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Sempre acredite que o poder do absoluto é

a realizacdo mais alta e mais complexa do ser
humano e que por isso resume ao mesmo tempo
toda sua grandeza e toda a sua miséria.

Gabriel Garcia Marquez
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RESUMO

ESTRESSE OXIDATIVO E METABOLISMO OSSEO EM MODELOROEDOR
DA SINDROME DOS OVARIOS POLICISTICOS (SOP)
AUTORA: Lady Katerine Serrano Mujica
ORIENTADOR: Fabio Vasconcellos Comim

A sindrome dos ovarios policisticos (SOP) é considerada a causa mais comum de
infertilidade enddcrina em mulheres, acometendo cerca de 8% da populagédo feminina em idade
reprodutiva. E um distlrbio enddcrino complexo, associado a resisténcia insulinica, aumento
de marcadores inflamatorios e de estresse oxidativo, dislipidemia, obesidade visceral e aumento
de risco de doencas cardiovasculares e de diabetes mellitus. Mais recentemente, tem sido
levantado a possibilidade que a SOP possa, direta ou indiretamente, afetar também o
metabolismo dsseo.

Em ratas, o0 excesso de androgénios ou estrogénios no periodo neonatal induz a alteracdes
metabolicas e reprodutivas similares as observadas na SOP em humanos. Por este motivo, tem
sido desenvolvidos diversos estudos com modelos animais que visam confirmar as origens da
SOP. Entre os modelos mais empregados estdo aqueles em que se administram doses de
propionato de testosterona.

Desta forma, o presente trabalho tem como objetivo principal estudar o modelo animal de SOP
induzido em roedores com propionato de testosterona, permitindo avaliar as caracteristicas
metabdlicas, estresse oxidativo e metabolismo dsseo causada pela androgenizagdo. Os
resultados do estudo indicam que as mudangas no estresse oxidativo podem ser
promovidas pela exposicao ao propionato de testosterona apds o nascimento, o que

estd provavelmente associado a anovulacao e / ou desarranjo lipidico.

Palavras-Chave: SOP, Testosterona, Androgenizacdo, Fetal, Metabolismo Osseo



ABSTRACT

OXIDATIVE STRESS AND BONE METABOLISM IN A RODENT MODEL
OF POLICYSTIC OVARY SYNDROME (PCOS)
AUTHOR: Lady Katerine Serrano Mujica
ADVISER: Fabio Vasconcellos Comim

Polycystic ovary syndrome (PCQOS) is considered the commonest cause of endocrine
infertility in women and affects around 8% of females at reproductive age. It is a complex
disturbance, frequently associated with insulin resistance, increase of inflammatory markers,
oxidative stress, dyslipidemia, and an increased risk to the development of cardiovascular
disease and diabetes. Recently, it has been considered the possibility that PCOS may affect the
bone metabolism directly or indirectly.

In rats, neonatal androgen or estrogen excess replicate similar metabolic and reproductive
abnormalities seen in human PCOS. Indeed, studies with animal models have been carried out
to confirm the origins of PCOS. Among the models employed are those based on the
administration of testosterone propionate.

Therefore, the present work has the main aim to study a rodent animal model of PCOS induced
by testosterone propionate and evaluating metabolic, oxidative stress, and its impact on the
bone tissue. Study findings indicate that changes in oxidative stress could be promoted by
testosterone propionate exposure after birth, which is likely associated with anovulation and/or
lipid disarrangement.

Key words: PCOS, testosterone, fetal androgenisation, bone metabolism
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1. Revisao de Literatura

1.1. Sindrome dos Ovarios Policisticos (SOP)

A sindrome dos ovarios policisticos (SOP) foi descrita pela primeira vez de maneira
sistematica por Irving Stein e Michael Leventhal, em 1935. A SOP € um distarbio endécrino
comum que afeta aproximadamente 5-15% das mulheres em idade reprodutiva
(KNOCHENHAUER et al., 1998; ASUNCION et al., 2000; ELSENBRUCH et al., 2006;
DIAMANTI-KANDARAKIS, 2008), sendo caracterizado por sintomas de anovulagdo
(amenorreéia, oligomenorreéia e ciclos menstruais irregulares)(MORGANTE et al., 2018) e
hiperandrogenismo (hirsutismo, acne e alopecia) e a principal causa de infertilidade por
anovulacdo (HEIM et al., 1999; SLIM et al., 2007; REZVANFAR et al., 2012; RAMEZANI
TEHRANI et al., 2014). Apesar de ser um distdrbio comum, a etiologia da SOP ainda é
obscura e a origem desta é complexa e multifatorial.

A SOP foi descrita pela primeira vez de maneira sistematica por Irving Stein e Michael
Leventhal, em 1935, seu conceito € muito amplo, por isso, observou-se a importancia de
normatizar alguns parametros para melhor definir essa sindrome(ANDREWS, 1952).

Em 1990, em reunido de consenso promovido pelo National Institute of Health decidiu-
se incluir, entre as portadoras da sindrome, mulheres com hiperandrogenismo clinico ou
laboratorial e ciclos espaniomenorréicos (menos que seis ciclos por ano), desde que afastadas
outras alteragdes como sindrome de Cushing, hiperprolactinemia, deficiéncia enzimatica da
supra-renal e distarbios da tireoide (BANI MOHAMMAD & MAJDI SEGHINSARA, 2017)

Em 2003, o Consenso de Rotterdam, na Holanda, prop6s como critérios diagnosticos:
ciclos espaniomenorréicos ou amenorréia (anovulacdo crénica), sinais clinicos ou bioquimicos
de hiperandrogenismo, presenca de ovarios policisticos, desde que fossem excluidas a
deficiéncia enzimatica da supra-renal, neoplasias de ovario secretoras de androgénios e a
sindrome de Cushing(ROTTERDAM, 2004).

Em 2006, a Sociedade para o Estudo do Excesso de Androgénios (Androgen Excess
Society) estabeleceu o0s seguintes critérios: hiperandrogenismo (hirsutismo e/ou
hiperandrogenismo), disfungdo ovariana (anovulagéo e/ou ovarios policisticos) e exclusdo de
outras endocrinopatias(AZZIZ et al., 2006).
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Quadro 1. -Consensos para a Sindrome de Ovarios Policisticos.

NIH The Rotterdam Consensus AE-PCOS
(1990) (2003) (2008)
Presenca de dois critérios Presenca de dois de trés critérios Presenca de dois
critérios
Disfun¢do menstrual Anovulagéo crénica Hiperandrogenemia
e/ou
Hiperandrogenemia e/ ou Hiperandrogenemiae/ou  Hiperandrogenismo
Hiperandrogenismo Hiperandrogenismo
Disfungéo
Ovarios policisticos menstrual e /ou

ovarios policisticos

Uma série de evidéncias experimentais vem apontando para uma possivel origem
embrionaria da SOP (FRANKS et al., 2008). A hipdtese de que aspectos ambientais, incluindo
a dieta e exposicdo a esterdides sexuais, associados a uma predisposicdo genética possa
desencadear a sindrome, tem ganhado um grande destaque no meio cientifico (LEGRO et
al., 1998; VINK et al., 2006). As acOes de xenoestrogénios, em especial o bisfenol-A, no
desenvolvimento da SOP também vem sendo exploradas pelos pesquisadores
(PUTTABYATAPPA et al., 2017; PUTTABYATAPPA et al., 2019). Ainda assim, o estudo
em mulheres com SOP apresenta muitas dificuldades que podem inviabilizar a evolucdo desses

conhecimentos, por varios motivos:

e Tempo médio de vida muito elevado para estudos longitudinais.
¢ Dificuldade de acesso aos 6rgdos alvo (hipotdlamo, hipd6fise, ovarios),

e Heterogeneidade da sindrome.

Desta forma, a utilizagdo de modelos animais pode trazer contribuigdes importantes
para o entendimento dos mecanismos dessa sindrome (ainda que ndo possa definir com
exatidao o problema primario causador da SOP em humanos) e possivelmente para estratégias

terapéuticas e de prevencao.
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1.1.1 Aspectos Reprodutivos

O hiperandrogenismo, o principal fenotipo da SOP, € resultante principalmente de uma
secrecdo exagerada de androgénios por parte dos ovarios e das adrenais. O aumento da
producdo e esteroides de origem ovariana € causado por uma série de alteragdes: o
hiperestimulo central da LH nas células da teca, a acdo da insulina como co-gonadotrofina
(EHRMANN et al., 1999; AZZIZ, 2016; AZZIZ et al., 2016, JAKIMIUK et al., 2001), bem
como expressdo aumentada de enzimas das células da teca envolvidas na sintese de
androgénios (JAKIMIUK et al., 2001; GOODARZI et al., 2011). Especificamente, foi
demonstrado que nas células da teca ovariana existe uma expressdo aumentada do gene
CYP17A1 na SOP, sendo esse um gene chave na regulacéo da esteroidogénese (PUSALKAR
et al., 2009).

Na SOP, o excesso de producdo de androgénios (NESTLER & JAKUBOWICZ, 1997),
cujos niveis também se encontram aumentados em 40-50% das mulheres com SOP
(HOMBURG, 2009). A justificativa para esse aumento é uma alteragdo da funcdo normal
do eixo hipotdlamo-hipd6fisegondal (HHG) e que pode ser resultante de
alteracBes nos mecanismos de retroalimentacdo mediados por esteroides sexuais na secre¢do
de GnRH a nivel hipotalamico (PASTOR et al., 1998). Quanto ao aspecto ovariano,
evidéncias mostram que os androgénios podem estimular o crescimento dos foliculos pré-
antrais em seu desenvolvimento inicial, em momento que ainda sdo independentes do estimulo
de gonadotrofinas. Este processo, denominado “stockpilling” resulta em um ovario com seis
a oito vezes mais foliculos pré-antrais e pequenos foliculos antrais, na sua maioria atréticos
(PASTOR et al., 1998; MACIEL et al., 2004).
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Figura 1. -Eixo hipotalamo- hipdfise- gonadal. O hipotalamo se conecta a adenohipofise.

A adenohipdfise é uma glandula que comp®e a porcao anterior da hip6fise e possui cinco
tipos de células com atividade de secrecdo hormonal que séo responsaveis pela producao das
gonadotrofinas sendo esses hormdnios atuantes no ovario.

GnRH / Hipotatamo

Hipofise
Estrogénio

A hiperandrogenemia da SOP esta diretamente ligada ao aumento de estimulacdo do LH nas
celulas da teca ovariana onde sdo sintetizadas a androstenediona, a DHEA e a testosterona
(GILLING-SMITH et al., 1994; GILLING-SMITH et al., 1997; BURGER, 2002; ABBOTT et
al., 2005). A falta de ciclicidade e o aumento numérico de foliculos antrais (com células da
granulosa luteinizadas e com menor atividade da aromatase) acabam também favorecendo um
maior acumulo de androgénios. Um interessante estudo in vitro mostrou que, mesmo apés
diversas passagens, as células da teca de mulheres com SOP persistiam com uma maior
capacidade de produzir androgénios quando cultivadas nas mesmas condicdes de cultivo que o
grupo controle(GILLING-SMITH et al., 1994). Além disso, os niveis de androgénios na SOP
estdo significativamente aumentados devido a hiperatividade enzimatica da Sa-redutase e esta
limita a acdo da aromatase atuando como um inibidor competitivo impedindo a selecéo folicular
(SAM & EHRMANN, 2015).
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Figura 2.- Fung¢do hormonal

Em uma parte de mulheres com SOP ocorre uma diminuigdo relativa no pico de FSH um
aumento nos picos de LH, que sensibiliza as células tecais e amplifica o hiperandrogenismo
ovariano funcional. Estas alteracfes sdo observadas geralmente em mulheres com peso normal,
uma vez que a obesidade leva a reducdo da amplitude de secrecdo das gonadotrofinas.

st M FSH

1 L

\ Nermal Normal
SOP SOP

» ‘/11
Colesterol
Pregnenolona
- RET " Progesterona
Células da teca
17-OH Progesterona

Androstenediona

Testosterona  [) Androgenos livre

Outras condi¢fes comumente presentes nestas pacientes favorecem um aumento de
producdo dos androgénios. A obesidade, observada em até 50% dos casos, pode estar associada
a niveis elevados de insulina, que semelhantemente ao LH, é estimulador da secrecdo de
androgénios pela teca (WATHES et al., 2007). Na presenca de resisténcia a acao da insulina a
producdo hepética da globulina carreadora de horménios sexuais (SHBG) pode estar reduzida
gerando uma consequente elevacédo da testosterona livre, o que por sua vez, significa uma maior
biodisponibilidade da testosterona nos tecidos-alvos e agravamento da hiperandrogenemia
(MILLER et al., 2004).

Na SOP as adrenais podem também ser responsaveis por uma producao excessiva de
androgénios. Acredita-se que 20 ao 30% das pacientes com SOP apresentem
hiperandrogenismo adrenal (MORAN et al., 1999; KUMAR et al., 2005) manifesto através de
niveis elevados dos seguintes: sulfato de deidroepiandrosterona (DHEAS), 11p-
hidroxiandrostenediona (11B8-OHA), deidroepiandrosterona (DHEA), Androstenediol e
Androstenediona (LOUGHLIN et al., 1986). A etiologia do hiperandrogenismo adrenal na SOP
ndo e totalmente conhecida, tendo sido propostos como mecanismos desta alteracdo o maior
catabolismo do cortisol, a resposta amplificada dos androgénios adrenais, a disregulacdo de

enzimas esteroidogénicas chaves, e 0s niveis normais de ACTH (LOUGHLIN et al., 1986).
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1.1.2. Aspectos Metabolicos

Mulheres com SOP apresentam comumente muitas alteracbes metabolicas. Entre esses
fatores, destacam-se a resisténcia insulinica, o diabetes, a obesidade com aumento de acimulo
de gordura visceral, e a dislipidemia (KELLY et al., 2002). Resisténcia Insulinica, é
caracteristica marcante da Sindrome Metabdlica, esta presente em 50-80% de as mulheres com
SOP (LEGRO et al., 1998; BARANOVA et al., 2011).

O conceito de sindrome metabolica € um estado de anormalidades clinicas e
laboratoriais associado a maior risco de desenvolvimento de doencas cardiovasculares. O
perfil lipidico classico dessa sindrome se caracteriza por elevacdo dos triglicerideos e dos
niveis de LDL, bem como reducdo do HDL-colesterol. Essas condi¢cbes somam-se aos demais
componentes para determinar elevacdo do risco cardiovascular e morte prematura, que podem

ocorrer nas mulheres com sindrome de ovarios policisticos. (STOLAR, 2007).

Quadro 2. -Caracteristicas metabolicas em mulheres com SOP.

Caracteristicas Metabélicas Referencias
Diabetes Qjm  (DUNAIF, 1997; PASQUALI et al 2000)
Obesidade Qim  (PASQUALI et al. 2000; GAMBINERI et al., 2002:
PASQUALI et al, 2011)
Dislipidemia Sim  (WILD etal, 2011; KIM & CHOL 2013)

1.1.2.1 Obesidade

Obesidade e SOP parece estar em estreita relacdo, diversos estudos mostram associa¢ao
direta entre SOP e Obesidade uma vez que mais de 50% das mulheres com SOP apresentam
algum grau de obesidade (DUNAIF, 1997; MARCONDES et al., 2007; DIAMANTI-
KANDARAKIS, 2008; NADERPOOR et al., 2015), além disso, a obesidade ajuda piorar 0s
aspectos hormonais, dermatoldgicos, metabdlicos e reprodutivos da SOP (RANDEVA et al.,
2012). Em estudos familiares demonstraram que o aumento de peso promove as chances da
sindrome (SINGH et al.,, 2010). Pesquisas demonstram que a exposi¢cdo ao excesso de
androgénios intra-Utero, no periodo neonatal ou na vida adulta, aumenta a expressao de genes
envolvidos na lipogénese predispondo ao acimulo de massa gorda, na cavidade abdominal
(DUNALIF et al., 1989; LIOU et al., 2009). Este depo6sito de gordura visceral, esta relacionado,
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com uma maior expressao de receptores androgénicos no tecido e reducdo da lipélise induzida
pelos androgénios (DICKER et al., 2004; BLOUIN et al., 2009; DE ZEGHER et al., 2009).

O excesso de gordura abdominal produz grande quantidade de &cidos graxos livres ao
sistema porta, que contribuem para o0 aumento da producéo de glicose pelo figado e de insulina
pelo pancreas (DICKER et al., 2004). Além disso, sabe-se que a gordura visceral altera as
concentracdes de adipocinas (leptina, adiponectina, resistina, interleucina-6, fator de necrose
tumoral-alfa), peptideos que ao estar alterados, interveem na acédo da insulina (YILDIZ et al.,
2010).

A obesidade nas pacientes com SOP agrava as manifestacdes de hiperandrogenismo,
porque inibe a liberacdo da SHBG, aumentando a taxa de androgénios livres (DUNAIF, 1997;
EHRMANN et al., 1999; NESTLER etal., 2002). Na SOP, a Rl e o0 hiperandrogenismo também
estdo presente em mulheres magras, porém, nas obesas, o0s niveis de LH sdo maiores, ha maior
supressdo da SHBG e da IGFBP-1, sendo mais severos a Rl e o quadro androgénico
(KIRCHENGAST & HUBER, 2004; AL-RUTHIA et al., 2017).

1.1.2.2. Dislipidemia

As dislipidemias sdo alteracbes do metabolismo das lipoproteinas (LP) também
frequentemente associadas a SOP. As LP sdo macromoléculas compostas por lipidios e
proteinas responsaveis pelo transporte de TG e colesterol no organismo, tanto os de origem
exdgena quanto os de enddgena sendo alteragcdes constantes na SOP, caracterizadas por
alteracBes nas concentracdes sericas de qualquer um dos tipos de lipoproteinas como por
exemplo, a lipoproteina de baixa densidade (LDL- colesterol) e a lipoproteina de alta densidade
(HDL- colesterol). Na SOP as anormalidades nas lipoproteinas apresentam padrfes variados,
com aumento dos triglicerideos (TG), do colesterol total (CT) e das LDL- colesterol, associados
com reducdo da HDL- colesterol, o que confere a essas mulheres uma dislipidemia aterogénica
(KIM & CHOI, 2013), Dislipidemia comumente observada em pacientes com obesidade,
sindrome metabdlica, resisténcia a insulina e diabetes mellitus tipo 2, sendo um fator de risco
para desenvolvimento de aterosclerose (KIRCHENGAST & HUBER, 2001; WILD et al.,
2011).

1.1.2.3. Resistencia a insulina

A resisténcia a insulina (RI) refere-se a uma quantidade aumentada de insulina
necessaria para executar a acdo metabolica. Além dos efeitos metabdlicos, a insulina exerce

acOes mitogénicas e reprodutivas. Rl é um dos principais mecanismos de desarranjo metabolico
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na SOP, ocorre de 50 até 70% desta populacdo, dependendo do estudo. Evidéncias in vitro e in
Vivo sugerem a associacao entre os niveis de insulina e os androgenos (NESTLER et al., 1998;
TSILCHOROZIDOU & CONWAY, 2004). A hiperinsulinemia que é observada na SOP é
principalmente resultado do aumento da secre¢édo de insulina basal, juntamente com diminuigéo
da depuracéo da insulina hepéatica (DUNAIF, 1997).

A insulina se liga ao receptor da superficie celular, que € estruturalmente homdlogo ao
receptor do fator de crescimento semelhante a insulina 1 (IGF-1) (SALTIEL & KAHN, 2001).
A insulina estimula a captacdo de glicose aumentando a translocagcdo do transportador de
glicose responsivo a insulina 4 (GLUT4) das vesiculas intracelulares para a superficie celular.
Essa via € mediada pela ativacdo da fosfatidilinositol 3-quinase (PI3-K), enquanto o
crescimento e a diferenciacdo celular sdo mediados pela via MAPK-ERK que estimula uma
cascata de enzimas, incluindo serina / treonina, Raf, MAPK e MAPK-ERK1 /2 (DIAMANTI-
KANDARAKIS et al., 2012).

O aumento dos niveis de insulina circulantes decorrentes da resisténcia a acdo deste
horménio, leva a alteragdes em diferentes sistemas no organismo. Por exemplo, a insulina
estimula a androgénese ovariana pelo aumento da secre¢do de hormonio luteinizante e da
proteina carregadora do fator de crescimento semelhante a insulina (IGFBP-1), que esta
suprime a globulina ligadora de hormoénios sexuais (SHBG) (TSILCHOROZIDOU &
CONWAY, 2004). A hiperinsulinemia pode contribuir também para o desenvolvimento de
obesidade, dislipidemia e esteatose hepéatica nas mulheres com SOP. Além disso, € possivel que
concentracdes mais baixas de adiponectina e acumulo de gordura no figado, musculo
esquelético e tecido perimuscular possam desempenhar um papel Unico na patogénese da RI
em mulheres com SOP (SHULMAN, 2014; MORRISON et al., 2017).

De forma previsivel, a reducdo da hiperinsulinemia/ resisténcia insulinica atraveés de
medicamentos ( metformina, liraglutida, glitazonas) e/ou mudancas do estilo de vida levando a
reducdo da gordura visceral tem conseguido reduzir os niveis de androgénios e aumentar as
taxas de fertilidade em mulheres com SOP (MARCONDES et al., 2007; DU et al., 2009;
AZZIZ, 2016; AZZIZ et al., 2016; MACUT et al., 2017).

2. Estresse Oxidativo

2.1. Considerac0es gerais

O estresse oxidativo € um processo mediado pela formagéo de radicais livres diversos

que resultam da degradacédo oxidativa dos lipideos (lipoperoxidagédo) e de proteinas presentes
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nos diversos sistemas de membrana da celula.

O estresse oxidativo é comumente referido como o desequilibrio entre oxidantes e
antioxidantes. Quando o desequilibrio favorece oxidantes, geracdo de quantidades excessivas
de espécies de oxigénio prejudicam nosso corpo de varias maneiras atraves a geracdo de
quantidades excessivas de espécies reativas de oxigénio (ROSS, 1988; AGARWAL et al.,
2005). Em outras palavras, células e tecidos reprodutivos permanecerao estavel apenas quando
0 estado antioxidante e oxidante é equilibrado.

O desequilibrio entre a formacéo e a defesa antioxidante resulta em varios processos
deletérios para a célula e a longo da vida. Este desequilibrio é denominado estresse oxidativo
que sdo flutuacbes na concentragdo destes oxidantes exercem um papel na sinalizagédo
intracelular, enquanto aumentos descontrolados dessas espécies de oxigénio conduzem a
reacGes em cadeia com proteinas, lipideos, polissacarideos e DNA (DROGE, 2002).

O balanco redox celular é regulado por uma quantidade relativa de substancias oxidantes
e redutoras. Anion superoxido (Oy), radical hidroxila (OH), peréxido de hidrogénio (H202) e
oxigénio singleto (*O2) constituem os principais componentes oxidantes enddgenos (KAMATA
& HIRATA, 1999; THANNICKAL & FANBURG, 2000). A primeira consequéncia desse
processo é a profunda alteracdo das propriedades fisicas e quimicas das membranas, causando
perda das suas func@es especializadas (ROSS, 1988).

As células possuem diversas estratégias para neutralizar os radicais livres de oxigénio
gerados durante as oxida¢des bioldgicas prevenindo assim a propagacao dos danos. Trata-se de

um sistema complexo que comprende:

¢ Inativacdo dos radicais livres de oxigénio por enzimas especificas.

e Neutralizacdo dos radicais eventualmente formados pela acdo de substancias com
propriedades sequestradoras de radicais livres.

e Reparo dos lipideos oxidados. A geragdo de espécies reativas de oxigénio pela
mitocdndria € um processo continuo e fisiologicamente normal em condicdes
aerobicas(VERHAEGEN et al., 1995).

Em mulheres, a oxidacao de acidos graxos é importante para o eixo gonadotrofico e a
gametogénese, ajudando na qualidade dos oocitos (WATHES et al., 2007; DUNNING &
ROBKER, 2012; DUPONT et al., 2014). Eles também atuam como precursores para a sintese
das prostaglandinas e esteroides, sendo essencial para a maturagdo dos odcitos durante o0s

estagios do desenvolvimento embrionario (DUPONT et al., 2014)
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2.2. Estresse Oxidativo na SOP

Alteracdes nos padrbes de estresse oxidativo, sdo descritas nas mulheres com SOP,
independentemente do IMC ou de apresentarem ou ndo anormalidades metabdlicas (GUZICK
et al., 1996; SABUNCU et al., 2001). Algumas consequéncias patolégicas da SOP como a
resisténcia a insulina, hiperandrogenismo e a obesidade, parecem estar aumentadas em
mulheres que também apresentam quadro de estresse oxidativo.

Evidéncias sugerem uma forte correlagéo entre resisténcia a insulina e estresse oxidativo
no tecido adiposo visceral em mulheres com SOP (CHEN et al., 2014; BANNIGIDA et al.,
2020). Em estudos recentes com mulheres com SOP (MURRI et al., 2013; SESHADRI REDDY
etal., 2018), os niveis de antioxidantes vem sendo descritos tanto como reduzidos (6xido nitrico
e glutationa) (NACUL et al., 2007; MENG, 2019), ou elevados (paraoxonase, da atividade da

superdxido dismutase, e niveis de albumina). A oxidacdo direta de lipidios tem sido reportada

como aumentada (malondialdeido/MDA) assim como a oxidacdo de proteinas (xantina

oxidase e albumina modificada pela isquemia (GATEVA & KAMENOQOV, 2012).

Estudos em ratas e em ovelhas com hiperandrogenismo, apresentaram maiores niveis de
estresse oxidativo, quando comparadas com ratas controle (YANES et al., 2011), mostrando
que existe uma relacdo da resisténcia a insulina e hiperandrogenismo com o quadro de estresse

oxidativo, influenciando pela SOP.

3. Metabolismo Osseo

3.1. Consideracdes gerais

Os 0ssos sdao um tecido metabolicamente ativo que continuamente sé@o renovados
durante toda a vida (LIESEGANG et al., 1998; CHANOIT et al., 1999; CORTET &
MARCHANDISE, 2001; MARCH et al., 2010; YANES et al., 2011). Eles sao constituidos por
diversas células, matriz mineralizada e ndo mineralizada de tecido conjuntivo, e espacos que
incluem a medula Gssea, canais vasculares, canaliculos e lacunas como resultado dos processos
de remodelagéo Ossea se desenvolve com base em dois processos a formacao e a reabsorcéo
0ssea (ERIKSEN, 1986; TURNER, 1998). Os dois processos (formacdo e reabsorcao)
permitem a renovacdo e remodelacdo dsseas e € mantido a longo prazo junto um complexo
sistema de controle que inclui hormdnios, fatores fisicos e fatores humorais locais (KUSHIDA
et al., 1995; WOITGE et al., 1995). Condi¢des como idade, doencas Osteo-metabdlicas,

mobilidade diminuida, acdo de algumas drogas, podem alterar este equilibrio entre formacéo e
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reabsorcdo, levando ao predominio de um sobre o outro (RAISZ, 1999).

Dois tipos celulares, derivados de precursores originados na medula dssea, destacam-
se, no processo de remodelamento dssea: 0s osteoblasto/ostedcito (FIGURA 3). Os osteoclastos
sdo células multinucleadas, exclusivas do tecido 0sseo, e que uma vez recrutados, proliferam,
aderem a superficie dssea e levam a sua degradacéo através da producéo de vesiculas compostas
de &cidos e proteases. Os osteoblastos, por sua vez, ao tornar-se embebidos na matriz e sofrerem
diferenciacgdo, dao origem aos ostedcitos. A sinalizacdo molecular tanto para o desenvolvimento
de osteoblastos quanto osteoclastos é complexa. Usualmente as cascatas de transducéo
necessarias para o processo de diferenciacdo dos osteoblastos envolvem os seguintes fatores:
Runx2 (efeito estimulador), Bone Morphogenetic Proteins (BMPs) (efeito estimulador),
transforming growth factor beta. (TGF-f) (efeito estimulador e/ou inibidor), Wnt/LRP5/p-
catenin (efeito estimulador), insulin-like growth fator -1 (IGF-1) (efeito estimulador), fibroblast
growth fator (FGF) (efeito estimulador), Notch protein (efeito inibidor) e Hedgehog protein
(efeito estimulador)(LONG, 2011) Os principais fatores envolvidos na osteoclastogenese e
reabsorcdo, por sua vez, sdo: osteoprotegerin (OPG), nuclear factor-kB (RANK) e seu ligante
(RANKL) e o macrophage-colony stimulating fator (M-CSF), interleucin -1 (IL1)(BARON &
KNEISSEL, 2013).

Os 0ss0s sdao compostos essencialmente por dois tipos de tecidos: o tecido trabecular,
uma estrutura de aspecto esponjoso; e o tecido cortical, de forma compacta ao redor do
componente trabecular e que contribui para a manutencéo da sua integridade estrutural (HESP
et al., 1987). Além das diferencas estruturais, os dois tipos diferem também quanto a outros
aspectos como a distribuicdo espacial das células, densidade da matriz mineralizada,
distribuicdo dos vasos sanglineos e area ocupada pela medula 6ssea (ALVAREZ et al., 1995).
Em funcdo de sua maior superficie em relacdo ao volume, o 0sso trabecular é metabolicamente
mais ativo que o cortical (KUSHIDA et al., 1995).

Os marcadores da formacdo 0ssea séo detectados somente no soro e 0os marcadores de
reabsorcdo Ossea podem ser detectados no soro ou na urina (ALLEN et al., 2000). Os
marcadores da formacao 0ssea séo a osteocalcina (OC), fosfatase alcalina total (FAT), fosfatase
alcalina o6ssea (FAQ), peptideo carboxiterminal do procolageno tipo I (PINP) e peptideo
aminoterminal do procolageno tipo | (PINP) enquanto os marcadores de reabsorcéo dssea sdo
a fosfatase acida tartarato resistente (TRAP), o telopeptideo carboxiterminal do colageno tipo |
(ICTP), piridinolina (U-PYD), deoxipiridinolina (U-DPD), hidroxiprolina (U-HYP), porcao
aminoterminal do procolageno | (U-NTX) e porcao carboxiterminal do procolageno I (U-CTX)
(SEEMAN, 1999; ALLEN et al., 2000; DELMAS & COMMITTEE OF SCIENTIFIC
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ADVISORS OF THE INTERNATIONAL OSTEOPOROSIS, 2001). Os marcadores do
metabolismo 0sseo sdo empregados, em humanos, no diagndstico definitivo ou no
monitoramento de doencas désseas metabdlicas (CHAVASSIEUX et al., 2001; MIKI et al.,

2003; PRZEDLACKI et al., 2009).

Figura 3.-Metabolismo dsseo.

Os estrogenos e os androgenos influenciam a geracdo e a vida atil dos osteoclastos e
osteoblastos, bem como a vida util dos ostedcitos. Modificada: (ALMEIDA et al., 2017)
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da SOP podem produzir efeitos de longo prazo sobre a densidade mineral 6ssea (BMD).
Enquanto o estrogénio desempenha um papel importante no desenvolvimento e manutencéo da
massa 6ssea em mulheres principalmente na via RANK/RANKL/OPG, inibindo a formagao de
osteoclastos, a influéncia dos andrdégenos na massa 0ssea de mulheres ndo foi totalmente
elucidado. Embora a aromatizacdo de androgenos a estrogénios no ovario e tecido extra-
glandular, com subsequente receptores de estrogénio em tecidos-alvo, seja o principal
mecanismo de acdo androgénica no metabolismo 6sseo, as agdes de androgénios nao-
aromatizaveis também tem sido descritas (SAITO & YANAIHARA, 1998; SEEMAN, 1999;
CHAVASSIEUX et al., 2001; MIKI et al., 2003; PRZEDLACKI et al., 2009). Assim, o
hiperandrogenismo em mulheres com SOP poderia afetar 0 0sso.

Por outro lado, a massa 0ssea € alcangada desde o final da adolescéncia até os trinta anos
e a disfuncdo na menstruagdo durante este periodo, pode possivelmente influenciar
negativamente na densidade mineral 6ssea (RECKER et al.,, 1992) acredita-se que as
irregularidades menstruais e amenorréia em mulheres mais jovens com SOP podem representar
um risco para o desenvolvimento de osteoporose durante a vida adulta. Até a data, no entanto,
os dados relativos A BMD em mulheres com SOP sdo conflitantes; foram reportados nenhuma
diferenca na DMO, aumento e diminuicdo da BMD, (DI CARLO et al., 1992; ADAMI et al.,
1998; KIRCHENGAST & HUBER, 2001; YUKSEL et al., 2001; KASSANOS et al., 2010;
PIOVEZAN et al., 2019). Uma meta-analise recente identificou redugdo de massa 6ssea em
mulheres com SOP e IMC < 27 kg/m?; todavia, até 0 momento, ndo é conhecido o impacto da
SOP sobre a incidéncia de fraturas 6sseas (PIOVEZAN et al., 2019).

4. Modelos animais de SOP

De acordo com a proposta do epidemiologista David Barker, a ocorréncia de
acontecimentos intrauterinos ou agravos no periodo neonatal, podem resultar em alteracdes
estruturais, fisiologicas e metabdlicas para 0 organismo e assim desencadear doengas
enddcrino- metabdlicas na vida adulta (BARKER, 1990; BARKER, 1997).

Baseado nesta hipdtese houve um consideravel nimero de estudos mostrando que o
excesso de androgénio em fases precoces da vida (no periodo fetal e neonatal), poderia resultar
em manifestacdes com fenotipo similar a SOP em animais na vida adulta. Nesse sentido, o
uso de modelos animais para a pesquisa da sindrome, e inmeros modelos experimentais foram
desenvolvidos com o propdésito de mimetizar os eventos ocorridos em mulheres. Assinalam-
se, entre eles, a exposicdo a androgénios (testosterona, a dihidrotestosterona, sulfato de

dehidroepiandrosterona), estrogénios, inibidores de aromatase, antiprogestagénios, luz
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continua e manipulagdes genéticas (WALTERS et al., 2012). Os modelos mais utilizados para
pesquisa sdo: camundongos, ratos, ovelhas e macacos Rhesus. Entre 0s animais, a ocorréncia
espontanea de achados semelhantes SOP como aumento de androgénios e LH sé foi descrita
isoladamente em macacas rhesus(ABBOTT et al., 2017).

Em 1961 foi descrito na literatura, que injecBes de propionato de testosterona até o
quinto dia de vida em ratas induziriam a infertilidade destes animais por anovulacéo na idade
adulta (BARRACLOUGH, 1961). Apds, diversos estudos observaram que utilizando o
principio que a exposicdo precoce ao excesso de androgénios reproduz na vida adulta
caracteristicas metabolicas, como hiperinsulinemia, aumento dos niveis de LH, e
morfoldgicas, como os ovarios policisticos, modelos animais com SOP foram sendo refinados
e finalmente estabelecidos (ABBOTT et al., 2005; DUMESIC et al., 2005; ZHOU et al.,
2005). O propionato de testosterona foi estudado em diferentes fases da vida de roedores,
observando-se que ratas expostas durante os primeiros 5 dias de vida passaram a apresentar,
durante a vida adulta, estro persistente, anovulacdo, presenca de ovarios policisticos e foliculos
atrésicos, um fendtipo semelhante a SOP (MCDONALD & DOUGHTY, 1972).
Curiosamente, a exposicdo de ratas tardiamente, com 15-25 dias de idade ndo induziu um
fendtipo semelhante a SOP com ovéarios morfologicamente normais, destacando o fato de que
os efeitos do androgénio, podem ocorrer apenas durante periodos especificos (TYNDALL et
al., 2012). Porém, foi observado que o modelo animal roedor exposto a testosterona durante a
fase prenatal (nos dias 16, 17 e 18 de gestacao) e p6s-natal no dia (5 de nascido), apresentam
alteracOes reprodutivas e metabolicas que mimetizam a SOP.

SOP experimental pode ser induzido por outros farmacos (como a dexametasona,
estradiol, di-hidrotestosterona, letrazol) (Figura 4), ou através da manipulacdo genética em
varias espécies de animais. A maioria dos experimentos € realizada em roedores, embora
alguns estudos sejam realizados em animais maiores. O modelo murino é o mais usado em
decorréncia da disponibilidade de mais de 200 linhagens bem caracterizadas e da habilidade
de deletar ou superexpressar genes especificos por meio da tecnologia dos nocautes e
transgénicos (DUMESIC et al., 2005).

Embora existam limitagdes intrinsecas relacionadas a origem do fator desencadeante
(etiologia), a utilizacdo de modelos animais tem se mostrado valiosa estratégia para entender a

interacdo entre fatores reprodutivos e metabdlicos na SOP.
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5. Objetivos

5.1. Objetivo geral

Avaliar marcadores de metabolismo, estresse oxidativo e metabolismo 6sseo em

modelo roedor de Sindrome de ovario policistico.

5.2. Objetivos especificos

Comparar o perfil de estresse oxidativo em dois diferentes fenétipos obtidos pelos
protocolos de androgenizacdo pré-natal (PreN) e pds-natal (PostN) (ambos tratados com

propionato de testosterona).

Reexaminar o papel da Sindrome de Ovario Policistico no metabolismo 0sseo,
investigando um modelo jovem roedor de SOP (que exibia ovarios policisticos e menos ciclos

estrais).

Estudar o impacto da ovariectomia em lipidios, glicose e marcadores de estresse oxidativo

em conjunto em modelo androgenizado de SOP.
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Abstract
Several studies have described an enhanced inflammatory status and oxidative stress
balance disruption in women with polycystic ovary syndrome (PCOS). However, there is
scarce information about redox markers in the blood of androgenised animal models.
Here, we evaluated serum/plasma oxidative stress marker and metabolic parameter
characteristics of prenatal (PreN) and postnatal (PostN) androgenized rat models of
PCOS. For PreN androgenisation (n=8), 2.5 mg testosterone propionate was
subcutaneously administered to dams at embryonic days 16, 17, and 18, whereas PostN
androgenisation (n=7) was accomplished by subcutaneously injecting 1.25 mg
testosterone propionate to animals at postnatal day 5. A unique control group (n=8) was
constituted for comparison. Our results indicate that PostN group rats exhibited particular
modifications in oxidative stress marker; an increased plasma ferric-reducing ability
(FRAP) and increased antioxidant capacity reflected by higher albumin serum levels.
PostN animals also presented increased total cholesterol and triglyceride-glucose (TyG)
levels, suggesting severe metabolic disarrangement. Study findings indicate that changes
in oxidative stress could be promoted by testosterone propionate exposure after birth,

which is likely associated with anovulation and/or lipid disarrangement.

Introduction

Polycystic ovary syndrome (PCOS) is a complex endocrine and metabolic disorder
impacting 5%-10% of women at reproductive age (FRANKS, 1995; NORMAN et al.,
2007; BALEN et al., 2009). Although PCOS has been identified mainly by reproductive
features (oligo-amenorrhea, hyperandrogenism, polycystic ovary appearance), other
metabolic and inflammatory conditions, including disruption in cholesterol and glucose
levels and the oxidative stress balance, have also been reported (DIAMANTI-
KANDARAKIS et al., 2008; DEEPIKA et al., 2014; AZZIZ et al., 2016a; VICTOR et
al., 2016; ABRUZZESE et al., 2017; BANULS et al., 2017; BEHBOUDI-GANDEVANI
et al., 2017). A recent publication has found that total oxidative stress and antioxidant
capacity were increased in PCOS against controls (ZHANG et al., 2017). In this study,
which also evaluated the four phenotypes of PCOS, a higher oxidative stress was related
to increased androgens, plasma glucose, triglycerides and decreased apoA:
concentrations (ZHANG et al., 2017).
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Studies in rodent models replicate many of the abnormalities observed in PCOS women
and, for this reason, have been used to explore the pathophysiological basis of the
disorder.(SLOB et al., 1983; MANNERAS et al., 2007; MOTTA, 2010; MANNERAS-
HOLM etal., 2011; AMALFI etal., 2012; HEBER et al., 2013). Currently, there is scarce
information about the redox state in the blood of PCOS rats, once the majority of the
studies have focused most of their attention to the ovaries, liver, fat and muscle
tissues!’ 9%,

Therefore, the aim of this study was to compare the oxidative stress profile in two
different phenotypes obtained by pre and post-natal androgenization protocols (both with
testosterone propionate). This research worked with an anestrous rat model of PCOS
(postnatal androgenized rat or PostN group), an estrous rat model (prenatal androgenized
rat or PreN group), and an androgenized postnatal estrous rat model (PostN L
group)(TYNDALL et al., 2012; SERRANO MUJICA et al., 2017).

Our results indicate that modifications in the oxidative stress markers in the blood
occurred in the presence of severe reproductive and metabolic disarrangement observed

in the female rats submitted to postnatal androgenisation with testosterone propionate.

Materials and Methods

Animals

This study was approved by the Ethics Committee on Animal Use (CEUA) of the Federal
University of Santa Maria (UFSM), Brazil, under protocol number 100/14. The
procedures with animals were in agreement with the guidelines of the Brazilian National
Council of Control of Animal Experimentation that follows the “Principles of Laboratory
Animal Care” established by the National Institutes of Health, USA.

Overall, 46 females Wistar rats (Rattus norvegicus albinus) were used in this study and
housed at the Laboratory Animal Reproduction (BioRep) the Federal University of Santa
Maria (UFSM). The animals were maintained at a temperature of 22 °C, 55-65%
humidity under artificial illumination on a light—dark cycle of 12:12 h; with daylight from
7 a.m. to 7 p.m. Food and water were given ad libitum.

A total of 30 female rats were submitted to the protocol for synchronization of oestrus.
They received an intraperitoneal injection of 10 1U of equine chorionic gonadotropin
(eCG; Folligon™, Intervet, Sao Paolo, Brazil), followed 48 h later by 10 IU of human
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chorionic gonadotropin (hCG; Pregnyl™, Organon, Cascavel, Brazil), and were placed
with a male for 24 h. Matches were controlled; vaginal plug was checked every 12 h.
Observation of the vaginal plug was considered as the first day of pregnancy. Female rat
pups were divided into four groups for androgenisation by treatment with testosterone
propionate or two control groups. Dams were maintained with their pups until weaning
(21 days). Prenatal hormone exposure was accomplished by treatment of pregnant dams
during embryonic days 16, 17, and 18 through subcutaneous injection of 2.5 mg
testosterone propionate (Androgenol™, Hertape Calier, Juatuba, Brazil) (PreN group),
whereas vehicle control exposures were accomplished by similar treatment of pregnant
dams with 2.5 mg corn oil (Control PreN). Postnatal hormone exposures were performed
by the treatment of 5-day-old animals through a subcutaneous injection of 1.25 mg
testosterone propionate (PostN group), whereas vehicle control postnatal 5-day-old
animals received a subcutaneous injection of 1.25 mg corn oil (Control PostN)
(SERRANO MUJICA et al., 2017). The final groups were as follows: prenatal (PreN n =
8), postnatal (PostN n = 7), and control group (Control PreN plus Control PostN) (n=8).
Another androgenized group, postnatal leuprolide (PostN L n=7), included the treatment
with an intramuscular injection (i.m.) of 0.40 mg leuprolide acetate depot (Lectrum™,
Sandoz, Brazil) in 2-day-old rats before postnatal androgenisation with testosterone
propionate. Information of other groups of leuprolide treatment including the number of
animals per group (e.g. prenatal androgenized plus leuprolide) is available in the

supplemental material.

Euthanasia and sample collection

At 110 days of age, the animals were transferred and then anaesthetized with isoflurane
plus administration of tramadol chloride (Tramadol™, Pfizer, Sao Paolo, Brazil)
intramuscularly (20-40 mg/kg). Between 9:00 a.m. and 10:00 a.m., blood samples were
collected before the animals were finally sacrificed using cardiac puncture under deep
anaesthesia in the absence of pedal and corneal reflexes. Blood samples were centrifuged
at 4 °C and 5000 rpm/4696 g (Sorvall-Thermo Scientific, Asheville, NC, USA) for 15
min to separate the blood solid components from the serum and plasma (EDTA), and

stored at -80 °C.
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Laboratory measurements

Total blood cholesterol, high density lipoprotein-cholesterol (HDL-C), low density
lipoprotein-cholesterol (LDL-C) triglyceride, albumin, glucose, were measured
enzymatically in serum using a commercial assay kit (Labtest Diagnostics®, Lagoa Santa,
Brazil).

Ferric-reducing ability of plasma (FRAP)

FRAP was assessed as previously described(BENZIE & STRAIN, 1996). In brief, the
FRAP reagent was freshly prepared and warmed at 37 °C by mixing the following
solutions: (1) 0.3 M sodium acetate buffer solution (pH 3.6); (2) 10 mM 2,4,6-tripyridyl-
1-5-triazine in 40 mM HCI solution; and (3) 20 mM FeClI3 solution at the ratio of 10:1:1
(v/viv), respectively. Plasma (10 uL) was incubated with 90 uL of FRAP reagent in a
microplate for 30 min at room temperature in the dark. Subsequently, the level of
absorbance of the mixture was measured at the wavelength of 595 nm using a
spectrophotometer. The FRAP values were calculated by using a calibration standard
curve of FeSO4 (0-2000 uM). All measurements were performed at the same ocasion.

The intra-assay coefficient of variation was between 1-2%.

Measurements of advanced oxidation protein product (AOPP) levels in serum

Samples were prepared as follows: in a tube, 20 uL of serum from each rat was diluted
into 100 uL in phosphate buffered saline, followed by addition of 10 uL of 1.16 M KI,
and 20 uL absolute acetic acid. The absorbance of the reaction mixture was immediately
read using a SpectraMax 1601 spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA) at 340 nm against a blank containing 100 uL. phosphate buffered saline, 20 uL
acetic acid, and 10 uL KI solution(MEDEIROS et al., 2016). As the linear range of
chloramine-T absorbance at 340 nm is between 0 and 100 uM, AOPP concentrations were
expressed in uM chloramine-T equivalents. All measurements were performed at the

same ocasion. The intra-assay coefficient of variation was 4%.

Total oxidation status (TOS)

TOS of serum was measured using a colorimetric measurement method(EREL, 2005).
Briefly, 225 uL Reagent 1 (xylenol orange 150 M, NaCl 140 mM, and glycerol 1.35 M
in 25 mM H»SOg4 solution, pH 1.75) was mixed with 35 xL of serum sample and the



132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

45

absorbance of each sample was read spectrophotometrically at 560 nm as a sample blank.
Subsequently, 11 uL Reagent 2 (ferrous ion [5 mM] and o-dianisidine [10 mM] in 25 mM
H>SO4 solution) was added to the mixture, and approximately 3—4 min. After mixing, the
last absorbance was read at 560 nm. The analytical sensitivity of the method was found
to be 0.0076 absorbance/amount [AX (uM)]. The assay was calibrated with H2O2 and
the results are expressed in terms of micromolar H20 equivalent per litre (umol H20:
Equiv/L). The detection limit of the method was determined by evaluating the zero
calibrator 10 times. All measurements were performed at the same ocasion. The intra-

assay coefficient of variation was 6.5%.

Statistical analysis

The statistical analysis was performed using GraphPad Prism 7.0 (GraphPad Software
Inc., San Diego, CA, USA). Comparisons among the groups were performed by ANOVA
followed by post hoc comparisons by the Tukey test. In the absence of a normal
distribution, verified by Shapiro-Wilk test, the data were analysed by a Kruskal-Wallis
test, followed by Dunn’s post hoc test. Proportion among groups was compared by the
Fisher’s test. Differences between independent variables of two groups were accessed by
the Student T-test or Mann-Whitney test according to the presence or absence of a normal

distribution. Significance was assumed at P < 0.05.

Results

Weight of the animals

PreN androgenised rats showed a lower weight at first postnatal day (mean + SD; 5.16 +
0.21 g) in comparison to PostN androgenised (6.56 + 0.4 g) and Control (6.35 = 0.44 g)
groups (P < 0.001) (Figure 1A). At day 60, PreN rats continued to be lighter than PostN
and Control rats: (mean * SD) of weight was respectively 197.3 + 8.0 g for PreN, 219.5
+ 1.5 g for_PostN, and 210.5 + 13.3 g for Control rats (P = 0.01) (Figure 1B). Finally, at
110 days, all groups displayed similar weights: (means £ SD) of 308.8 £ 15.2 g, 314 +15.0
g, and 316.5 + 10.67 g, respectively (Figure 1C). Groups subjected to leuprolide acetate
treatment did not exhibit any modifications in the total weight (data not shown).

Oxidative stress markers and antioxidant capacity (aloumin) in serum and plasma
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PostN group rats displayed a significant increase in FRAP, a marker of direct oxidation,
compared to PreN group rats. The (mean £ SD) of FRAP in PreN was 369.2 + 103 umol/L
g protein~!, whereas that in the PostN group was 962 + 210.8 pmol/L g protein™! (P =
0.03) (Figure 2A). The (mean + SD) of FRAP in Controls was 644.3 + 258.6 umol/L ¢
protein”!. The difference between PostN and Controls did not reach statistical
significance.

AOPP, another marker of direct oxidative stress, was comparable among the three groups
(Figure 2B). The PreN, PostN, and Control values were similar, with (mean £ SD) of
36.46 + 20.1, 49.75 + 23.32, and 45.85 + 21.3 mmol/g protein~!, respectively.

Values for TOS, which estimates the final oxidant status, were superimposed among the
three groups. As shown in Figure 2C, similar features were observed in the PreN (mean
+ SD of 63.78 + 14.68 umol/L g protein™!), PostN (mean + SD of 74.77 + 24.9 umol/L g
protein™!, or Control (mean + SD of 67.5 + 20.9 umol/L g protein™') groups. Notably,
neonatal treatment with leuprolide acetate showed no effect on FRAP, AOPP, or TOS in
all groups (Supplemental Figure 1A-1). Levels of serum albumin, a surrogate marker of
antioxidant capacity, were elevated in the PostN group, showing (mean + SD) 5.28 £ 0.18
mg/dL versus the Control group (mean £ SD of 4.53 £ 0.12 mg/dL) (P = 0.01).
Intermediate values (mean + SD) of 4.95 + 0.4 were exhibited in the PreN group (Figure
2D). The treatment with leuprolide in the PostN L group was associated with a significant
reduction in albumin levels in comparison to PostN rats (Supplemental Figure 1K). Those
changes did not occur with controls (Supplemental Figure 1J) neither with PreN rats

(Supplemental Figure 1L)

Biochemical variables

Total cholesterol levels were significantly reduced in PreN rats (mean + SD 77.25+ 11.4
mg/dL) in comparison with those in PostN rats (mean + SD 100.7 £ 11.71 mg/dL) (P =
0.01) (Figure 3A). Differences between the total cholesterol levels in the Control group
(mean + SD 86.43 £ 5.25) versus PostN almost reached significance (P = 0.052). HDL
cholesterol and LDL cholesterol level were similar between the three groups (Figure 3B
and 3C). Notably, the HDL levels decreased in the PreN group after neonatal leuprolide
treatment (Supplemental Figure 2G); other variables in PreN rats, such as glucose
(Supplemental Figure 2L), total cholesterol (Supplemental Figure 2C), triglycerides
(Supplemental Figure 2K) and TyG index (Supplemental Figure 20) did not modify after
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leuprolide treatment. PostN rats, in turn, did not show any metabolic modification after
administration of leuprolide acetate (Supplemental Figures 2B, 2F,2H, 2J, and 2N).
Triglyceride levels were increased in the PostN group (mean £ SD of 88.8 + 9.3)
compared to those in the PreN group (mean = SD of 63.5 £ 7.2) (Student t test, P = 0.04).
Overall, no changes in the triglyceride levels were identified in the three different groups
(Figure 3D), although a significant higher glucose was observed in both androgenized
rodent models (p=0.001) (Figure 3F). The product of triglycerides plus glucose (TyG)
was increased in PostN rats in comparison with that in the two other groups (P = 0.02)
(Figure 3E).

As shown in (Supplemental Figure 2M), Control rats treated with leuprolide acetate
(Control L) exhibited an increase in the TyG index, suggesting a worsening of metabolic
control (Supplemental Figure 2D). No other changes regarding total cholesterol, HDL
cholesterol or triglycerides were reported in control rats (Supplemental Figures 2A, 2E
and 21).

Figure 4 summarizes the main dissimilarities between PreN and PostN androgenised rat

protocols in our study.

Discussion

Women with PCOS most frequently exhibit dyslipidaemia, glucose intolerance/diabetes
mellitus, and increased oxidative stress marker levels. Our study evaluated whether
different protocols of androgenisation leading respectively to a normal and abnormal
reproductive and metabolic rat phenotypes could be associated to a particular lipid status
and redox balance in the blood. We show that a combination of changes in oxidative stress
(increased direct oxidation and increased antioxidative profile) was observed in PostN
rats exhibiting anovulation/anestrous and increased TyG, whereas this phenomenon was
not observed in ovulatory/estrous PreN rats.

All groups of rats achieved similar final weight at the end of the study. As a result, it was
possible to avoid possible bias related to higher adipose accumulation, which is a
predominant characteristic of rodents following use of implants with dihydrotestosterone
(DHT)(MANNERAS et al., 2007; HOANG et al., 2015), letrozole (MALIQUEO et al.,
2013; HOANG et al., 2015; PANDEY et al., 2016; ULLAH et al., 2017), or other
miscellaneous protocols(WALTERS et al., 2012; WU et al., 2014; MARCONDES et al.,
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2015). We also observed an earlier weight reduction in PreN group rats at birth and day
60. This finding was consistent with previous reports of rats androgenised with
testosterone propionate prenatally.

An increase in direct oxidation, FRAP, was identified in the plasma of androgenized
animals in our study. This result contrasts with the work of Daneasa et al. 2016, where
the serum levels of Malondialdehyde (MDA), a lipid peroxidation marker, were similar
between letrozole-treated rats and its controls(DANEASA et al., 2016). No modifications
in MDA where also reported in the ovary tissue of Sprague-Dawley rats submitted to free
testosterone (2 or 5 mg) administration (AMALFI et al., 2012), although an increase in
lipid peroxidation products of the ovary was found in letrozole rats by another
author(PANDEY et al., 2016).

In the present study, antioxidant capacity was estimated in the serum of androgenized
animals and controls through the levels of albumin. Albumin is capable of scavenging
hydroxyl radicals with its reduced (-SH) cysteine residue (Cys34) and, therefore,
considered one of the major antioxidant elements in the blood of humans and rats (SITAR
et al., 2013; CIAPETTI et al., 2017; KINOSHITA et al., 2017; MANDIC et al., 2017;
MASUDO et al., 2017; PRIETO et al., 2017).We identified increased serum albumin
levels in PostN rats compared with Controls and the PreN group. In a previous study, no
differences in glutathione peroxidase (GPx), another anti-oxidant marker was described
between letrozole rats and controls (DANEASA et al., 2016). However, an increment of
the antioxidant capacity measured by catalase activity and superoxide dismutase or
glutathione peroxidase has been identified in the ovary of PCOS rats (AMALFI et al.,
2012)(PANDEY et al., 2016)(DANEASA et al., 2016).

One reason for the divergences among experimental studies may be based on the
existence of several approaches for the development of animal models of PCOS. Because
of the diversity and limitation of rodent models, it has been claimed that there is no ‘gold
standard’ reproducing all abnormalities seen in PCOS (MALIQUEO et al., 2014). For
this reason, caution is necessary to avoid an indiscriminate generalization of the meaning
of prenatal and postnatal models regarding the presented data.

Our results suggested a dual augmentation in oxidative and anti-oxidative status that
agreed with some findings in the blood of women with PCOS. In a previous meta-
analysis, the mean of MDA, a direct oxidant marker, was approximately 40% higher in
PCOS than that in controls (MURRI et al., 2013).Other direct oxidants such as



264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296

49

dimethylarginine or homocysteine and nitric acid were also increased. However, in the
same study, antioxidants markers were reduced (glutathione), increased (superoxide
dismutase activity), or equal (total antioxidant capacity) to controls (MURRI et al., 2013).
A recent study (544 PCOS and 468 control women) showed that all four typical
phenotypes of PCOS based on the Rotterdam criteria were associated with higher TOS
and oxidative stress index (OSI) in comparison to control women(ZHANG et al., 2017).
Increased oxidative stress in PCOS was related to higher plasma glucose and triglycerides
(ZHANG et al., 2017). Remarkably, all oligo- anovulatory PCOS women show an
increased total antioxidant capacity in the serum, excepting PCOS women with presumed
regular cycles (ZHANG et al., 2017). In our study, anovulatory rats (PostN) presented
an increased triglyceride-glucose index (TyG). TyG, the product of triglycerides plus
glucose, has been considered in humans and in rodents as a surrogate marker of insulin
resistance and metabolic syndrome (SIMENTAL-MENDIA et al., 2008; GONZALEZ-
TORRES et al., 2015; PINTO et al., 2016; QU et al., 2016). We showed that only PostN
rats exhibited statistically significant higher TyG indices than controls, which may
represent an additional link towards the disruption of the oxidative stress markers
(SZCZUKO et al., 2016).

Although the comparison of two models (Pre and postnatal) plus an extra ovulatory
control (PostN L rats) consisted in one strength of the present study, weakness should be
considered as well. Limitations of our research from our point of view were related to
sample size, the absence of subgroups (lean; obese/ young; aged) and the lack of inclusion
of more antioxidant stress markers to the study.

To conclude, the results presented suggest that an increased direct oxidation and an
increased anti-oxidative capacity could be associated with postnatal treatment with
testosterone propionate (PostN), which is usually linked with anovulatory cycles and
insulin resistance estimated by higher TyG. Androgenized rats treated with leuprolide
acetate (PostN L) and presenting estrous cycles did not exhibit modifications in
biochemical status or increased direct oxidation (FRAP) in plasma, but show a reduced
antioxidant capacity estimated by albumin serum levels. Prenatal androgenisation, in
turn, was related to a lower weight at birth but a less harmful phenotype. Altogether,
these findings continue to support the central role of androgen excess, anovulation, and
insulin resistance as the key factors to trigger redox abnormalities in PCOS. Additional
studies of the impact of weight gain, high-glucose/ high fat diet (SZCZUKO et al., 2016),
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or simply the long-term follow up will improve the comprehension of the intricacy

mechanisms of oxidative stress in PCOS.

Author Contribution:

Study conception and design (FVC, LSM); acquisition of data (LSM, RNM, NG, AB,
EDM); analysis and interpretation of data (FVC, MOP, LSM, VBR); drafting of
manuscript (LSM, FVC); critical revision for important intellectual content of the draft
(AQA, PBDG, FVC).

Disclosure

This work was supported by CAPES Foundation and the National Council for Scientific
and  Technological Development (CNPg) Brazil, grant 445019/2014-0
(http://www.cnpqg.br/). There is no conflict of interest that could be perceived as

prejudicing the impartiality of the research reported.


http://www.cnpq.br/)

329
330
331

332
333

334
335

336
337
338
339

340
341
342

343
344

345
346
347

348
349
350
351

352
353
354

355
356
357

10.

51

References

Franks S. Polycystic ovary syndrome. N Engl J Med. 1995;333(13):853-861.

Norman RJ, Dewailly D, Legro RS, Hickey TE. Polycystic ovary syndrome.
Lancet. 2007;370(9588):685-697.

Balen A, Homburg R, Franks S. Defining polycystic ovary syndrome. Bmj.
2009;338:a2968.

Diamanti-Kandarakis E, Argyrakopoulou G, Economou F, Kandaraki E,
Koutsilieris M. Defects in insulin signaling pathways in ovarian steroidogenesis
and other tissues in polycystic ovary syndrome (PCOS). J Steroid Biochem Mol
Biol. 2008;109(3-5):242-246.

Deepika ML, Nalini S, Maruthi G, et al. Analysis of oxidative stress status through
MN test and serum MDA levels in PCOS women. Pak J Biol Sci. 2014;17(4):574-
577.

Azziz R, Carmina E, Chen Z, et al. Polycystic ovary syndrome. Nat Rev Dis
Primers. 2016;2:16057.

Victor VM, Rovira-Llopis S, Banuls C, et al. Insulin Resistance in PCOS Patients
Enhances Oxidative Stress and Leukocyte Adhesion: Role of Myeloperoxidase.
PLo0S One. 2016;11(3):e0151960.

Abruzzese GA, Cerrrone GE, Gamez JM, et al. Lipid Accumulation Product
(LAP) and Visceral Adiposity Index (VAI) as Markers of Insulin Resistance and
Metabolic Associated Disturbances in Young Argentine Women with Polycystic
Ovary Syndrome. Horm Metab Res. 2017;49(1):23-29.

Banuls C, Rovira-Llopis S, Martinez de Maranon A, et al. Metabolic syndrome
enhances endoplasmic reticulum, oxidative stress and leukocyte-endothelium
interactions in PCOS. Metabolism. 2017;71:153-162.

Behboudi-Gandevani S, Amiri M, Bidhendi Yarandi R, et al. The risk of
metabolic syndrome in polycystic ovary syndrome: A systematic review and
meta-analysis. Clin Endocrinol (Oxf). 2017.



358
359
360

361
362
363

364
365
366

367
368

369
370
371
372

373
374
375

376
377
378

379
380
381

382

383
384
385

386
387

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

52

Zhang R, Liu H, Bai H, et al. Oxidative stress status in Chinese women with
different clinical phenotypes of polycystic ovary syndrome. Clin Endocrinol
(Oxf). 2017;86(1):88-96.

Slob AK, den Hamer R, Woutersen PJ, van der Werff ten Bosch JJ. Prenatal
testosterone propionate and postnatal ovarian activity in the rat. Acta Endocrinol
(Copenh). 1983;103(3):420-427.

Manneras L, Cajander S, Holmang A, et al. A new rat model exhibiting both
ovarian and metabolic characteristics of polycystic ovary syndrome.
Endocrinology. 2007;148(8):3781-3791.

Motta AB. Dehydroepiandrosterone to induce murine models for the study of
polycystic ovary syndrome. J Steroid Biochem Mol Biol. 2010;119(3-5):105-111.

Manneras-Holm L, Leonhardt H, Kullberg J, et al. Adipose tissue has aberrant
morphology and function in PCOS: enlarged adipocytes and low serum
adiponectin, but not circulating sex steroids, are strongly associated with insulin
resistance. J Clin Endocrinol Metab. 2011;96(2):E304-311.

Heber MF, Ferreira SR, Velez LM, Motta AB. Prenatal hyperandrogenism and
lipid profile during different age stages: an experimental study. Fertil Steril.
2013;99(2):551-557.

Amalfi S, Velez LM, Heber MF, et al. Prenatal hyperandrogenization induces
metabolic and endocrine alterations which depend on the levels of testosterone
exposure. PLoS One. 2012;7(5):e37658.

Tyndall V, Broyde M, Sharpe R, Welsh M, Drake AJ, McNeilly AS. Effect of
androgen treatment during foetal and/or neonatal life on ovarian function in

prepubertal and adult [
“-pz\dsrats. Reproduction. 2012;143(1):21-33.

Serrano Mujica LK, Bertolin K, Bridi A, et al. The impact of postnatal leuprolide
acetate treatment on reproductive characteristics in a rodent model of polycystic
ovary syndrome. Mol Cell Endocrinol. 2017;442:125-133.

Benzie IF, Strain JJ. The ferric reducing ability of plasma (FRAP) as a measure
of "antioxidant power": the FRAP assay. Anal Biochem. 1996;239(1):70-76.



388
389
390

391
392

393
394
395

396
397
398

399
400
401
402

403
404
405

406
407

408
409
410

411
412
413

414
415
416

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

53

Medeiros MS, Schumacher-Schuh A, Cardoso AM, et al. Iron and Oxidative
Stress in Parkinson's Disease: An Observational Study of Injury Biomarkers.
PLoS One. 2016;11(1):e0146129.

Erel O. A new automated colorimetric method for measuring total oxidant status.
Clin Biochem. 2005;38(12):1103-1111.

Hoang V, Bi J, Mohankumar SM, Vyas AK. Liraglutide improves hypertension
and metabolic perturbation in a rat model of polycystic ovarian syndrome. PL0S
One. 2015;10(5):e0126119.

Pandey V, Singh A, Singh A, Krishna A, Pandey U, Tripathi YB. Role of
oxidative stress and low-grade inflammation in letrozole-induced polycystic
ovary syndrome in the rat. Reprod Biol. 2016;16(1):70-77.

Maliqueo M, Sun M, Johansson J, et al. Continuous administration of a P450
aromatase inhibitor induces polycystic ovary syndrome with a metabolic and
endocrine phenotype in female rats at adult age. Endocrinology. 2013;154(1):434-
445,

Ullah A, Jahan S, Razak S, et al. Protective effects of GABA against metabolic
and reproductive disturbances in letrozole induced polycystic ovarian syndrome
in rats. J Ovarian Res. 2017;10(1):62.

Walters KA, Allan CM, Handelsman DJ. Rodent models for human polycystic
ovary syndrome. Biol Reprod. 2012;86(5):149, 141-112.

Wu C, Lin F, Qiu S, Jiang Z. The characterization of obese polycystic ovary
syndrome rat model suitable for exercise intervention. PL0oS One.
2014;9(6):99155.

Marcondes RR, Carvalho KC, Duarte DC, et al. Differences in neonatal exposure
to estradiol or testosterone on ovarian function and hormonal levels. Gen Comp
Endocrinol. 2015;212:28-33.

Daneasa A, Cucolas C, Lenghel LM, Olteanu D, Orasan R, Filip GA. Letrozole
vs estradiol valerate induced PCOS in rats: glycemic, oxidative and inflammatory
status assessment. Reproduction. 2016;151(4):401-4009.



417
418

419
420
421

422
423
424

425
426

427
428
429

430
431
432

433
434
435

436
437
438

439
440
441

442
443
444
445

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

54

Sitar ME, Aydin S, Cakatay U. Human serum albumin and its relation with
oxidative stress. Clin Lab. 2013;59(9-10):945-952.

Ciapetti M, Mancinelli P, Cecchi A, Borrelli E, Bocci V, Peris A. Reduction of
non-enzymatic antioxidants in plasma during ECMO-treatment in ARDS by
influence A HIN1. J Crit Care. 2017;43:220-224.

Kinoshita H, Watanabe K, Azma T, et al. Human serum albumin and oxidative
stress in preeclamptic women and the mechanism of albumin for stress reduction.
Heliyon. 2017;3(8):e003609.

Mandic A, Cavar I, Skoro I, et al. Body Composition and Inflammation in
Hemodialysis Patients. Ther Apher Dial. 2017.

Masudo R, Yasukawa K, Nojiri T, et al. Evaluation of human nonmercaptalbumin
as a marker for oxidative stress and its association with various parameters in
blood. J Clin Biochem Nutr. 2017;61(2):79-84.

Prieto AKC, Gomes-Filho JE, Azuma MM, et al. Influence of Apical Periodontitis
on Stress Oxidative Parameters in Diabetic Rats. J Endod. 2017;43(10):1651-
1656.

Maliqueo M, Benrick A, Stener-Victorin E. Rodent models of polycystic ovary
syndrome: phenotypic presentation, pathophysiology, and the effects of different
interventions. Semin Reprod Med. 2014;32(3):183-193.

Murri M, Luque-Ramirez M, Insenser M, Ojeda-Ojeda M, Escobar-Morreale HF.
Circulating markers of oxidative stress and polycystic ovary syndrome (PCOS): a

systematic review and meta-analysis. Hum Reprod Update. 2013;19(3):268-288.

Simental-Mendia LE, Rodriguez-Moran M, Guerrero-Romero F. The product of
fasting glucose and triglycerides as surrogate for identifying insulin resistance in
apparently healthy subjects. Metab Syndr Relat Disord. 2008;6(4):299-304.

Gonzalez-Torres L, Vazquez-Velasco M, Olivero-David R, et al. Glucomannan
and glucomannan plus spirulina added to pork significantly block dietary
cholesterol effects on lipoproteinemia, arylesterase activity, and CYP7Al
expression in Zucker fa/fa rats. J Physiol Biochem. 2015;71(4):773-784.



446
447
448

449
450
451
452

453
454
455
456

457
458

459
460

461
462

463463
464464
465465
466466
467467

468468

469469

470470

471471

472472

473473

474474

41.

42.

43.

44,

45.

46.

55

Pinto BA, Melo TM, Flister KF, et al. Early and sustained exposure to high-
sucrose diet triggers hippocampal ER stress in young rats. Metab Brain Dis.
2016;31(4):917-927.

Qu C, Zhou X, Yang G, Li L, Liu H, Liang Z. The natural logarithm of zinc-
alpha2-glycoprotein/HOMA-IR is a better predictor of insulin sensitivity than the
product of triglycerides and glucose and the other lipid ratios. Cytokine.
2016;79:96-102.

Szczuko M, Zapalowska-Chwyc M, Maciejewska D, Drozd A, Starczewski A,
Stachowska E. High glycemic index diet in PCOS patients. The analysis of IGF |
and TNF-alpha pathways in metabolic disorders. Med Hypotheses. 2016;96:42-
47.

Fels E, Bosch LR. Effect of prenatal administration of testosterone on ovarian
function in rats. Am J Obstet Gynecol. 1971;111(7):964-9609.

Huffman L, Hendricks SE. Prenatally injected testosterone propionate and sexual
behavior of female rats. Physiol Behav. 1981;26(5):773-778.

Swanson HE, Werff ten Bosch JJ. The "early-androgen” syndrome; effects of pre-
natal testosterone propionate. Acta Endocrinol (Copenh). 1965;50(3):379-390.



475

476
477
478
479
480

481

482

483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501

56

Figure. 1 Weight of rats at day 1, 60 and 110 of life.

Controls=C  (n=8); Postnatally androgenized =PostN (n= 7); Prenatally
androgenized=PreN (n= 8). (A) ANOVA p<0.0001; a) postnatal versus prenatal adjusted
p value p<0.0001; b) control versus prenatal adjusted p value p=0.0001; (B) ANOVA p

= 0.01; a) postnatal versus prenatal adjusted p value p = 0.01.
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Figure. 2 Oxidative stress markers in controls and pre — and postnatally androgenized
rats.

(A) ferric-reducing ability of plasma (FRAP);(B) advanced oxidation protein product
(AOPP); (C) total oxidation status (TOS); (D) albumin. Controls=C (n=8); Postnatally
androgenized =PostN (n=7); Prenatally androgenized=PreN (n=8). (A) ANOVA p=0.03;
a) postnatal versus prenatal adjusted p value =0.027; (D) ANOVA p=0.02; a) postnatal

versus controls adjusted p value p=0.01.
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Figure. 3 Serum levels of total Cholesterol.

(A), HDL cholesterol, LDL cholesterol(C), triglycerides (D), Triglygeride-Glucose Index
— TyG (E), and glucose (F) in controls, pre — and postnatally androgenized rats.

Controls=C (n=8); Postnatally androgenized = PostN (n= 7); Prenatally androgenized =
PreN (n=8). (A) ANOVA p <0.01; a) postnatal versus prenatal adjusted p value = 0.001;
(D) ANOVA p=0.04; a) postnatal versus prenatal adjusted p value = 0.04; (E) ANOVA
p=0.02; (F) postnatal versus control adjusted p value = 0.001; postnatal versus control

adjusted p value = 0.005, prenatal versus control adjusted p value = 0.003.
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Figure. 4 Metabolic and oxidative stress markers characteristic of postnatally
androgenised (PostN) and prenatally androgenised (PreN) rats.

*indicates significant differences with control rats; — indicates similarities with controls.
The full reproductive aspects of these groups (PreN, PostN, Control with and without
treatment with GnRH agonists) have been published in a previous study (SERRANO
MUJICA et al., 2017). Our results agreed with those of previously studies that employed
testosterone propionate (FELS & BOSCH, 1971; HUFFMAN & HENDRICKS, 1981,
SLOBetal., 1983; TYNDALL etal., 2012), with few exceptions (SWANSON & WERFF
TEN BOSCH, 1965)
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Supplemental Figure. 1 Oxidative stress markers in controls, pre — and postnatally
androgenized rats which were treated and not-treated with neonatal leuprolide acetate.

(A, B and C) ferric-reducing ability of plasma (FRAP); (D, E and F) advanced oxidation
protein product (AOPP); (G, H and 1) total oxidation status (TOS); (J, K, and L) albumin.
Controls=C (n=8); Controls treated with leuprolide = C+L; Postnatally androgenized =
PostN (n=7); Postnatally androgenized treated with leuprolide = PostN+L (n=7);
Prenatally androgenized = PreN (n=8); Prenatally androgenized treated with leuprolide
=PreN+L (n=4). Results were reported as mean (SEM). Statistical analysis employed

Student T test. Significance was assumed at P < 0.05.
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Supplemental Figure. 2 Biochemical markers.

Serum levels of total Cholesterol (A, B and C), HDL cholesterol (E, F and G),
triglycerides (I, J and K), Triglygeride-Glucose Index —TyG (M, N and O), and glucose
(D, H and L) in controls, pre — and postnatally androgenized rats submitted or not to the
neonatal treatment with leuprolide acetate. Controls=C (n=8); Controls treated with
leuprolide=C+L (n=6); Postnatally androgenized = PostN (n=7); Postnatally
androgenized treated with leuprolide = PostN+L (n=7); Prenatally androgenized = PreN
(n=8); Prenatally androgenized treated with leuprolide = PreN+L (n=4).Results were
reported as mean (SEM). Statistical analysis employed Student T test. Significance was
assumed at P < 0.05.
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Abstract
Polycystic ovary syndrome (PCOS) in an intricate disorder characterized by reproductive
and metabolic abnormalities that may affect bone quality and strength along the lifespan.
The present study analysed the impact of postnatal androgenization (of a single dose of
testosterone propionate 1.25 mg subcutaneously at day 5 of life) on bone development
and markers of bone metabolism in adult female Wistar rats. Compared with healthy
controls, the results of measurements of micro-computed tomography (microCT) of the
distal femur of androgenized rats indicated an increased cortical bone volume (VOX
BV/TV) and higher trabecular number (Th.n) with reduced trabecular separation (Th.sp).
A large magnitude effect size was observed in the levels of circulating bone formation
(PINP) at day 60 of life; reabsorption (CTX) markers were similar between the
androgenized and control rats at days 60 and 110 of life. Preliminary analysis of gene
expression in bone indicated elements for an increased bone mass such as the reduction
of the Dickkopf-1 factor (Dkk1) a negative regulator of osteoblast differentiation (bone
formation) and the reduction of Interleucin 1-b (ll1b), an activator of osteoclast
differentiation (bone reabsorption). Results from this study highlight the positive impact

of early androgens on bone development with reference to young women with PCOS.

Keywords: polycystic ovary syndrome, bone, microCt, developmental programming,

animal models of PCOS

Abbreviations: Dickkopf-1 factor (Dkk1); amino-terminal propeptide of type 1

procollagen (P1NP), carboxy-terminal collagen crosslinks (CTX).

Introduction

Polycystic ovary syndrome (PCOS) is one of the most common hyperandrogenic
disorders in reproductive-aged women [1-4]. The impact of PCOS on bone development
has been a subject of research and conflicting results. Both cross-sectional and
longitudinal studies indicated that premenopausal women with PCOS are protected from
bone loss [5-7] or at higher risk of bone mass reduction [8-10].

Since a rodent animal model of PCOS replicates many metabolic and reproductive
abnormalities observed in women with PCOS, these animals are considered a valuable
tool to dissect complex mechanisms in the development of this disorder. In the study of

Tamura et al., the treatment with testosterone propionate of young Sprague-Dawley rats
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at day 9 of life was effective in increasing the bone mineral density defined by bone
densitometry[11]. However, rats in this study were not fully characterized as PCOS rats,
as the presence of cycles were not addressed[11].

Therefore, the present work aims to re-visit the role of PCOS in bone metabolism,
investigating in an ovary-intact young rodent model of PCOS (exhibiting polycystic
ovaries and absence of estrous cycles)[12] the impact of postnatal androgenization on
bone markers of formation and reabsorption (P1NP and CTX) and microstructure (micro-
CT).

Material and Methods

Ethical Statement

All Institutional and National Guidelines for the care and use of animals were followed.
This study was approved by the local Ethics Committee on Animal Use (CEUA-UFSM),
under protocol number 100/14, in accordance with the Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines.

Animals

Female Wistar rats (Rattus norvegicus albinus) (n=14) aged 1 day were used in this study.
The dams were maintained with their pups until weaning (21 days). The rats were
maintained at a temperature of 22°C, 55% to 65% humidity, and under artificial
illumination with a 12-hour light/dark cycle. The rats were fed a standard pellet diet with

water given ad libitum, as previously described [12].

Experimental Procedures

Postnatal hormone exposures were performed by the treatment of 5-day-old animals
through a subcutaneous (SC) injection of 1.25 mg testosterone propionate
(Androgenol™) (androgenized group), and vehicle control 5-day-old animals received
1.25 mg corn oil SC (control group)[12]. Procedures for blood collection and euthanasia

were performed as previously described [12].

Acquisition and Analysis of the Distal Femur Images using Micro-CT.
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The structural properties of the trabecular and cortical femur were determined with a
high-resolution micro-CT system (SkyScan 1272; Bruker micro-CT, Kontich, Belgium).
The X-ray tube was set to 50 kV, and the beam was filtered with a 0.5 mm aluminum
filter. The sample position and camera settings were adjusted to provide a 3.0-um
isotropic pixel size, and projection images were collected every 0.2°. Reconstructions

were done with NRecon (v 1.6.9.8; Bruker micro-CT).

Enzyme-linked Immunosorbent Assay (ELISA)

Procollagen I N-terminal propeptide (PINP) and cross-linked C-telopeptide of type |
collagen (CTX) levels (CV <10%) were measured in serum at a single occasion using a
specific rat ELISA (Cloud Clone Corp, USA) according to the manufacturers’

protocols.

Quantitative real-time reverse transcription polymerase chain reaction (RT-PCR)
analysis

The femur was collected after euthanasia, cleaned of muscle and soft connective tissues,
and stored at -80°C. Before RNA extraction, the specimen was frozen in liquid nitrogen
and crushed into powder. Total RNA extraction was performed using Trizol® (Life
Technologies, Foster City, CA, United States) as an organic extraction method, following
the manufacturer’s instructions. The other steps for obtention of RNA samples through
cDNA preparation, quantitative real-time RT-PCR and the analysis of gene expression
were performed as previously described [12]. The genes of interest and reference are

shown in Supplemental Table 1.

Statistical Analysis

The statistical analysis and graphs were performed using the software GraphPad Prism
6.03 (GraphPad Software Inc., San Diego, CA). Comparisons among the two groups were
performed using Student’s t test. In the absence of a normal distribution, the data were
analyzed using a Mann-Whitney test. For the analysis of more than 2 groups having
normal data distribution, ANOVA test was performed. Significance was assumed at p <
0.05. Additionally, data were also analyzed by Cohen’s effect size analysis and effect size

with Cohen’s d value of 0.8 and above considered as large magnitude differences are
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reported [13, 14]. This analysis has been suggested to the study of small samples sizes to

reject the null hypothesis[15].

Results

Micro-CT Analysis of Distal Femur

Cortical Bone

The VOX-BYV indicating a higher bone volume was significantly higher in androgenized
rats (3.28 £ 0.09) versus control rats (2.89 + 0.07, p=0.01) (Fig 1A). However, other
parameters such as VOX-TV (Fig 1D), VOX-BV/TV (Fig 1F), and the measurement of
the cortical thickness (Fig1lH) were similar between the two groups (P>0.05).

Trabecular Bone

Testosterone-treated rats show marked modifications in trabecular bone of the distal
femur. Androgenized rats presented a significantly higher VOX BV/TV (0.41 £ 0.04)
versus controls (0.27 £ 0.01, p=0.01) (Fig 1B). These PCOS rats exhibited, respectively,
a higher number of trabeculae (7.3 £ 0.74) versus control rats (5.55 + 0.19, p=0.048) (Fig
1E) and lower trabecular separation (Th-Sp) (0.13 + 0.01) versus controls (0.17 £ 0.006,
p=0.04) (Fig 1H) (Fig 1G). Trabecular thickness (Th-Th) was not different between these
two groups (Fig 11). The result of VOX-TV was 8.74 + 0.33 in androgenized rats versus
0.70 £ 0.47 in controls; VOX-BV (Fig 1C). This contrast in trabecular mass was observed

in an example of cross-sectional 2D image (1J, 1K).

Bone Markers

Plasma levels of P1nP and CTX in young rats at day 60 of life were significantly higher
than that in adult rats [analysis of variance (ANOVA)] (P1nP p< 0.0005; CTX p<0.0001)
(Fig 2A and 2B). At day 60, the mean =+ SEM of P1nP was 84.11 + 11.1 ng/ml in
androgenized rats and 62.45 + 6.84 ng/ml in controls (p=0.11)(Fig 2A);however, anon-
significant large magnitude effect size was observed in the levels of circulating bone
formation (P1NP) at day 60 of life. CTX value in androgenized rats (d60) was 1694 +
42.4 pg/ml against 1618 + 25.5 pg/ml (NS) (Fig 1K). At day 110, the mean £ SEM of
P1nP was 16.16 £ 4.05 ng/ml in androgenized rats and 23.85 £ 10.44 ng/ml in controls
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130  (Fig 1J); the CTX value in androgenized rats (d110) was 390.9 + 0.92 pg/ml against 452.3
131  +129.2 pg/ml (NS) (Fig 2B).

132

133  Gene Expression

134 Supplemental Fig 1 shows the results of gene expression for bone formation and
135  reabsorption factors in rat femurs. We observed at day 110 in androgenized animals, a
136  significant reduction in Wnt gene expression (p=0.049) and a non-significant decreased
137  magnitude effect size of the genes of Dkk1, 111b in bone. The reduction of Dkk1 (Negative
138  Regulator of Wnt Signaling) support an increased bone formation, as well the decrease
139  of Il1b (an activator of osteoclast differentiation) could imply a reduction in bone
140  reabsorption. However, these figures need to be put in perspective since Wnt expression
141  (related to canonical Wnt/beta catetin/TCFL pathway) was also decreased. No
142  differences could be detected for the following genes: Ctnnb1, Igfr, Sost, Lrp5, Lrp6,
143 Notch, Opg (tnfsfllb), Bmp2l, Bmp2, Tbhr2, and Fgfr2.

144144

145 Discussion

146  Inthe present study, testosterone administration on day 5 of life produced noticeable bone
147  modifications in a rodent model of PCOS. Compared with the control rats, the femur from
148  androgenized female rats exhibited a higher bone volume associated with an increased
149  trabecular number and lower trabecular separation in a micro-CT study.

150  The results of our study add new complementary information of a previou report that
151  evaluated the impact of androgens in female rodents[11]. In humans as in rats, bone
152  development has a proper timing that is related to the presence of circulating steroids.
153  Although estrogens are the critical factor in bone maintenance, promoting matrix
154  formation and impairing matrix reabsorption, a possible role of androgens on bone
155  metabolism has been reported. Androgens may exert a positive influence on bone
156  metabolism through androgen receptors (AR) present in cells (i.e., osteoblasts,
157  osteoclasts, and osteocytes) or indirectly through its conversion to estradiol[16-19]. The
158  combination of estrogens plus testosterone produced a higher femur bone mass density
159 (BMD), total BMD, increased bone volume fraction, trabecular number, and trabecular
160  thickness in micro-CT compared controls[20]. Studies in ovariectomized mice mimicking

161  cross-sex hormone therapy in humans show that bone acquisition during pubertal
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development was not observed with isolated testosterone treatment and absence of
estrogens[20].

Results from bone markers indicate a large magnitude effect size in bone formation
(P1NP) at day 60 and the absence of differences later, at day 110 of life, suggesting an
earlier impact of androgenization in bone mass. These figures may be relevant, since the
diagnosis of PCOS cannot be established before 2-3 years after menarche [21]. Indeed, in
the study of Bechtold and cols., adolescents between 12.4 to 18 years (mean age of 14.96
+ 1.42 years) had higher trabecular and cortical bone mass compared to healthy reference
population[22]. However, most of the studies in late-adolescent and adult women with
PCOS show a reduction of PINP and osteocalcin levels and similar CTX levels [10, 23-
26].

In conclusion, the treatment with testosterone propionate during neonatal period lead to
an increased cortical bone volume (VOX BV/TV) and higher trabecular number with
reduced trabecular separation in the distal femur at adult age. Bone in PCOS rats at day
110 of life show reduction of the Dickkopf-1 factor (Dkk1), a negative regulator of
osteoblast differentiation (increasing bone formation), and the reduction of Interleucin 1-
b, an activator of osteoclast differentiation (decreasing bone reabsorption). These findings
highlight the positive impact of androgenization in rat bone development. Further studies
are needed in order to evaluate the role of molecular players and its interaction other

pathways in bone from androgenized rats before and after puberty.
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Figure 1 MicroCt analysis

PCOS rat on day 110 exhibited marked increase in trabecular bone characterized by
augmentation of VOX BV/TV(T)(1B), trabecular number (1E), and reduction of
trabecular separation (1G); these contrasts between control and androgenized rats are
represented in a cross-sectional 2D image (1J, 1K). No differences were seen in terms of
trabecular thickness (11) or VOX-TV(T)(1C). Cortical bone parameters, excepting for an
increase in VOX-BV(1A), were similar between the groups - VOX-TV(1D), VOX

BV/TV(1F), and Cortical Thickness(1H). Androgenized n=6; control n=6.
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Figure 2 Analysis of bone markers of female control and androgenized rats at days 60
and 110 of life

Plasma levels of bone formation (P1nP) and bone reabsorption (CTX) were significantly
higher in younger (day 60) than older animals (110 of life). An increased Cohen effect

size (») for P1nP was observed in androgenized animals versus control at day 60.
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Supplemental Table. 1 Genes of interest and reference.

Gene Reference Sequence Forward primer Reverse primer

Ar NMW_012502.1 CTGGATGGGACTGATGGETATIT CAGGTCAGGTGCAAAGTAGAG
Dkk1 MMW_001106350.1 ATGCCCTCTGACCACAGCCATT CACCGTGGTCATTGCCAAGET
lgfi MM _052807.2 CAATATCACAGACCCGGAAGAG CGATACGGTACAGAGTGAAAGG
Ctnbl MM_0E53357.2 CTCAGATGGETGTCTGCCATAG TEETEGEAAAGGTTGTGETAG
Igfr MM _052807.2 CAATATCACAGACCCGGAAGAG CGATACGGTACAGAGTGAAAGG
Sost MM _030584.1 GGCAAGCCTTCAAGAATGATG GGETCTGGTTGTTCTCTAGTTCC
Lrp5 MM_001106321.2 TTGTCATCTCTGGECCTTGTATC CCTGCCAGAAGAGAACCTTAC
Lip& MM _001107852.1 CTTGCTGGGCGACTATGTTTA GTCTGGCAGCTGIETCTATTATG
Notch MM _001105721.1 ATACGCCTGTGGCAGAATAAG CCATGGTCTGACATTCCTCATC
Opg MM _012870.2 GUACCCTGAGAAAGAGEATATT GEGATGACACAGAAGATAGTAGAAG
IL& MM _012589.2 GGETTTGCCGAGTAGACCTCA GTGGCTAAGGACCAAGACTCA
IL1IB MM _031512.2 ARAGAAGGTGCTTGGGTCCT CAGGAAGGCAGTGTCACTCA
Bmp2 NMW_017178.1 ATCCACTCCACAAACGAGAAA CCACATCACTGAAGTCCACATA
Tbrz XM_017556193.1 GGACATTAACACTGAGGAGTACAG GGTCCATCTGGAAAGACGTTAG
Fgfr2 MM_001105852.1 CCTCATCCCAAGATGCCTTAAT GAATGTGACGGETGTGTAALT
Ciclophilin A MM _017101.1 GAAAGAAGGCATGAGCATTGTG GCCCGCAAGTCAAAGAAATTAG
Gpdh MMW_017008.4 AGACAGCCGCATCTTCTTET CCOTTCACACCGACCTTCA
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Supplemental Figure 1 Gene expression for bone formation and reabsorption factors
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Abstract

Purpose: This study aims to evaluate metabolic and oxidative stress markers in a
postmenopausal rat model of PCOS.

Methods: Wistar Rats were divided in 4 groups: Control OVX (n=9); Control SHAM
(n=9); Androgenized OV X (n=10) and Androgenized SHAM (n=10). Female rats were
androgenized during the neonatal period and compared to controls. Surgery (ovariectomy
or SHAM procedure) was performed at day 100 and euthanasia at day 180 of life.
Bodyweight, lipids, glucose, TyG index, and oxidative stress markers (TOS, TAC, NOX,
FRAP AOPP) were addressed.

Results:  Androgenized SHAM rats exhibited a higher total, LDL cholesterol,
triglycerides, TyG index (an insulin resistance marker), and increased total oxidant status
(TOS), FRAP, and albumin in comparison to control SHAM rats. These abnormalities
disappeared after ovariectomy despite the fact that ovariectomized androgenized rats
became heavier than the other three groups.

Conclusion: Ovariectomy improved metabolic and oxidative stress markers in a rat
model of PCOS.

Key words: PCOS, animal models, oxidative stress, metabolism, postmenopausal,

developmental programming
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Introduction

Polycystic ovary syndrome (PCOS) affects women during their entire lifespan[1,2].
Evidence from the literature has shown conflicting results about the existence of an
increased risk for cardiovascular and metabolic disease in postmenopausal women with
PCOS. While several studies in PCOS during the menacme have revealed a disruption
in the oxidative stress, a key element for the development of the cardiometabolic disease,
there is a lack of information of this condition in PCOS women after the menopause when
a significant reduction in steroid secretion occurs[3,4].

Animal models replicate many abnormalities (reproductive and metabolic) seen in
women with PCOS[5]. However, no study has addressed the impact of ovariectomy on
lipids, glucose, and oxidative stress markers altogether, which is the aim of the present
study. As shown below, ovariectomy performed in androgenized adult female rats leads
to an improvement of the metabolic profile (LDL, triglycerides, TyG index) and total
oxidant status (TOS) after 80 days.

Material and Methods

Animals

Female Wistar rats (Rattus norvegicus albinus) (n=38) aged one day were used in this
study. The protocol of androgenization and animal care (including blood collection and
euthanasia) was executed as previously described [6,7]. Briefly, the dams were

maintained with their pups until weaning (21 days). The rats were maintained at a
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temperature of 22°C, 55% to 65% humidity, and under artificial illumination with a 12-
hour light/dark cycle; they receive a standard pellet diet with water given ad libitum[7,6].
Postnatal treatments were performed by the administration of a subcutaneous (s.c)
injection of 1.25 mg testosterone propionate (Androgenol™) (androgenized group), or
vehicle control -1.25 mg corn oil s.c (control group) in pups at day 5 of life. Surgery
(ovariectomy or SHAM procedure) were performed at day 100 of life under general
anesthesia (ketamine and isoflurane) associated with pre and post-surgical analgesia with
tramadol chloride (Tramadol™, Pfizer, Sao Paolo, Brazil) and ketoprofen (Ketofen,
Merial, Paulinia, Brazil). SHAM rats were submitted to full characterization of estrous
cycles by vaginal smear cytology and were euthanized approximately at day 180 during
metestrus/diestrous [7,6]. Ovariectomized rats were euthanized at day 180. In both cases,
the animals were transferred and then anesthetized with isoflurane plus administration of
tramadol chloride (Tramadol™, Pfizer, Sao Paolo, Brazil) intramuscularly (20-40
mg/kg). Blood samples were collected before the animals were finally sacrificed using
cardiac puncture under deep anesthesia in the absence of pedal and corneal reflexes.
Blood samples were centrifuged at four °C and 5000 rpm/4696 g (Sorvall-Thermo
Scientific, Asheville, NC, USA) for 15 min to separate the solid blood components from
the serum and plasma (EDTA), and stored at -80 °C. Overall, rats were divided in 4
groups: 1) “Control OVX”, (n=9); 2) “Control SHAM” (n=9); 3) “Androgenized OVX"(
n=10); and 4) “Androgenized SHAM” (n=10).

Laboratory measurements

Total blood cholesterol, high-density lipoprotein-cholesterol (HDL-C), low-density
lipoprotein-cholesterol (LDL-C) triglyceride, albumin, and glucose were measured
enzymatically in serum using a commercial assay kit (Labtest Diagnostics®, Lagoa Santa,
Brazil). Markers of oxidative stress, ferric-reducing ability of plasma (FRAP), advanced
oxidation protein product (AOPP), Total oxidation status (TOS), Total Antioxidant
Capacity (TAC), nitric oxide (NOX) were performed exactly as previously published
[6.8]

Statistical analysis
Statistical analysis of the data was executed with the support of the software GraphPad

Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA). Comparisons among the
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groups were performed by ANOVA, followed by post hoc comparisons by the Tukey test.
Differences between independent variables of two groups were accessed by the Student
T-test or Mann-Whitney test according to the presence or absence of a normal

distribution. Significance was assumed at P < 0.05.

Results

Weight of animals

Both Androgenized groups (OVX and SHAM) were heavier than control groups at day
100 of life (ANOVA p = 0.01). After surgery, only Androgenized OV X rats continue to
have a significant gain in weight in comparison with the other three groups, including
Androgenized SHAM (ANOVA p= 0.0001). At day 180 of life, the weight in

Androgenized OV X (mean + SD) was 377.8 + 37.2 g versus was 289.5 + 9.75 g in Control
OVX, 306.6 + 10.48 g in Androgenized SHAM and 289.9 + 11,64 g in Control SHAM.

Metabolic profile

Differences in the metabolic parameters between Androgenized SHAM and Control
SHAM rats are shown in Fig 1. Androgenized SHAM rats exhibited a significant higher
total cholesterol (mean + SD) of 141.5 + 15.1 mg/dl versus 94.89 + 2.36 mg/dl (Student
t test p=0.01)(Fig 1A), elevated LDL cholesterol (mean + SD) of 47.6 + 4.89 mg/dl
versus 35.3 + 1.50 mg/dl (Student t test p=0.03)(Fig 1B), and triglycerides (mean + SD)
of 199.3 + 36.2 mg/dl versus 77.16 + 11.1 mg/dl (Student t test p=0.005)(Fig 1D).
Androgenized SHAM rats also show a significant elevation of TyG index, considered a
marker of insulin resistance: in Androgenized SHAM rats TyG was 141.5 + 15.1 and in
Control SHAM rats was 94.89 + 2.36 (Student t test p=0.01) (Fig 1F). No differences
were observed in relation to basal glucose in the four groups (Fig 1E). Remarkably, after
ovariectomy, those differences reported above disappeared (Fig 1 A, B, D, and F).
Exceptionally, Androgenized OV X rats presented a lower HDL levels (mean + SD) of
77.2+5.75 mg/dl against 103.0 + 14.2 mg/dl in Control OV X (Student t test p=0.01) (Fig
1C).

Oxidative stress markers
Examination of total oxidant status (TOS) showed a significant elevation in
Androgenized SHAM rats (mean + SD) of 38 + 3.29 umol/g protein versus 24.4 + 3.69
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pmol/g in Control OVX (Student t test p=0.01) (Fig 2A). Relative to direct oxidation
markers, Androgenized SHAM rats had a significant increase in ferric-reducing ability of
plasma (FRAP) (mean + SD) of 623.8 + 96.1 umol/L.g protein™ against 375.9 + 28.5
umol/L.g protein? in Control OVX (Student t test p=0.03) (Fig 2E). This last result
contrasts with a reduced advanced oxidation protein product (AOPP) in comparison to
Control SHAM rats (Fig 2F). After ovariectomy, FRAP levels became significantly
reduced in Androgenized OVX rats (mean + SD) of 221.3 + 13.3 pmol/L.g protein
against 385.7 + 72.7 umol/L.g protein? in Control OVX (Student t test p=0.03) (Fig 2E);
no differences in TOS or AOPP were observed (Fig 2A and 2F).

Antioxidant status was addressed through the total antioxidant capacity (TAC), albumin
(an antioxidant molecule which removes hydroxyl radicals with its reduced (-SH)
cysteine residue), and the levels of nitric oxide (NOX). Postnatal treatment with
testosterone induced a higher increase in albumin levels (Fig 2C) despite no elevations in
TAC or NOX (fig 2B and 2D).

Discussion

The present report shows, for the first time, that ovariectomy improved metabolic and
oxidative stress markers in a postmenopausal rat model of PCOS. As a whole, these
findings highlight the importance of steroids in the development of lipid and redox
disorders[4].

We explored a new possible phenotype of postmenopausal rat PCOS, combining the
protocol of neonatal androgenization with the realization of ovariectomy, usually
employed to simulate the menopausal condition. This unique approach supports an
investigation of the consequences of developmental programming in the absence of
supraphysiological concentrations of androgens. Previous studies tried to answer specific
questions in postmenopausal rats. For example, in the elegant study of Torres Fernandez
(2019) focused on evaluation the impact of liraglutide in PCOS, rats were treated
continuously with a pellet of dihydrotestosterone up to 17 months of age[9]. These
animals exhibited higher HOMA-IR, TC, LDL, HDL and triglycerides that decreased
after the treatment of liraglutide [9]. Another study, also evaluated the consequences of
chronic hyperandrogenemia through DHT treatment in female rats with intact ovaries

reporting adverse results on blood pressure, renal function, and glucose levels [10].
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Our study has some strengths: Firstly, it employed a validated animal model of PCOS,
according to previous publications[7,6]. Secondly, SHAM animals were euthanized only
during metestrous/ diestrous phases in order to reduce bias in oxidative stress markers
due to the influence of circulating estrogen. Thirdly, it followed OV X rats for more than
60 days in conditions of estrogenic depletion (estrogen levels were undetectable in all
OVX animals — data not shown). Limitations from this study came from the lack of
measurement of other inflammatory markers and key adipokines (such as adiponectin,
leptin, and irisin), androgens, and the absence of a dynamic test of glucose/insulin
metabolism.

In conclusion, our study shows that ovariectomy in androgenized rats improves the
metabolic profile (lipids and oxidative stress) despite a significant gain of weight. More
studies will be necessary to address the importance of androgens/estrogens on redox state

balance and the consequences on adipokines, fat depots and inflammation.
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187  Figure . 1 Changes in lipids, glucose, TyG index in androgenized and control rats
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Figure . 2 Changes in oxidative stress markers in androgenized and control rats
subdivided in OV X and SHAM groups.

Black columns = androgenized rats
White columns= control rats
Statistical significance (p <0.05) is indicated by (*) symbol.
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3. Concluséao

Com a realizacdo deste trabalho, conclui-se que o modelo pds-natal de
androgenizacdo com propionato de testosterona foi superior ao modelo pre-natal na
capacidade de produzir alteracbes importantes no perfil metabdlico e em alguns
marcadores de estresse oxidativo.

As alteragdes metabolicas observadas como (aumento de glicemia, indice TyG e
colesterol LDL) bem como os desarranjos do estresse oxidativo (aumento de FRAP) sdo
consistentes com anormalidades descritas em mulheres com SOP.

A realizacdo de ooforectomia mostrou-se capaz de melhorar muitas das alteracfes
reportadas tanto metabdlicas quanto de estresse oxidativo, ainda que animais
androgenizados e submetidos a ooforectomia tenham exibido maior peso.

Outros achados relevantes em ratas androgenizadas no quinto dia de vida foram os
relacionados a modificacdes no metabolismo 6sseo. O tratamento com propionato de
testosterona durante o periodo neonatal levou a um aumento no volume do o0sso cortical
(VOX BV / TV) e um maior nimero trabecular com reducdo da separacdo trabecular no
fémur distal na idade adulta. Entretanto, o processo de aumento do volume trabecular
isoladamente, ndo garante que a resisténcia 6ssea esteja aumentada em 0ssos longos que
dependem da qualidade e quantidade de 0sso cortical e caracterizacdo funcional através
do teste mecanico. Mais estudos precisam ser realizados para avaliar o papel dos atores
moleculares e suas interagdes com outras vias nos 0ssos de ratos androgenizados antes e

depois da puberdade.
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scarce information about redox markers (s the blood of androgenized mimal mm!eh Here, we
luated the ph d stress marker and bolic | of
prematal (PreN) and p 1 | PostN) androg d rat models of PCOS.
Materials and methods: Foe PreN androgenization (08}, 2.5 myg of tesasterone propronate
was subcutancously admisgstered (o dums st embryomic days 16, 17, md 18 whereas PostN
oy (n=7) was mplished by sib by injecting 1.25 myg of festosteroos
propionate to atderels af PosIN day 5. A unique costrol group (ie=8) was coostiuted foe compaison.
Resules: Our resalts sodicate that PostN grovp mts exhibeed p | d in the axida-
ve stress marker, an imcocased plasts fortc-reducing abilsty of plasma, and an incressal antxni-
dant capaoty reflocted by higher albuamin serum keveds. PostN anirmls also presentod mcressed
fo€al choesterol mnd toighyverade-ghucose levels, supgesiing sevore metabolic disarrmponedt.
Conchusion: Study findegs il that changes. in axidative stress could be promoted by
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teststerone proplonate exposire afier hirth, which & Bkely associmed with anovulation and/
or lipid disarrangement
Keywords: anzmal models of PCOS, oxidative stress, prenatal, postratal

Introduction
Polveystic ovary syndrome (PCOS} 5 a complex endocrine and metabolic disoeder
impacting $%u-10% of women at reproductive age. ' Although PCOS has been identi-
fied mamly by reproductive features (nhgo-lmcmrrhcn. hypermndrogenism, polycystic
ovary apy ). other bolic and mik y fstions, including disrup-
tion in cholesterol and glucose levels and the oxidative stress balince, have atso been
reported.* ™ A recent publication has found that total oxidative stress and antioxidant
capacity were inceeased i PCOS agamst controls.'' In this study, which also cvaki-
ated the four phenotypes of PCOS, o higher oxilative stress was related %o increased
andlrogens, plasma glucose, and tniglycendes, and decreased apoA concentrations, !
Studies i rodent models replicate many of the shoormalities observed in PCOS
women and, for this reason, have been used to exploce the pathophysiological basis
of the disorder.” 7 Currently, there 15 scarce information sbout the redox state in the
blood of PCOS rats, once the mugonity of the studies have focused most of their atten-
tion on the ovaries and liver, fat, and muscle tissues. ™"

Tes +55 $5 1220 8752 Therefore, the aim of this study was to compare the oxidative stress profile in two
Enail fabio comindDutym be difterent phesotypes obtainad by p I {(PreN)and p | {PostN ) androgeni
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Anexo. 1 Oxidative stress and metebolic markers in pre and posnatal polycystic ovary
syndrome rat protocols.
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profocols (both with testost peopionate). Thas research
worked with an anestrous rat model of PCOS (PostN andro-
genized mt or PostN group), an estrous mat model (PreN
androgenized rat or PreN group), and an androgenszed PostN
estrows rat model {PostN L group).

Our results indicate that modifications in the oxsdative
stress markers ins the blood occurred in the presence of severe
reproductive and metabolic disarrangements observed in
the female rats submitted to PostN androgenization with
testosterone propianate.

Methods

Animals

Thas study was approved by the Ethics Commuttes on Animal
Use (CEUA) of the Federal Unsversity of Sasta Marta {UFSM),
Brazil, under protocol number 100714, The perocedures with
nmimals were in agreement with the guidelines of the Bmzilian
Natsonal Council of Control of Anmal Experimentation that
follows the “Principles of Laboratory Animal Care” established
by the Natioral Institutes of Health, Bethesda, MIX USA.,

Overall, 46 female Wistar rats (Rais morvegicus var
albimes ) were used in this study and housed at the Labora-
tory of Biotechnokgy and Amimal Reproduction. BioRep,
UFSM. The ammals were maintained at a temperature of
22°C, 55%-65% humidsty under arsificial illurmnation on
a light-dark cycle of 12:12 h, with daylight from 7 am to
7 pas. Food and water were mven ad hbitum.

Atotal of 30 female rats were submitted to the protocol for
synchronization of estris. They recenved an intrapenitoncal
injection of 10 [U of equine chorionic gooadoropin (eCG;
Folligon™,; Intervet, S3o Paulo, Brazil), followed 48 b later
by 101U of human chorwnic gonadotropin (hCG; Pregnyl ™,
Organon, Cascavel, Brazil). and were placed with a male for
24 h. Matches were controlled; vaginal plug was checked
every 12 b Observation of the vagimal plug was considered
as the first day of pregnancy. Femuke mt pups were divided
into four groups for androgenization by treatment with
testosterone propionate of two control groups. Dams were
mamtained with their pups uatil weaning (21 days), PreN
hosmoos exposure was accomplished by the treatment of
pregnant dams during embryomc days 16, 17, and 18 through
a subcutaneous injection of 2.5 mg testasterone propionate
(Androgenol™; Hertape Calier, Juatuba, Brazil) (PreN
group), whereas vehscle control exposures were accom-
phished by similar trestment of pregnant dams with 2.5 mg
of comn oil (control PreN). PostN harmone exposures were

(PosIN group), whereas vehicle control PostN 5-day-old
animals received & subcutancous mgection of 1.25 mg of
corn ol (cantrol PostN}. ' The final groups were as follows:
PreN (n=8), PostN (n=7), amd control group (control PreN
with control PostN) (n=8). Another androgenized group,
PostN leupeolide (PostN L 6=7 ), included the treatment with
an mtramuscular (im) injection of 0.40 mg of leuprolide
acetate depot {Lectrum™; Sandoz Intermational GmbH,
Holzkirchen, Germany) m 2-day-old rats before PostN
androgenezation with testosterveie propioaaie. Information of
utber groups of kuprodide teeatment including the number of
animats per groap (eg, PreN androgenized with leuprolide)
15 avadlable in the Supplementary materials.

Euthanasia and sample collection

Atthe age of 110 days, the anmmals were tnnsferned and then
anesthetized with isoflurane by admensstering tramadol chlo-
e (Tramadol™; Pfizer, Sdo Paulo, Brazil) intramuscularty
(2040 mg/kg). Between 9 am and [ amy, blood samples were
collected befare the anmmals were finally sacrificed using
cardiac punciure under deep anesthesin in the absence of
pedid and corneal reflexes. Blood samples were cemtnifiged
at 4°C and 5000 rpm/4696% g (Sorvall-Thermo Scientific,
Asheville, NC, USA) for 15 min to separate the blood solid
components from the serum and plosma (ethylenediamine-
tetracetic acid) and stored at ~80°C

Laboratory measurements

Total blood cholesterol, high-density lipoprotein cholesterol
(HDL-C), low-densaty lipoprotein cholesterol (LDL-C)
triglyceride, albumin, and glucose were measured enzy-
matically m serum usmg & commercial assay kit (LabTest
Diasgnostics, Lagos Sants, Brazil).

Ferric-reducing ability of plasma (FRAP)

FRAP was assessed s previously described ™ In brief, the
FRAP reagent was frexhly prepared and warmed at 37°C by
mexing the following solutions: 1) 0.3 M sodium acetate buf-
fer solution (pH 3.6), 2) 10 mM 2.4, 6-iripyridyl-1-5-tnazine
n 40 mM HCl solution, and 3} 20 mM FeCl| solution at the
ratio of 10:1:1 (v/vv). Plasma (10 pl) was mcubated with
%) pL of FRAP reagent in a microplate for 30 min at room
temperature in the dark. Subsequently, the level of shsorbance
of the maxture was measured ot the wavelength of 595 nm
using a spectrophotometer. The FRAP values were caleulated
by using a calibmtion standard curve of FeSO, (0-2000 pM).

performed by the treatment of S«<lay-old mimals through a

b )

subcutancous mjection of 1.25 my testosterone propionate

All ts were performed al the same time. The
mitra-assay coefficient of vaniation was between | % and 2%
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Measurements of advanced oxidation
protein product (AOPP) levels in serum
Samples were prepared as follows: in o tube, 20 uL of serum
from cach mt was diluted into 100 pL. in phosphate-buffered
saline, followed by the addition of 10 pL of 116 M Kl and
20 pL of absolute acetic acad, The absorbance of the reac-
tion mixture was immediately read using a SpectraMax
1601 spectroph (Molecular Devices, Sunnyvale,
CA, USA) ot 340 nm against a blank containing 100 ul of
phosphate-buffered saline, 20 L ofacetic ncid, and 10 pL of
Ki solution *' As the linear range of chloramine-T absorbance
at 340nm 3 between 0 and 100 pM, AOPP concentrations
were expressed in pM chloramine-T equivalents. All mea-

ents were perf d ut the same time. The intreassay
cocflicsent of variation was 4%,

Total oxidation status (TOS)
TOS of serum was measured using a colorimetric meastre-
ment method.” Briefly, 225 pL of Reagent | (xykenol orange
150 uM. NaCl 140 mM, and glycerod 1.35 M in 25 mM
H.SO, solution, pH 1.75) was mixed with 35 pL of serum
ple, and the absorbance of each sumple was read spectro-
photoenetrically at S60 nm sy o sample blank. Subsequently,
1} pb of Reagent 2 (lerroas ion [5 mM] and odsanisidine
[10 mM] 0 25 mM H SO, solution} was added to the mix-
ture for —3-4 min. After mixing, the last absorbance was
read at 560 nm. The analytical sensitivity of the method was

Statistical analysis

The statistical unalysis was performed using GraphPad Prism
7.0 (GraphPad Software, Inc., La Jolia, CA, USA). Com-
pansons among the groups were performed by analysis of
variance { ANOVA ) followed by post hoe (Tukey) comparison
test. In the absence of a normal distribution. verified by Sha-
prro-Wik test, the data were analyzed by o Kruskal-Wallis
test, followed by Dunn's post hoc test, Proportion among
groups was compared by the Fisher’s test. Differences
between independent variables of two groups were accessed
by the Student s r-test or Mann-Whitney [-test aecording o
the presence or absence of a noem | destribution. Sigmficance
was assumed ot P<0.05,

Results

Weight of the animals

PreN androgemzed rats showed a lower weight at first PostN
day (mean = SD; 5162021 ) in comparison with PostN
androgenized (656404 g) and cootrol (6,3540.44 g) groups
(P<0.001) (Figure LA) AL dlay 50, PreN ruts continued 1o be
lighter than PostN and control mats: the mean £ SD of weight was
197.348 0 g for PreN, 219.521.5 g for FostN, and 210.5213 3 g
foe controf raty (P=0.01) (Figure 18). Finally, at 110 days, afl
groups dsplaved smlar weaghts: the mean = SD of 308.8£15.2,
3142150, 7enl 316.5210.67 g, respectively (Figure 1C), Groups
subyected to leuprolide acetate treatment dsd oot exhibit any
modific m the total weight (data not shown).

found 1o be 0.0076 absarbance amount (AX/uM), The assay
was calibeated with H,O,. and the results are expressed in
lerms of mic lar H,0, eg per liter (umol HO,
&quiviL). The detection limit of the method was determined
by evaluating the zero calibeator 10 times, All measurements
were performed at the same time, The intra-assay coefficient
of variathon was 6.5%.

Oxidative stress markers and antioxidant
capacity (albumin) in serum and plasma
PostN group rats displayed a significant inceease in FRAR o
muarker of direct oxidation, compared to PreN group rats. The
meant SDof FRAPin PreN was 36922 103 pmol 'L/ g protesn,
whereas that in the PostN groap was 96242108 pumol/L/g pro-

A Day ¥ B Day 60 c Day 110

8 5 o 250y a b g 400
= 200

56 b 5 30
150

F 5 £ 20

P<0 0001 100 P01 g
2 . 100
0 0 0

Con PostN  PreN
Figere | Wosgne of oats ot duys | UA), 80 (W1, and 1103C) of We.

Con PostN  PmN

Con PosN  PreN

Notes: Con (8 Poa® | andugersand (o7 Froll adigeniind (8], (A) APIOVA A<OI00 1, (B) ANOVA =001 Drdent lettors selcale & vnstoal s fiant

Atvwvsce (adumned Plevel <0045) obtased wih medtcomgarnon Tukey's e,

Abbrevations ANLYWYA, salyin of varsess; Con, contraty, Post) L podnatat Pref L prenasd

Jourrad of Infammation Research 2048:1 1

93



Dervey

. 1500

£ b

§‘ooo ab
iz 5 &
B e

= 0

Con PosiN_ PreN

P =g
Bz 4w
Iz

Con PostN PreN
Figare 2 Omdetww sress masrters 0 C, Prald, anst Pussd | res

immolg prosn}
=23 &8 8

Con PowN  PraN

2 Pe0.02
0

Albumin (mgdL)

Con PomtN  PreN

Notes: Wikes of ouidants TRAP (A), ADPP (B, TON (), and art-csdars, dsmin ©) B the Nood of ferrafe s, Con (o0 Posthd sagrogesiosd =7y Pred
ndrogenaed (=8 (A) AONA P=003, (D AIOVA P02 Diiect Nomens olito 3 S igScnt dikcence eluimed F e <0.05) obGaned with muly.

COnger tion Tibwy's tesL

Abbrevistions: ANHOVA, ewipin iof wraoce: AOPP, shrrced coxdason protam product; Con, controb; FRAP, fernc-redie rg ddafiey of plasm; Pntd |, poateasd; Pred L

presatas 10K, tosd oudanon watus

tein (A=0.03) (Figure 2A ). The mean £ SD of FRAP tncontrols
wis 644342586 pmol L/ protein. The difference between
PostN and controls did not reach statistical significance.

AOPP, another marker of direct oxalitive stress, was coempa-
rsbk amoag the theee groups (Figure 28). The PreN, PostN, and
control values were similar, with the mean + SD of 36 464201,
497523 32, and 43853213 nmmol/g protein, respectively,

Vales for TOS, which estimates the final oxidant sta-
ts, were superimposed among the three groups, As shown
i Figure 2C, similar festures were observed in the PreN
(mean + SD 63 78+ 14,68 pmol/L'g protein), PostN (mean
4+ SD 74.77424.9 ymol/Lig protein), or control (mean £
SD 67.5£20.9 pmol/L'g protein) groups. Notably, neeoatal
treatment with leuprolide acetate showed no effectan FRAP,
AOPP, or TOS m all groups (Figure STA-T).

Levels of serum albumin, a surrogate markes of anti-
oxidant capacity, were clevated in the PostN group (mean £
SD 5.2840.18 my/'dL) versus the control group (mean + SD
4,5520,12 mg/dL) (P=0,01), Intermediate values (mean < SD)
0f4.9540.4 were exhibited inthe PreN group (Figure 2D), The
treatmesit with Jeuprolide in the PostN L group was associated
with o significant reduction in albumin levels in comparison
with PostN mits (Figure S1K), These changes dil not occur
with controls (Figure S1) or with PreN rass {Figure S1L).

Biochemical variables
Total cholesterol kevels were sigmificantly redoced in PreN
rats (mean+ S0 77.23+11.4 mg/dL) m comparison with those

i FostN s (mean + SD 100.7£1 171 mg/dL) (£=0.01)
(Figure 3A). Differences between the total cholesterol levels
m the control group (mean & SD 86 4345.25) versus PosiN
aimost reached sigmificance (P=0.052). HDL-C and LDL.C
levels were similar between the three groups (Figure 3B
and ). Notably, the HDL levels decreased in the PreN
group after neonatal teupeolide treatment (Figure S2G),
other varables in PreN rats, such as glacose (Figure S2L),
wtal cholesterol {Figure S2C), triglycerides (Figure S2K),
and tnglyceride-glucose (TyG) mdex (Figure S20), did not
madify after leuprolide treanment. PostN rats, in tar, did
not show any metabolic modification after admimistration of
keuprolile acetate (Figure S2B, F H, J, and N),

Triglycenide kevels were increased in the PostN group
(mean = SD 88,849 3) compared 1o those i the PreN group
(msean £ 8D 63 527.2) (Susdent's e-test, 2=0,04). Overall no
changes in the tnglycende levels were identibed in the three
different groups (Figure 3D), although a significant higher
glucose was observed in hoth androgenized rodent models
(P=0.001) (Figure 3F), The product of TyG was icreased in
PostN ruls in comparison wath thst in the two other groups
(#=0.02) (Figure 3E).

As shown in Figure S2M, control mts treated with leupro-
lide ncetate (coptrol 1) exbibited an increase m the TVG mxdex,
suggesting a worsening of metabolic control (Figure S2D).
No other changes reganding total chal I, HDL-C, or
trighcendes were reported in coatrol rats (Figure S2A, E.
and 1),

Oowe
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Figure 4 summanzes the main dissimilarities between
PreN and PostN androgenized rat protocols m our study.

Discussion

Women with PCOS most frequently exhibie dyshpidema,
ucose intolerance/diabetes mellitus, and increased oxidative
stress marker levels, Our study evaluated whether different
protocols of androgenization leacing to normal and ab I

An increase in direct oxidation, FRAF. was dentified m
the pl of androg d Is in oar study. This result
contrasts with the work of Danseasa et al (2016)," where the
serum levels of malondialdelyde (MDA), a lipid peroxida-
ton marker, were samilar between letrozole-treated rats and
its controls. No madifications in MDA were also repanted
mn the ovary tissue of Sprague-Dawley rats submitted to
free testost (2 or 5§ mg) admunstration.'” although an

reproductive and metabolic rat phenotypes could be associ-
ated with a particular lipid status and redox balance in the
blood. We show that o combmation of changes in oxidative
stress (inereased direct oxidation and mereased antioxidative
profile) was observed in PostN mts extubsting anovulation:
anestrots and Increased TyG, whereas this phenomenon was
not observed in ovulatoey‘estroas PreN rats.

All groups of rats achieved a ssmilar final weight at the
end of the study. As a resull, it was possible to svox! pos-
sible bias related to higher adipose accumulation, which 1=
a predom haractensti of following the use of

plants with dihydmotestosterone (DHT), ' letrozole.
or other miscellancous protocels.*™ ™ We also observed ug
carlier weight reduction in PreN group rats at birth and day
60. This firclmg was consistent with previows reports of rats
undmgeniz:d with prog T 1k

increase in lipid peroxidstion products of the ovary was fourxd
in ketrozole mts by another study ™

In the present study, antioxidant capacity was estimated
in the serum of androgenized animals and controls through
the levels af albumin, Alb 1s capable of Ring
hvdroxyl radicals with its reduced (-SH) cysteme ressdue
(Cys34) and, therefore, considered as one of the major
antioxidant elements in the Mood of bumans and rats * =
We identified mereased serum albumin levels in PostN
rats compared with coptrols and the PreN group, In a
previous study, no differences in glutathione peroxidase
(GPxX), another antioxidant marker, were described between
letrozole rats and controls ™ However, an increase in the
antioxidant capacity measured by catalase activity and
superoxide dismutase or GPx has been wdentified n the
ovary of PCOS rats /24"
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One reason for the diverences amaong experimental stud-
ies may be based on the existence of several appeoaches for
the development of animal models of PCOS. Because of the
diversity and limstation of rodent models, it has been claened
that there is no ~gold standard” reproducing all aboormalses
seen in PCOS,* For this reason. caution is necessary to avoid
an indiscnnunate generalization of the meaning of PreN and
PostN models regarding the presented data,

Our results suggested a dual sugmentation in exidative
and antoxidative statuses that agreed with some findings m
the blood of worsen with PCOS. In s previous meti-analysis,
the mean of MDA, u direet oxcidunt marker, was —$0% higher
in PCOS than in controks. " Other direct oxidants such &5
dimethylargmine and homoeysteme and nitric acid were also
increased. However, in the sume stucly, antioxidant markers
were reduced (glutathxone), increased {supesoxide dismutase
activity), or equal (total antioxidant capacity ) to controls.”

A recent study (544 PCOS and 468 control women)
showed that all four typical phenotypes of PCOS based on
the Rotterdam criteria were associated with higher TOS and
oxidutive stress index (OS1) in comparison with control
women.'” Increased oxidative stress in PCOS was relsted to
higher plasma glucose and triglyoerides.'’ Remarkably, all
aligoanovulatory PCOS wamen, except PCOS women with
presumed regular cyeles, show an increased total antioxidant

o plira; GRRH g HOL. hgh-dessty Ipogeonnt

capcity i the serum ' In our study, anovulitory rats (PostN)
presented un increased TyG index. Ty G, the product of -
glycerides with ghicase, has been considered in humans and
m rodents as a surrogate marker of insulin resistance and
metabolic syndrome. ™ © We showed that only PosiN rats
exhibited stutistically significant higher TyG indices than
controls, whech may represent an addstional fink toward the
disruption of the oxidative stress markers.*

Althosgh the companson of tws models (PreN and PostN )
with an extra ovulatory control (PostN L rts) consisted in
one streteth of the present study, weakiess should be consid-
ered as well The realization of euthanasia in ruts at different
estrous cycles may also had an impact of estrogens on oxida-
tive stress markers, Other limstations of our research from
our poant of view were relatex! to sample size, the absence of
subgroups (lean, obese/voung. aged), and the lack of inclu-
sion of more antioxidant stress markers to the study.

Conclusion

The results presented suggest that an mereased direct oxi-
dation and an increased intioxidative capacity could be
associated with PostN treastment with testosterone propionase
(PostN), which isusually linked with anovulatory cyeles and
msulin resistance estimated by higher TYG, Androgenized
rats treated with leuprolide acctate (PostN L) and presenting

'” b et e
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Betboundi-Candevani S, A M, Bidbendi Yarandi R, ot o The tisk of

estroos cycles did not exhibit modifications ia blochemical
status or increased direct oxidation (FRAP) i plasma but
showed a reduced antioxidant capacity estimated by albumin
serum levels, PreN androgemzation, in turn, was related 10
a Jower wesght at birth but a less harmful phenotype: Alto-
gether, these findings continee 10 support the central role of
androgen excess, anovulation, and msulin resistance as the
key factors to trigger redox abnormalities in PCOS, Addi-
tiomal studies of the impact of weight gamn, high-glucose/
high-far die," or simply the long-term follow-up will
improve the comprehension of the intricacy moechanisms of
oxidative stress in PCOS.
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ABSTRACT

Mty!& cwary syndhome {PCOS) Inan Intricate disorder char-

acterized by :epnduttive and metabolic abnommalivies that
friay allect bone cqualiny and streagth along with the Mespan.
Th-pumt; analysed the inpact of postratal anckogen

zation {of & single mm testasterone proplanate 1.2%mg
subcutaneously at day 5 of life} on bone development and
markers of bone met abolism n adult fefnabe Wistar 1#s. Com-

pared with healthy canteobs, the results of measurements of
mikro compatodtamography (micro T) of the distal fernur of
andragenie fats indicated an mcreased cortical bane vaume
voxel bome votume to totat volume (VOX BV/TV) and higher
trabecular mmber (Th, ) with reduced Habeculs separation
(Thasp). M'rmm‘nnn was observed In the ley.

d;qfdmmwmmm Procolagen | N-termingl pro-

peptide ('lNP)uday 60 of life; reabsoiption cross-finked
-(-lelopqlﬂe of tyaelcomgen (CTX) markers were similar
betwoen the androgenized and controlrats st days 60 and 110
of life, The anatysis of gane expressian In bone indicated ole-

ments for an Increased booe mass such as the reduction of the
Duckkopl-1 factor (DAET) o negative regulator of asteoblast dif-

fes jon (bone fi Jon) and the reduction of Intereukin
1:b {il1b), an activator of asteadiast diffarentiation (bone re-

absorption). Resuits from this study highlight the possible role
dudn‘apmmulomgrmnq 00 bove micioahitecture
with reference to young wwueen with PCOS.

Introduction

Palycystic ovaty syndeothe (PCOS) s ane of the imost comenan hy-
pesandrogenic disorders amang women of reproductive age 1, 2),
The impact of PCOS on bone development has been & subject of
research that has reported conflicting results. Soth cross sectional

and longitudina studies have indicated that premenopausal
women with PCOS are protected from bone loss [3-5] orare at 3
highes risk of bore mass reduction [6-8). The difficulties in address-
Ing the effects of PCOS on bone ae based on different phenatypes
of the synd and could be refated to the variabées that influ

Mgl kS et ol Bore in e PO Exp O0n b ol DAdirees | © JTONE Thipeme, AR righty iyt
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ence minecal metabolism, such as diet, anmaulation, slimentary
disotders, insulin resstance, and sterofd miliew.

Radents have been emplayed in translational studies of ostea-
poresis in humans and ako for investigating deyelopmental pro-
gramiming in POOS. A rodent model of PCOS replicates many met-
abokc md reprodusctive sbnormalities that are obsesved inwornen
wath PLOS; therefore, these animals are dered a valiable tool
to dissect complex mechanisims In the development of this disor-
der. In a study by T etal, with testo pro-

Kontich, Belguum), The X-1ay tube was set to S0kV, and the beam
weas filtered with a 0.5 mm aluminum flter. The sample position
and camera settings were adjusted ta provide a 3.0-pm sotropic
pixed size, and projection images were collected every 0,27, Recon.
structions were done with NRecon {v 1.6.9.8: Bruker micro-CT).

Enzyme-linked immunosorbent assay (ELISA)
Pracollagen | N-terminal propeptide (FINP) and cross-linked C-tel-

plonate in young Sprague-Dawley rats, at day 9 of life, was effecs
tive In Increasing their bone mineral density (BMD), whichwas de-
fined by bane densitometry [9]. However, rats In this study were
not fully characterized as PCOS rats as the presence of cycles was
not addressed [9], Rats can be considered a valuable model far
studying PCOS because rats that are subjected to tﬂm
trestment during the neonatal periad manifest :ryxwmvw
lation, polycystic ovaries, an increased proportion of atretic folli-
des, insulin resistance. and dyslipidernis 10,11, deomw
study aimed to reexamine the rake of PCOS inbone rlltabolﬁmby
Investigating an avary ntact young rodent madd aof Pcp&'hhn
ehibited polycystic ovaries and fewer estrous cyckes) (10]. Addi-
tonaly, we examined the impact of postuﬂamimjembmon
bone markess of formation nd reabsorption Mwmd CTX)“
meaostructure {micro-C 1)..

Material and Methods

Ethical statement

At Institutional and Nationat Guidetinesfor the care and use of an-
wmals were followed. This study was approved by the Jocz EIMB
Committee on Animal Lbe{(ﬂMUPSW mprm number
100/14, In accordance with ARRIVE qm

Animals

Fernale Wistar rats (Rattus norvegicuy albinus} (n=14)aged 1 day.
were used In this study. The dams were with their pups untd wean.
00 (21 days), The rats were malatained at a temperature of 22°C,
55-65% humidity, and under atificial ilumination with 3 124
bght/dark cyde. The ratswere fed astandard peliet det with m
given ad libiturn, as previously described [10].

peptide of type 1eollagen (CTX) leveds (CV < 10%) were measired
Inserum o o single occasion using & specfic 1t ELISA (Cloud Qane
Carp, LSA] a(ﬂmﬂng ta the manufacturers’ protocols,

Quantitative real-time reverse transcription
polymerase chain mcﬂon (RT-PCR) analysis
The femur was collected Jt!: euthanasia, cleaned of muscle and
soft connective W“Mhmhﬁﬁ and stared at - 80°C. Be.
fore mmmloq.thbonc medulla was manuaity removed and
washed several times with PBS, and the spedimen was frazen In ig-
mﬂwmwmm The tatal RNA wes obtalned
mm‘ (w:f«lmm FosterCity, CA, United States), fol-
lowing the mwfmmmumcmm After that, the samples
were treated with Diasei™ (Life tedmolwex United States) and
RNA Wﬂﬁmqmnﬁed In 4 spectrophotameter NanoDrop
(ND100O, Thermo Scientific) with a wavelength of 260 nm. Total
RM“W)“@PJMWK"(Me Ampification Grade
I - Iavitrogen) at 37°C within 5 min to digest any contaminating
DNA. mmummrpum reaction m:nuAmspufmm
according to the manufac turer's | i g the (Script cONA
smﬁqs Kit™ (Rio-Rad). After obitained, :DNAi were kept in
~20°Cfreepet until the gene eapression was checked. Two genes

- of reference were employed: Cydophilin A (NM_017101.1) and

Gapdh {NM_017008.4). Details of peirmers and genes of interest
used in thisstudy are disposed of In the (= Table 1S). The qRT-PCK
mwom\dm:pamnbdmdnmematowvdmdzou
(inchuding 10ng of CONA. 10 of Tagéan Universal PCR Master
Mix, and 11 of the assays) and were carried out on CFX384 real:
&m?(l!sy;telm (Blo-Rap) (Hercules, CA). The cycle conditions

were s follaws: 50°C for 2min, 95°C for 10N, 45 oyclesof 95°C
Icwgandao'cfonmn The data were analyzed using Bio-rap
M Softwate (version 3.0), and Ct values were trans-
Whm using the comparative Ct method {DOCE, Life
Technalogies), as previously described [12).

Experimental procedures [
Pustiatal hotmone expossres were perforrmed by the treatrient Statistical analysis
of 5-day-old anirnals through a subc 8 (SC) I of  The statistical analysif and graphs were performed using the soft.

1.2% mg testosterone proplonate {Androgencd™) (andiogenized
group), and vehicle control 5-day-old animats eceived 1.25mg.
coim oll SC {control group) | 10]. Retro-cebital blood collection was
performed atday 60 using a mico -hermatocrit capillary tube, Lndes
deep anesthesia (isofurane); at day 110 of life, bload was collect -
od by cardiac pancture after euthanasia as previousty described
10},

Acquisition and analysis of the distal femur images
using micro-CT

The structural propertees of the trabecubar and cortical fermur were
determined with a high-resolution micro-CT system (SkyScan 127,

ware GraphPa‘!rl;m 6.03 (GraphPad Software Inc., San Diego,
wmaﬂwm among the twa groups wese performed using
Student’s ttest. In the absence of @ normal distribution, the data
were analyzed using a Mann- Whitney test For the analysis of more
than 2 growps having normal data distribution, the ANOVA test was
performed. Significance was assumed at p<0,05. Additionally, data
were also analyzed by Cohen's effect size analysis and effect size
with Cohen’s d value of 0.8 and sbove considered s large magni-
tude differences are reported |12, 13] This analysis has been sug-
gested to the study of srmall sample sizes to reject the null hypath-
esis[14).

M2 RS o o B b Rt O, Eap Ol o ned Dbbetes | © 2800 Thverme Al dghts reseromsl
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Results

Micro-CT analysis of distal femur

Cortical 8one

The VOX BV Indicating a higher bone volume was significantly highet
In androgenized rats (1,28 2 0.09) versus control rats (2,89 £ 0.07,
P0.07)(» Ag. 1), However, other parameters such as VOX-TV (» Fig.
1d), VOX-BV TV (»Fig. 1), and the corticat thickness {» Fig. Th) were
simiflar between the two groups (P>0.05).

104

Trabecular bone

Androgentzed rats show marked madifications in trabecular bone of
the distal fenmwir. This group presented a significantly higher WO BY/
TV(0.41 20.04) versus controls (0.27 £0.01, p=0.01) {»Fig. 1b)
Androgenized rats exhibited, respectively, a higher nambes of tra

beculae (7.320.74) versus control rats (5.55 20,19, p~0.048)
(» Fig. 1e) and lower trabecular sepadation (Th-Sp)(0.1320.01)
versus controls (0,17 £0.006, p=0.04) {» FAg. Th) (» Fig. 1g). Tra

becular thickness {Th-Th) was not different between these two
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#Fig. 1 MicoCr anadysis of Aadrogeniaed rat on diy 110, Andeogeasaed cat on day 110 extibited 2 marked Incresse in trabecular hoee chacacter
ioed by angmentation of the voued bone volime to tosal vokame, VOX v/ TVT] b, trebeaular number & md redoction of trabecudar separation LS
these contrasts between control and andeogeniand rats amw fepresentod 10 a Cross-sectional 2 inage | k where monne srabecdae afe otwerved in
erfrogenised rats. No differences were seen in Sevms of trabecular thickness (1) or the vosed trabeculer volame VOX- TV {T) € Cortical bone partam
e s, encepting for an increese 1 the woel bone volume VOIC-BY 3, were sirilar between the groups - the vosel trabes e volime VOX-TV d vl
hone vohame to total volume VOX B/ TV F, and Cortical Thickness b Androgentaed n = G; controd n= G,
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#FIg. 2 Anatysis af Bove e s of lemale control and andiogeniznd (ats ot days S0 and 110 PMasers kevis o Boee Socmation (P10} 3 ad bone
reabsorpaon (C1X) bwere vgreficantly higher in yoonger {day 60) than older animals (110 of Ae). An incremed Coben effect size { ) for P1r@ wn
observed at day 60 swggessog a higher booe formation in andiogenized rats verws control. Resalts are expeessod in mean + SEM. Day 80: bath

Foups n=4; day 11k Andiogenied m=4; control n=#,

groups {» Fig. 11). The result of VOX- TV was 8.7440,33 In andro-
genlzed rats versus 0.70 £ 0.47 in controls; VOX-BY (= Fig. 1c). This

Theresults of our study, however, do not explaln why these
chinges occusred. Besides the fact that the administration of tes-

contrast in trabecular mass was observedina tional 20
nage (1}, 1K),

Bone markers

Plasma leveds of P1nP and CTX in young rats at day 60 of life were
significantly higher than that in adult rats Janalysis of varance
{ANOVA)| (F10P p< 0.0005: CTX p<0.0001) (»Fig. 2a,b). At day
60, the mean £ SEM of PInPwas 84172111 ng)mi mm
rats and 62,45+ 6,84 ng/ml In contrals (p = 0.1 1) (*Fig. 2a); how-
ever, a non-significant Rrgemagnitude efiect stze was observed In
the levels of circulating bone formiation (PINP) at diy 60 of ife, CTX
vahie in andeogenized rats {d60] was 1694 £ 42,4 pglmi against
1618+ 25.5 pa/ml (NS) (» Fig. TK). At day 110, the mesn + SEM of
P1rP wars 16.16% 4,05 ngfmi Inandrogentzed rats and 23.55 £ 10.44
ngfml In controls {»Fig. 1]); the CTX value in androgenzed rats
{d110) was 390.9£0.92 pg/mbagainst 452.3 £ 129.2 pa/ml (NS)
{»Fig. 2b).

Gene expression

* Fig. 15 shows the results of gene expression for bane formation
and reabsorption factors in rat fermurs. We observed at day 110 In
androgenized anirmals, 4 significant reduction in Wit geneexpres-
shon (p =0.049) and a non-significant decreased magnitude effect
size of the genes of CRkT, ¥ h in bone. No differences could be de.
tected for the fallowing genes: Connb T, lafi, Sost, Lips, tp6, Notch,
Opy (trifsf1 16}, Bryp21, Birp2, The2, and fgfi2.

Discussion

¥ the present study, testosterane ad atlon on day S of e
praduced naticeable bone modifications In a redent moded of
PCOS. When compared with canteal rats, the Femur from andra-
genized female rats exbibited a higher bone vohime associated with
anncreased trabecular sumber and a lower trabe cular se paration
onmicio ClL

during the neonatal period Increases androgen leveh,
this occurs shortly, and no hyperandrogenism is obsarved at adult
age, I spite of other reproductive manifestations of PCOS {10,
Therefure, further studies regarding developmental programming
on bane formation need to be conducted. Analyzing genes that
cantral bone, at day 110 of life, revealed a reduction of DkkT (neg-
#ive regulator of wint sgnafing | that suppoarts an increase ¥ bone
formnation and a decrease iy 10 (an activator of osteockast diffes -
entlation) indicating a reducticn in bone reabsorption. However,
Wit expressian, related to cananical Wit [B catenin InfICFL path.
wiay, was 2iso decreased; this indicated a reduction in asteoblast

differentiation, proliferation, and mlnmkatlon

The tinings during which changes d i In bone metabol
are abo relevant. According to car results, an effect sze of lage

“magnitude In bone formation {PINF) cccurted at day 60 of Iife, but

not at day 110, suqgesting an earlier impact of androgenization on
Bone mass. in bumans, as i rats, bene development occurs at a
proper tune owing to the presence of crculating stevolds, Andro-
gens may exert & postive Influence on bane metabolism through

~androgen teceptoes (AR} that are present in cells such as asteo-

blasts, osteoclasts, and osteneytes or indirectly through its conver -
slon to estradiol [15-18 1t s knoan that the combination of es-
trogens and testosterone produces a higher femur BMO, total 8M0,
ncreased booe volume fraction, trabecular numbey, and trabiecu.
Lo thickness as assessed by micro-CT, when compared to controls
119]. Nevertheless, a positive effect of progesterone on trabeculas
hone, which Is suggested in the literature [20], cannat be definl-
tively exclded, because androgenized rats are reported to remain
& metestrus for atonger persod of time when progesterone levels
aeinceased. At p t, the rel eof these findings needs to
be cautiomly extrapolated for adolescents with PCOS. For exam.
ple, ina study conducted by Bechtold and coleagues, adalescents
with PCOS aged between 124 and 18 years (mean age, 14.96 41,42
years)shawed Ivgher trabecular and cortical bone mass compared
ta the healthy reference population [21]. However, studies inlate -
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adolescent and adult women with PCOS reveal 3 reduction In bone
mass, PINP, and osteacaldn |8, 22-25).

In condusion, t with e progionate during
the neonatal period led to an ncrease in the cartical bone volume
{wOX BY{ TV} and a higher trabeculas number with reduced trabec-
ular separation in the distal femur dising adulthood. Despite the
limitations of cur study refated to a lack of snalysis of the axial skel-
eton and the absence of a mechanical test to address the strength
of the bones, our findings highkght the podtlvrhnpxtofmd:o—
Qgenzation on rat bone development. Further
conducted to evaluate the role of molecular players| aid thelr in-
thMﬁloﬂrfpaﬂlmyﬂnthebmaﬂMogaﬂﬂd'm
before and after puberty,
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Supplementary Material

»Table 1S Ut of the priemer s used for detecton aod guantification of gere Wansoripts.
G Refarence Sequence Forward primes Reverse primer
Ar NM_01 2542, 1 CTGGATGGGACTCATCGTATTT CAGGTCAGGTGCAAALTACAG
oAkt NM_DO 11063501 ATCCCTOTGALCACAGCCATT CACGTOORC AT TGLCAAGGT

___@ NW_052807.2 CAATATC AL ALACCCGOAALAL CCATACCOIACAGAGTGAAALK
Cerdt NM_DS335).2 CICAGARAIGTCIGLCATAG TLUTCGGAAALGT TGTGIAG
faf NM_052807.2 CAATATC ACALACCCGOAAGAG CCATACGOTACAGAGTGAAALG
Sost NM_DI0584.1 GUCAMGECTTCAAGARTCATG CGTCTGGTRGTTCTCTAGT O
{pS NM_001106321.2 TIGICATCTCTGECCTTIGTATC CCTGLCAGAMGAGARCCTIAC
s NM_001107392,1 CTTGCTOGGLCACTATGTTTA GICTGGEAGCTGG TCTATTAIG
osch NM_001105721.1 ATACCCC TGTGGCACAATAMG CCATGGTCTGACATTECTCATE
Opy NM_012870.2 CEACCE TGAGAAAGACGATATT CLGATOAC AL AGAMCATAG TNGAAG
[ NM_012589.2 GO TTGCCGAG TACACC TCA CTOGCTAAGGACCARGALCA
(3] NM_D11512.2 AAACAAGCTCLTTGLGTCCT CAGGAAGLCACTGTCAL TEA
[T NM_01717%1 ATCCAL TCCALAAALLAGAAA CCNCATCAL FLAAG ICCACATA
flv2 XM_017596193.1 LACAT TAAL ACTGAGGAL TACAL CLTCCATCTCOAAAGACLT T4
Fafv2 NM_001109892.1 COTCATCCCARGATCACT TAAT CAATGTGALCAGTGTGTIAACT
Cycoghio A NM_01/101.1 CAAACAAGLCATGAGCAT TGTG COCCGUAALTCAAAGAAAT TAG
Coprdh NM_01 7008, 4 TCALACCLALCTTEA
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»Fig. 15 Corw wxpression Ko bore Sarmmation and redtacrption fatoes o androgentand and contiol s o day 110of e, 3 DRX1 b RAT, e WNT d
ST, e P2, TCTNET, g FOER, WCET DIGHTR, J 1L, kLRPs, [ LRPG, m ORG, 0 SOST, 0 NOTCH. Results are expeessed in mean £ SEM. Androgentzed
n=b; el n~6.
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