suplementadas com VIT D, mostrando que
tal dose foi capaz de alterar os niveis circulantes da vitamina. O peso corporal
ao final do experimento e a ingestdo de alimentos (avaliagdo por 15 dias)

também foram analisados. O aumento do peso corporal é uma caracteristica
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comum da OVX. A OVX aumentou significativamente o peso corporal final,
corroborando com os dados da literatura (Ben et al., 2010; Fang et al., 2015;
Mackedanz et al., 2011; Monteiro et al., 2008; Russell et al., 2017). A
suplementacdo com VIT D na dose utilizada ndo foi capaz de atuar sobre o
ganho de peso corporal, uma vez que os animais do grupo OVX + VIT D
também apresentaram aumento no peso corporal quando comparados ao
grupo SHAM. O excesso de ganho de peso corporal relacionado a privacao de
estrogenos pode predispor ao desenvolvimento de varias doencas crbnicas
como obesidade, resisténcia a insulina e doencas cardiovasculares (Ferrara et
al., 2002; Rogers et al., 2009; Tchernof e Despres, 2000) que estdo associadas
a um declinio na qualidade da vida da mulher (Lobo et al., 2014). Para verificar
se 0 ganho de peso corporal dos animais OVX estava relacionado ao aumento
da ingestdo alimentar, avaliamos a ingestdo diaria de racdo por animal
(gramas). Embora a literatura sugira que o aumento do peso corporal causado
pela OVX seria devido a hiperfagia (lwasa et al., 2011; Jiang et al., 2008),
nossos dados ndo mostraram mudanc¢as na ingestéo diaria de racdo entre os
grupos. E necessario enfatizar que a medida do consumo alimentar no
presente estudo foi controlada por um curto periodo de tempo (cerca de duas
semanas), concomitante a administracdo de veiculo ou VIT D, e consiste em
uma estimativa média do consumo de alimentos por caixa.

Seguimos nossa busca por alteracdes que poderiam estar relacionadas
ao que ja foi encontrado até o momento, e investigamos o papel da
suplementacdo com VIT D sobre parametros oxidativos em hipocampo. Estudo
anterior do nosso grupo de pesquisa ja demonstrou aumento na atividade da

CAT em decorréncia da OVX em ratas adultas (90 dias de vida), sem alteracéo
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dos demais parametros relacionados ao estresse oxidativo investigados, como
as atividades da SOD, glutationa peroxidase (GPX) e TRAP. Neste sentido,
ampliamos a investigacdo analisando parametros de estresse oxidativo em
ratas adultas submetidas a OVX em duas diferentes idades: 90 dias ou 180
dias (a fim de compreender se 0 procedimento cirdrgico realizado mais
tardiamente exerceria efeitos distintos sobre o hipocampo destes animais) e
estendemos a investigacdo analisando danos a biomoléculas como proteinas,

lipidios e DNA, bem como comprimento de telémeros.

Nossos resultados ao final do experimento mostraram (60 dias apos o
procedimento cirdrgico) que a OVX em ratas adultas com 90 dias causou
aumento na atividade da CAT, sem alterar a atividade da SOD. Por outro lado,
em ratas adultas submetidas a OVX com 180 dias houve um aumento na
atividade da SOD sem alteracdo na atividade da CAT, o que demonstra um
padrao diferente de ativacdo nas enzimas antioxidantes causada pela OVX em
diferentes idades. Curiosamente, em ambas as idades a OVX n&o causou
alteracdes detectaveis nos niveis de espécies reativas pelo ensaio de oxidacéo
do DCFH, o que ndo exclui a presenca de outras espécies reativas nao

detectaveis através deste ensaio.

A SOD é a enzima responsavel por catalisar a rea¢do de dismutacao do
anion O,” em oxigénio (O2) e H,0,. A CAT, bem como a GPX, é responsavel
pela detoxificacdo do H,O, (Gruber et al., 2013; Halliwell e Gutteridge, 2007a).
Portanto, o0 aumento na atividade da CAT observado em ratas submetidos a
OVX aos 90 dias pode representar um mecanismo adaptativo a possivel

presenca de H,0O,, que esta sendo detoxificado e, portanto, ndo é detectado
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pela oxidacdo de DCFH, uma medida usada para a deteccdo de espécies
reativas de oxigénio. Por outro lado, a ativacdo da SOD observada em ratas
submetidos a OVX com 180 dias de idade pode resultar em um aumento no
H.O, que também nao foi detectado pela oxidacdo da DCFH e néo resultou na
ativacdo da CAT. Este H,0O,, produzido como resultado da ativacdo de SOD
pode estar seguindo a reacdo de Fenton ou Haber-Weiss, formando os radicais
HO-. O radical HO- é altamente reativo; ele pode reagir e alterar estruturas
celulares proximas, causando danos a proteinas, membranas ou acidos
nucleicos (Martindale e Holbrook, 2002; Silva e Coutinho, 2010). Evidéncias
indicam que a presenca continua de espécies reativas pode levar a elevacao
das enzimas antioxidantes como estratégia celular adaptativa para o estresse
oxidativo (Finkel e Holbrook, 2000; Halliwell e Whiteman, 2004; Poljsak e
Milisav, 2013). Portanto, ndo podemos descartar a presenca de estresse
oxidativo nesses animais, uma vez que a oxidacdo de DCFH néo foi alterada.
O aumento nas atividades das enzimas antioxidantes observado em nosso
modelo pode refletir um mecanismo compensatorio para a producdo de
espécies reativas presentes ao longo do tempo apés a OVX. Também
observamos que a VIT D per se aumentou as atividades da SOD e da CAT em
ratas submetidas & OVX com 180 dias, 0 que nos mostra que a VIT D quando
suplementada em animais com ovarios intactos e em idade mais avancada
causa aumento nas atividades das defesas antioxidantes CAT e SOD.

Sabe-se que em condicOes fisiologicas existe um equilibrio entre a
producdo de espécies reativas e as defesas antioxidantes. O estresse
oxidativo, conhecido como o desequilibrio entre a producdo de espécies

reativas e as defesas antioxidantes (Finkel e Holbrook, 2000; Gutteridge e
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Halliwell, 2000), esta envolvido em diversas condi¢cdes e patologias (Doshi e
Agarwal, 2013; Halliwell, 2006). Espécies reativas podem reagir com proteinas,
lipidios e também com o DNA e o RNA levando a mutacdes somaticas e
disturbios de transcricdo (Delanty e Dichter, 1998). Nossos resultados né&o
demonstraram alteracdes no conteudo de sulfidrilas e TBARS, medidas de
dano a proteinas e lipidios, respectivamente, em ambas as idades. Porém,
considerando que o DNA é uma biomolécula altamente sensivel ao estresse
oxidativo e também inflamacéo, investigamos a possivel presenca de dano ao
DNA em hipocampo. Os resultados mostraram que a OVX causou um aumento
no indice de dano ao DNA nas duas idades estudadas (OVX com 90 dias e 180
dias). A VIT D per se reduziu o indice de dano ao DNA e quando associada a
OVX reverteu parcialmente o efeito da OVX sobre este parametro. Uma vez
gue o estresse oxidativo pode promover danos aos lipidios, proteinas e DNA e
gue em nosso estudo observamos que OVX provocou alteracdes em enzimas
antioxidantes, e dano ao DNA, mas nao a lipidios e proteinas, ndo podemos
excluir outros mecanismos que possam estar ocorrendo devido a um efeito
direto ou indireto do estresse oxidativo em animais ovariectomizados (sugerido
pela adaptacdo de enzimas antioxidantes). Também é importante lembrar que
em nosso estudo o procedimento cirdrgico de OVX foi realizado dois meses
antes da eutanasia dos animais, portanto, as mudancas observadas podem ter
sido acumuladas ao longo dos 60 dias da deplecdo hormonal ovariana. As
principais causas de dano ao DNA incluem o acumulo de espécies reativas
e/ou deficiéncia no reparo do DNA. Defeitos na conformagéo normal do DNA
sdo observados na presenca de dano e se o dano nao sofrer reparo pode

ocorrer mutacado ou bloqueio da replicacdo do DNA (Bruning et al., 2014). O
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dano ao DNA ndo é causado somente pelo estresse oxidativo, mas é

considerado um marcador bioldgico sensivel ao estresse oxidativo.

O envelhecimento é um processo natural do organismo, porém danos
oxidativos, disfuncfes mitocondriais, inflamacédo e encurtamento de telémeros
podem acelerar esse processo levando a senescéncia celular. Além disso, a
relacdo entre o dano ao DNA e o envelhecimento tem sido amplamente
estudada (Bernadotte et al., 2016; Correia-Melo et al., 2014; Fei Fang et al.,
2016; Ribezzo et al., 2016; Schumacher et al., 2008). Considerando nossos
resultados até o momento, e a fim de verificar se o procedimento cirdrgico de
remocao bilateral dos ovarios causa alteracdes no fenoétipo senescente,
realizamos a andlise do comprimento de teldmeros em hipocampo dos animais
submetidos & OVX com 90 ou 180 dias de idade.

Resultados mostram que nos animais submetidos a OVX com 90 dias de
idade, os grupos OVX e VIT D per se apresentaram tendéncia a reducao do
comprimento dos telébmeros, mas isso nao foi significativo. Em ratos de 180
dias submetidos a OVX, observamos que a OVX reduziu significativamente o
comprimento dos telébmeros e a suplementacdo com VIT D reverteu este
parametro. Este encurtamento de teléomeros observado pode ser explicado pela
presenca de dano do DNA, uma vez que a presenca de dano oxidativo ao DNA
pode acelerar esse processo (Goronzy et al.,, 2006; Yip et al., 2017). O
encurtamento critico dos telébmeros torna o fim do cromossomo desprotegido,
assim, ocorrem respostas subsequentes ao dano do DNA e a ativacao das vias
de sinalizacdo que induzem senescéncia replicativa ou apoptose (Artandi e

Attardi, 2005; Smogorzewska e de Lange, 2002). Esses eventos podem
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comprometer a homeostase e a funcao do tecido, levando ao envelhecimento
do organismo, sinalizando a senescéncia (Chen et al., 2007b).

Evidéncias de que a VIT D pode influenciar o envelhecimento em
humanos através de acao sobre os teldmeros ja foram reportadas (de Jongh et
al., 2017). Estudos recentes em mulheres na pré e pdés-menopausa mostraram
associacdo entre altas concentracfes de calcidiol e maior comprimento de
telomeros em leucocitos (Liu et al., 2013; Richards et al., 2007) e tal achado
nao foi reproduzido em mulheres adultas-jovens (Williams et al., 2016). Os
efeitos positivos da VIT D sobre o comprimento dos teldmeros podem levar a
integridade e estabilidade genética, o que pode resultar em melhora na
longevidade (de Jongh et al.,, 2017). Para o nosso conhecimento, até o
momento a associacao entre OVX, suplementacdo com VIT e comprimento de
teldomeros em hipocampos ainda ndo foi investigada na literatura, portanto,
nosso resultado é pioneiro em demonstrar tal relacéo.

Por fim, mesmo que a associacdo entre menopausa € um risco
aumentado de transtornos neurolégicos seja amplamente descrita e
investigada, 0s mecanismos envolvidos ainda ndo sdo totalmente
compreendidos e os dados na literatura ainda sao conflitantes. Adicionalmente,
embora efeitos benéficos da suplementacdo com VIT D j& tenham sido
descritos, poucos estudos abordam especificamente o0s efeitos da
suplementacdo com VIT D na forma de colecalciferol em parametros
hipocampais, especialmente no modelo OVX em ratas Wistar adultas.
Esperamos, com nossos achados, auxiliar na melhor compreensdo das
alteracOes cerebrais que possam estar presentes em mulheres na pos-

menopausa. Nossos resultados abrem perspectivas para pesquisas futuras a
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fim de melhor compreender as alteracbes cerebrais observadas no periodo

pOs-menopausa, bem como para futuras terapias auxiliares.
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2.CONCLUSOES

Os resultados da presente tese permitem concluir que:

A OVX em ratas fémeas adultas com 90 dias de vida:

- Diminui os niveis de estradiol circulantes em soro;

- Prejudicou a memoria de reconhecimento de curto e longo prazo;

- Prejudicou a memoaria aversiva de longo-prazo;

- Causou hiperfosforilacédo de FIs de neurbnios e astrocitos em hipocampo;

- Alterou o imunoconteudo de sitios de fosforilacdo e cinases envolvidas na
fosforilacdo de Fls do citoesqueleto em hipocampo;

- Aumentou o imunoconteudo de fosfo-NF-kB nuclear em hipocampo;

- Aumentou os niveis das citocinas pré-inflamatérias TNF-a e IL-6;

- Aumentou a atividade da AChE em hipocampo;

- Causou aumento de peso corporal;

- Aumentou a atividade da CAT em hipocampo;

- Causou dano ao DNA em hipocampo.

e A OVX em ratas fémeas adultas com 180 dias de vida:

- Aumento a atividade da SOD em hipocampo;
- Causou dano ao DNA em hipocampo;

- Causou encurtamento de telébmeros em hipocampo.
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e A suplementacdo com vitamina D em ratas adultas submetidas a OVX
com 90 dias:

Exerceu efeito per se na memoria de reconhecimento de curta e longa
duracéo;

Reverteu a hiperfosforilacdo de FIs de neurbnios e astrocitos em
hipocampo;

Reverteu o aumento no imunoconteudo de sitios de fosforilagdo e cinases
envolvidas na fosforilacdo de Fls do citoesqueleto em hipocampo;

Reverteu parcialmente o imunocontetudo de fosfo-NF-kB e niveis de IL-6 em
hipocampo;

Reverteu o dano ao DNA em hipocampo;

Exerceu efeito per se reduzindo indice de dano ao DNA;

e A suplementagdo com vitamina D em ratas adultas submetidas a OVX

com 180 dias:

Reverteu parcialmente a ativacdo na SOD em hipocampo;
Reverteu parcialmente o dano ao DNA;

Exerceu efeito per se reduzindo o indice de dano ao DNA.

Reverteu a diminuicdo no comprimento de teldmeros.
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2.1 CONCLUSAO GERAL

Em conjunto, os resultados desse trabalho mostram que a OVX causa
prejuizos comportamentais, altera a homeostase do citoesqueleto, do sistema
inflamatorio e colinérgico, bem como causa alteracbes em enzimas
antioxidantes, dano ao DNA e reducdo do comprimento de telébmeros em
hipocampo de ratas Wistar adultas submetidas a OVX. Nossos achados podem
estar relacionados com alguns dos efeitos neurolégicos negativos observados
em mulheres ap6s a menopausa. A suplementacdo com VIT D foi capaz de
reverter total ou parcialmente algumas das alteracbes hipocampais
encontradas nos animais submetidos a OVX. Neste sentido, a utilizacdo da
suplementacdo com VIT D como terapia para tratar efeitos da menopausa
parece promissora, porém necessita de estudos complementares a fim de

melhor determinar a dose e tempo de tratamento.
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3. PERSPECTIVAS

v Avaliar parametros de metabolismo energéticos, fungdo mitocondrial e

morfologia do hipocampo;
v Analisar niveis de neurotrofinas em hipocampo (NGF, GDNF e NT-3);

v Investigar os efeitos do tratamento concomitante com estrogénio e VIT D;
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