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APRESENTACAO

Esta tese de doutorado esta organizada em seis topicos: introducéo, objetivos,
metodologia, resultados, discusséo e conclusdes. A introducédo traz uma breve
revisdo sobre a fisiologia da foliculogénese ovariana com descricdes morfo-
funcionais. Traz também uma abordagem sobre os modelos experimentais
utilizados para estudar a fisiopatologia e a etiologia da Sindrome dos ovarios
policisticos. ApGs a introducdo sao apresentados os objetivos do trabalho. Na
metodologia descreve-se o detalhamento dos procedimentos experimentais em
relacdo a investigacdo no modelo experimental estudado, sob estimulacdo
aguda da foliculogénese e condi¢céo de hiperandrogenismo. Ainda, com relacéo
a revisao sistematica realizada como segundo estudo, foi descrita a sele¢do dos
artigos e o tipo de estratificacao utilizado para classificar os diversos estudos. O
quarto tépico trata dos resultados obtidos. Este esta organizado em dois estudos
ja publicados. O primeiro artigo descreve os dados obtidos sobre alguns
aspectos da funcdo ovariana em modelo de inducdo aguda da foliculogénese
sob condicdo de hiperandrogenismo. O segundo artigo -revisdo sistematica-
teve por objetivo sumarizar os estudos realizados em roedores e primatas nao
humanos utilizados como modelos animais de PCOS, considerando as principais
caracteristicas semelhantes a PCOS: hiperandrogenismo e alteracbes na
morfologia ovariana. O quinto topico abrange a discusséo dos resultados obtidos

e 0 sexto topico traz as conclusdes referentes aos dois artigos.
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RESUMO

Introducdo/objetivos: A sindrome dos ovarios policisticos (PCOS) € uma disfungéo
endodcrina comum, afetando entre 9 a 18% das mulheres em idade reprodutiva. A
etiologia de PCOS ainda néo esta bem definida, e por isso, as informacdes advindas de
modelos experimentais podem ser Uteis para elucidar os mecanismos do
desenvolvimento inicial de PCOS. Ainda, considerando o fato dos androgénios poderem
agir diretamente na foliculogénese em estagios pré-antrais e saber que o excesso de
androgénio pode prejudicar este processo fisioldgico, esta tese teve dois objetivos: 1)
avaliar os niveis de hormonios sexuais e a morfologia ovariana em um modelo animal
de ratas pré-puberes submetidas ao tratamento agudo de gonadotrofina coridnica
equina (eCG) e desidroepiandrosterona (DHEA); 2) sumarizar em uma revisdo
sistematica os estudos que utilizaram roedores e primatas ndo humanos como modelo
animal de PCOS, selecionando aqueles que apresentaram os dois desfechos
reprodutivos:  hiperandrogenismo e alteragbes na morfologia ovariana.
Métodos: estudo 1. ratas Wistar pré-puberes foram distribuidas em 3 grupos
experimentais: controle, eCG (dose Unica de injecdo com 25Ul de gonadotrofina
coribnica equina) e eCG+DHEA (25Ul de eCG + dose Unica de DHEA, 60 mg/kg). Foram
realizadas dosagens hormonais de DHEA, testosterona e estradiol assim como
morfologia e morfometria ovariana foram analisadas. Estudo 2: busca na base MEDLINE
de estudos em inglés e espanhol publicados até outubro de 2016. Foram identificados
933 estudos, e 39 foram incluidos na revisdo sistemética e estratificados em 3 classes
de intervencdo: inducdo por androgénios, por estrogénios e outras intervencdes
diferentes das hormonais.
Resultados: estudo 1: o grupo eCG+DHEA apresentou niveis aumentados de estradiol
e testosterona comparados ao controle (p<0,01) e altas concentracbes de DHEA
comparados ao grupo eCG e controle. O nimero e o diametro de foliculos primarios e
secundarios foi maior no grupo CG+DHEA em relagdo ao controle (p<0,05). O grupo
eCG apresentou valores intermediarios no tamanho e namero de foliculos primarios e
secundarios. A quantidade de foliculos antrais foi maior nos grupos eCG+DHEA e eCG
comparados ao controle (p<0,05). O numero de foliculos primordiais, atrésicos e
cisticos, foi similar entre os grupos. Estudo 2: Dos 39 estudos selecionados, 1 estudo
comparou a intervencao de androgénio com estrogénio, 18 utilizaram estimula¢cdo com
androgénios, 9 utilizaram estrogénios ou drogas com acgdo estrogénica, incluindo
disruptores enddcrinos, e 12 utilizaram outras intervencdes diferentes de hormdnios
sexuais. A maioria dos modelos apresentaram alteracdes na morfologia ovariana,
principalmente o nimero de cistos e foliculos antrais com diminuicdo na propor¢éo dos
corpos luteos. Hiperandrogenismo foi promovido por inducdo de androgénios. Nos
estudos com estrogénios nao foi observada alteracdo nos niveis de androgénios.
Concluséo: No estudo 1, a indugéo aguda por eCG + DHEA foi util para investigar os
eventos envolvidos no desenvolvimento folicular inicial sob condigcbes de
hiperandrogenismo, sendo uma ferramenta valida para o estudo de alteracdes no
desenvolvimento folicular que podem ocasionar consequéncias prejudiciais com o
passar dos anos, sendo um modelo em potencial de PCOS. No estudo 2, a intervencao
com tratamento com androgénios, tanto no periodo pré- ou pos-natal, foi capaz de
reproduzir caracteristicas reprodutivas mais similares a encontradas em mulheres
PCOS em primatas ndo humanos e roedores, respectivamente. Comparacdes entre as
diferentes intervencdes utilizadas nos modelos animais podem ser Uteis para definir o
momento especifico em que os fendtipos reprodutivos semelhantes a PCOS surgem
nos animais.
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ABSTRACT

Background/Aims: Polycystic ovary syndrome (PCOS) is a common endocrine
disorder, affecting 9-18% of women in reproductive age that causes hyperandrogenism
and infertility due to dysfunctional follicular maturation and anovulation. The etiology of
PCOS is still poorly known, and information from experimental animal models may help
improve current understanding of the mechanisms of PCOS initiation and development.
Added, androgens may directly modulate early ovarian follicular development in
preantral stages. Indeed, androgen excess before puberty may disrupt this physiological
process. Thus the aims of this tesis are: 1) investigation the dynamics of follicular
morphology and circulating androgen and estradiol levels in prepubertal Wistar rats
acutely exposed to androgens; 2) conduction a systematic review of currently available
methods for simulation of PCOS in experimental models, focusing on two main endocrine
traits: ovarian morphology changes and circulating levels of sex hormones and
gonadotropins.

Methods: study 1: Prepubertal female Wistar rats were distributed into three groups:
control, equine chorionic gonadotropin (eCG) intervention and eCG plus
dehydroepiandrosterone (DHEA) intervention (eCG + DHEA). Serum DHEA,
testosterone and estradiol levels were determined, and ovarian morphology and
morphometry were assessed. Study 2: we searched the MEDLINE database for articles
in English or Spanish published until October 2016. Of 933 studies identified, 39 were
included in the systematic review. They were stratified into 3 classes of intervention:
androgen-induced stimulation, estrogens or drugs with estrogen action to induce PCOS-
like models, and miscellaneous interventions.

Results: study 1: The eCG +DHEA group presented increased serum estradiol and
testosterone levels as compared with the control group (P<0.01), and higher serum
DHEA concentration v. the eCG-only and control groups (P<0.01). In addition, the eCG
+DHEA group had a higher number of, and larger-sized, primary and secondary follicles
as compared with the control group (P<0.05). The eCG group presented intermediate
values for number and size of primary and secondary follicles, without significant
differences as compared with the other two groups. The number of antral follicles was
higher in the eCG +DHEA and eCG groups v. controls (P<0.05). The number of
primordial, atretic and cystic follicles were similar in all groups. Study 2: broad differences
were found among the studies concerning hormonal interventions, animal species, and
developmental stage at the time of the experiments, and most models resulted in ovarian
morphology changes, mainly increases in the number of cystic and antral follicles and
decreases in the corpus luteum. Hyperandrogenism was produced by using androgens
and other drugs as the stimulatory agent. However, studies using drugs with estrogenic
effect did not observe changes in circulating androgens.

Conclusion: In the study 1, the experimental model using an acute eCG +DHEA
intervention was useful to investigate events involved in initial follicular development
under hyperandrogenic conditions, and could provide a reliable tool to study defective
follicular development with possible deleterious reproductive consequences later in life,
possibly being a PCOS experimental model. Study 2 demonstrated that medium- or long-
term testosterone administration in the pre- and postnatal periods performed best for
induction of a PCOS-like phenotype, in rhesus macaque and rat models respectively. In
rats, postnatal exposure to androgens results in reprogramming of the hypothalamic-
pituitary-ovarian-axis. Thus, comparisons between different intervention models may be
useful to define the timing of reproductive PCOS phenotypes in experimental animal
models.
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1. INTRODUCAO

Caracteristicas do tecido ovariano

Os ovarios séo as gbnadas femininas responsaveis por armazenar as células
germinativas e estéo localizados na cavidade pélvica. Cada ovario é formado por
dois tipos celulares: células germinativas e foliculares (Palma, Argafaraz et al.
2012). As células germinativas proliferam, rapidamente, através de mitoses e
meioses gerando o0s ovocitos (gameta feminino). Concomitantemente, as células
foliculares sdo modificadas do estroma, e se dispbe ao redor dos ovécitos,
originando o foliculo primordial, que € reconhecido como a unidade funcional
ovariana. Assim, as células foliculares promovem um ambiente adequado para
0 crescimento e nutricdo do ovocito durante todo o desenvolvimento folicular
(Uzumcu and Zachow 2007). Quanto ao reservatorio de foliculos primordiais,
este é formado na vida embrionaria em humanos e no periodo neonatal em

roedores, permanecendo por toda a vida reprodutiva (McGee and Hsueh 2000).

Regulacgéo do ciclo reprodutivo

O eixo hipotalamo-hip6fise-ovarios é responsavel pela atividade ovariana
qgue compreende o desenvolvimento de foliculos ovarianos e sintese de
esterdides sexuais. Sua funcionalidade € estabelecida no periodo da puberdade,
e se inicia pela atividade do hipotalamo, que secreta o horménio liberador de
gonadotrofinas (GnRH). Este estimula a producdo do hormdnio foliculo

estimulante (FSH) e horménio luteinizante (LH) pela hipdéfise. Estas
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gonadotrofinas atuam nos ovarios estimulando a sintese de estradiol e

progesterona. (Zeleznik 2004)

A regulacdo destes hormodnios sexuais € regida por dois tipos de retro-
alimentagao: negativa e positiva. A regulagéo negativa na maior parte do ciclo
menstrual € essencial para que haja a manutencdo de foliculos em
desenvolvimento no ovario, impedindo assim o0 esgotamento acelerado do
reservatorio de foliculos em repouso. A producao crescente de estradiol e inibina
(hormoénio protéico) pelos foliculos ovarianos em desenvolvimento é capaz de

diminuir a secrecéo de FSH e LH (Zeleznik 2004).

A retroalimentacdo negativa € mantida pela regulacdo inibitéria que os
esteroides sexuais exercem na secrecao e acao de GnRH, FSH e LH. Ja aretro-
alimentacao positiva é extremamente importante para a ocorréncia da ovulacgéo.
Nesta, o estradiol, em concentragdo maxima, aumenta a sensibilidade das
células hipofisarias ao GnRH. Com isso, eleva sua capacidade de sintetizar e
liberar LH. Além disso, a progesterona sintetizada neste periodo devido a prévia
sensibilizacdo das células da granulosa ao LH potencializa a secrec¢édo de LH e
FSH que entdo, desencadeia o0 pico pré-ovulatorio de gonadotrofinas. Este
evento proporciona um pico de gonadotrofinas que desencadeara a sinalizacéo

necessaria para a extrusao do ovocito — ovulagdo (Uzumcu and Zachow 2007).
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Figura 1. Regulacdo hormonal do eixo reprodutivo hipotdlamo-hipéfise-ovarios. Imagem
adaptada de wikiciencias.casadasciencias.org.

Ciclo Ovariano

As mudancgas ciclicas que ocorrem nos ovarios devido as alteracoes
hormonais levam a alteracdes celulares que permitem aos foliculos iniciarem e
continuarem seu desenvolvimento, sendo este processo denominado

foliculogénese.
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O desenvolvimento folicular € um processo dinamico que possui dois
momentos distintos. Primeiramente, os foliculos primordiais séo recrutados do
reservatorio de foliculos em repouso para iniciar 0 seu crescimento. A secrecao
e acdo de fatores de crescimento autdcrinos e paracrinos promovem o
crescimento sincronizado das células da granulosa e ovécito. Deste modo, o
foliculo ovariano se desenvolve em foliculo primério, secundario e antral inicial
(Suh, Sonntag et al. 2002, Zeleznik 2004). A segunda fase importante da
foliculogénese é o desenvolvimento a partir do estagio antral inicial, que depende
da presenca das gonadotrofinas hipofisarias (FSH e LH). A elevacao nos niveis
de FSH, seleciona alguns foliculos preantrais para completar seu
desenvolvimento. O restante dos foliculos ndo selecionados entra em processo

de atresia.

A producdo crescente de estradiol e a inibina, também produzido pela
granulosa, inibe o FSH, fazendo com que muitos foliculos em desenvolvimento
deixem de ser estimulados. Permanecem somente os foliculos em estagio
avancado, que possuem sensibilidade maior ao FSH, devido a expressdao mais
elevada de receptores (Zeleznik 2004). O pico pré-ovulatério de LH e FSH
determina a maturacédo das células foliculares ocorrendo a maturacéo do ovécito
e a diferenciacdo terminal das células da granulosa. Além disso, ha ativacao de
cascatas de sinalizacdo especificas que culminam na ruptura folicular com

consequente liberacdo do ovadcito apto a ser fertilizado (Eppig 2001).
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Dinamica morfo-funcional dos foliculos ovarianos

Durante toda a vida reprodutiva os foliculos primordiais em repouso sédo
recrutados ao desenvolvimento. Uma vez iniciado o crescimento, o foliculo
primordial “ativado” comecga a se desenvolver em foliculo primario, secundario e
sequencialmente em foliculo antral (McGee and Hsueh 2000). Este crescimento
folicular é caracterizado por mudancas morfolégicas do foliculo primordial que, a
principio, possuem um ovacito circundado por uma camada de células foliculares

pavimentosas precursoras das granulosas, chamadas pré-granulosas.

Figura 2. Foliculo primordial: estrutura composta por poucas células pré-granulosas
pavimentosas, pouco organizadas. Aparecem dispersadas por todo o cortex ovariano, mas
podem estar em grande propor¢cdo em sua parte mais superficial, préximo ao epitélio ovariano.
O nlcleo do ovécito ainda é grande comparado ao citoplasma.

Uma vez recrutados ao desenvolvimento inicial, os foliculos primordiais
entram na transicao para se tornarem foliculos primarios. Os foliculos primarios
possuem células morfologicamente diferentes das encontradas nos foliculos
primordiais. Enquanto as células do foliculo primordial possuem formato
pavimentoso, as células do foliculo primario sdo cubodides, sendo denominadas
de células granulosas (CG). Esta camada de granulosa € externamente envolta
por uma membrana basal, que separa o foliculo em desenvolvimento do estroma
ovariano adjacente. Além disso, o ovécito deste foliculo secreta glicoproteinas
gue originam uma membrana de matriz acelular, chamada zona pelucida, que

separa o ovacito das células da granulosa (West, Shea et al. 2007).
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Figura 3. Foliculo primario: neste tipo folicular ha a presenca de uma camada de células da
granulosa em formato cubdide, apresentando zona pellcida ao redor do ovocito. Os foliculos
primarios podem apresentar diferentes tamanhos, pois antes de haver a multiplicacédo das células
da granulosa héa o crescimento do ovécito em sinal do amadurecimento.

As células da granulosa proliferam e formam multiplas camadas ao redor
do foliculo. Quando duas ou mais camadas celulares circundam o ovadcito, 0
foliculo passa a ser chamado de secundario. Neste estagio, as células do
estroma adjacente ao foliculo comecam a se diferenciar originando as chamadas

células da teca.

Figura 4. O foliculo secundario possui duas ou mais camadas de células da granulosa. Neste
estagio ha formagdo de camada da teca interna e membrana basal que delimita o espaco entre
as células da granulosa e teca em proliferacéo.

Ao passo que estas células se proliferam, geram indmeras camadas
celulares e as mais proximas a extremidade do foliculo se tornam queratinizadas.
Neste momento, ha diferenciacdo de camadas de células da teca: as
queratinizadas sdao chamadas de “teca externa”, enquanto que as células mais
proximas as células da granulosa e vascularizadas sao denominadas “teca
interna”. A formacdo da teca interna é importante, pois sendo vascularizada,
supre as necessidades fisiologicas das camadas de células da granulosa que

nao sao vascularizadas. Além disso, estas células secretoras possuem papel
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essencial na esteroidogénese (Eppig 2001). Ao término do estagio secundario
da foliculogénese, espacos surgem entre as células da granulosa, devido a sua

secrecédo de glicosaminoglicanas (Suh, Sonntag et al. 2002).

Figura 5. Foliculo antral inicial: este estagio ha formacg&o de pequenos vacuolos entre as
células da granulosa. Ainda, ha a presenca de células da teca interna e externa. O ovQcito ja
atingiu seu tamanho méximo, estando ainda com a divisdo meié6tica interrompida.

Com os estimulos das gonadotrofinas, os espagos crescem e coalescem,
formando a cavidade antral. Esta € preenchida por liquido folicular que contém
fatores de crescimento, horménios esterdides e protéicos, secretados pelas
células da granulosa e teca. O aparecimento desta cavidade Unica, contendo
liquido folicular, caracteriza o foliculo antral. Seu continuo crescimento aumenta
o didmetro da cavidade e o ovécito fica em posicdo excéntrica, originando
foliculos antrais bem desenvolvidos, que sdo chamados de foliculos pré-

ovulatérios. (Eppig 2001, West, Shea et al. 2007).
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Figura 6. Esquerda- foliculo antral; direita- foliculo pré-ovulatério. Foliculo antral: Os pequenos
vacuolos se coalescem e originam uma cavidade Unica contendo fluido folicular. Neste momento
0 ovOcito comeca a obter uma posicdo excéntrica. A camada de teca interna e externa atingem
0 maximo de sua capacidade proliferativa. Foliculo pré-ovulatério: Grande cavidade antral com
diferenciagdo de células murais (camada da granulosa fina circundada pela membrana basal) e
células do cumulus (que circundam o ovdcito). O ovOcito esta totalmente em posi¢do excéntrica.
As camadas de células da teca mantém a mesma espessura e circundam todo o foliculo.

Durante este desenvolvimento, a maioria dos foliculos antrais iniciais
sofrem o processo de atresia (Hsueh, Billig et al. 1994). A atresia folicular pode
ocorrer em todas as fases do desenvolvimento folicular, sendo um processo
fisioldgico, compondo 70% de todos os tipos foliculares presentes em um ovario.

A identificacdo se da pela presenca de quaisquer caracteristicas a seqguir:

e Auséncia total ou parcial de membrana basal;
e Auséncia de ovdcitos ou fragmentacéo destes com tamanho reduzido;
e Presenca de meiose reiniciada com corpusculo polar;
e Presenca de vacuolos no ovocitos;
e Auséncia do contato entre as células da granulosa e ovacitos;
e Contato do liquido folicular com o ovdcito;
e Presenca de 5% ou mais de ndcleos picnaéticos;
e Camada de células da granulosa desorganizada (células desprendidas);
e Hipertrofia das camadas da teca com contato direto com as células da
granulosa.
o A hipertrofia esta presente quando as camadas da teca
(principalmente da parte interna) se proliferam formando vérias
camadas e se tornam arredondadas.
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Q)
Figura 7. Foliculos pequenos atrésicos. Esquerda- foliculo primordial atrésico; centro — foliculo
primario atrésico; direita — foliculo secundario atrésico. Nos foliculos pequenos, como
primordiais, primarios e secundarios, a atresia é caracterizada por deformidades no ovécito como

fragmentacdo no citoplasma (esquerda) presenca de corpusculo polar(central), presenca de
vacuolos (direita).

Figura 8. Foliculos antrais atrésicos. Esquerda — foliculo antral inicial atrésico; direita — foliculo
antral atrésico. Uma das caracteristicas de um ovdcito saudavel é a sua ligagdo com as células
da granulosa. Quando esta ligacdo ndo existe, marcada pela auséncia parcial ou completa da
zona pellcida, o foliculo pode ser considerado atrésico. Pontos pretos representam corpos
picnoticos.

Somente poucos foliculos, estimulados por gonadotrofinas, conseguem
alcancar a ovulacdo (Richards 1980, Zeleznik 2001). As células remanescentes
do foliculo rompido durante a ovulacdo sofrem o processo de luteinizacdo dando

origem ao corpo luteo.
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Figura 9. Corpo lateo: estrutura grande, com células luteinicas com coloracéo diferente (mais
claras) que as células foliculares. Pode apresentar ou ndo corpo hemorragico. Ele esta delimitado
por tecido fibroso.
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Esteroidogénese ovariana

Durante o desenvolvimento folicular e crescimento do ovocito, hormdnios
sexuais como androgénios e estrogénios sao produzidos por dois tipos de
células foliculares: células da granulosa e da teca interna. De modo coordenado,
reagbes enzimaticas complementares ocorrem em ambas as células gerando
como produtos finais tanto androgénios como estrogénios. A cascata
esteroidogénica (sequéncia de reacfes enzimaticas) se inicia com a utilizacao
de colesterol como substrato. Esta primeira etapa da esteroiogénese € mediada
pela Proteina Reguladora Aguda da Esteroidogénese (STaR), que transporta a
molécula de colesterol para dentro da mitocéndria. Logo o colesterol € convertido
em pregnenolona pela enzima P450scc desmolase. A pregnenolona pode reagir
com duas enzimas: 3B-hidroxiesterdide desidrogenase (3BHSD) e produzir
progesterona e 17a- hidroxilase gerando 17 a-hidroxipregnenolona. A
progesterona também pode ser substrato para a enzima 17a-hidroxilase,
sintetizando 17a-hidroxiprogesterona. Tanto esta como 17 ahidroxipregnenolona
reagem com a enzima 17, 20liase, produzindo androstenediona e DHEA,
respectivamente. O DHEA é convertido em androstenediona pela enzima
3BHSD. A androstenediona é o principal androgénio produzido pelo ovario. Este
€ convertido em testosterona, e pela a acdo da P450 aromatase, sintetiza o
estradiol (estrogénio com maior atividade biol6gica) (Hanukoglu 1992, Payne

and Hales 2004).
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Figura 10. Esquema da esteroidogénese ovariana. Imagem adaptada de Halbe et al,
Hyperandrogenism in polycistic ovary syndrome, 2004.

Morfometria dos foliculos ovarianos

A mensuracao do diametro dos foliculos € mais um parametro morfolégico
utilizado como indicador das etapas da foliculogénese. Isto porque, 0s eventos
fisiolégicos que coordenam a maturacédo dos foliculos estdo associados ao seu
crescimento (Numazawa and Kawashima 1982). Desta forma, com a obtencéo
do didametro médio de foliculos em diferentes estagios do desenvolvimento, é
possivel sugerir o estado morfolégico do ovario. Este parametro jA bem
caracterizado na literatura € um dado util para iniUmeras pesquisas que estudam

a dindmica ovariana.
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Sindrome dos ovarios policisticos e alteracdes na morfologia das

estruturas ovarianas

A Sindrome dos ovérios policisticos (PCOS) € uma das condi¢des
enddcrinas mais comuns, afetando de 9-18% das mulheres em idade
reprodutiva, dependendo do critério de diagnéstico utilizado (March, Moore et al.
2010). PCOS é caracterizada por apresentar pelo menos dois dos trés critérios
descritos a seguir: hiperandrogenismo clinico ou bioquimico; oligo/anovulacéo e
ovarios policisticos (Norman, Dewalilly et al. 2007). Clinicamente, estas
manifestacfes estdo associadas com reducdo na fertilidade, por estarem
relacionadas com maturacéo folicular prejudicada com consequente anovulacao.
Ainda, acne e hirsutismo sdo manifestacGes clinicas frequentes devido a
presenca de hiperandrogenismo (Goodarzi, Dumesic et al. 2011). Tanto
anovulacdo crénica quanto excesso de androgénios estdo relacionados a
alteracdo na foliculogénese ovariana, que € evidenciada pela presenca de
foliculos cisticos e um aumento do volume ovariano em mulheres com PCOS

(Dewallly, Lujan et al. 2014).

A manifestacdo clinica de PCOS pode se dar antes ou durante a
puberdade (Sir-Petermann, Codner et al. 2009). Estudos clinicos sugerem que
meninas com PCOS demonstram um aumento na frequéncia pulsatil do
horménio liberador de gonadotrofinas (GnRH). Este fato poderia entdo estar
provocando um aumento na secreg¢do nos niveis do hormonio luteinizante (LH),
que causaria a aquisicdo prematura de receptores de LH em foliculos em
estagios muito iniciais do desenvolvimento. E, como consequéncia, uma sintese
intensa de androgénios (Spritzer, Poy et al. 2001, Blank, McCartney et al. 2006),

gue poderia ser a causa do acumulo de foliculos em estagio antral (Franks, Stark
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et al. 2008). Isto porque dentre os reguladores que estdo envolvidos na
estimulacdo inicial do desenvolvimento ovariano estdo os androgénios que
atuam de forma direta no estimulo ao recrutamento inicial dos foliculos pequenos
ao crescimento (Spritzer, Poy et al. 2001). Os androgénios, em niveis
fisiolégicos, modulam a expresséo e a atividade de genes importantes para a
manutencdo do desenvolvimento folicular ovariano (Franks, Stark et al. 2008,
Wu, Li et al. 2010, Azziz and Adashi 2016). Estes efeitos parecem ser mediados
por uma amplificacéo local da acéo tanto do fator de crescimento semelhante a
insulina -1 (IGF-1) quanto do horménio foliculo estimulante (FSH). Neste sentido,
estudos prévios (Franks, Stark et al. 2008, Wu, Li et al. 2010, Azziz and Adashi
2016), demonstraram que a exposicdo a testosterona € capaz de induzir
aumento de IGF-1 e de seu receptor juntamente com uma maior expressao de
RNAmM do receptor de FSH nos ovarios de animais experimentais. Por sua vez,
esta estimulagcdo aumentaria o recrutamento ciclico ao desenvolvimento e a

proporcao de foliculos antrais.

De fato, este acumulo de foliculos antrais € consistente com 0s aspectos
morfolégicos de um ovario policistico identificado através de exame de
ultrassonografia em mulheres com PCOS (Norman, Dewalilly et al. 2007). Além
disso, os ovarios com PCOS exibem um aumento no numero de foliculos pré-
antrais e antrais com caracteristicas atipicas como expansdo anormal da
cavidade antral, com degeneracdo da membrana basal e invaginacdo da teca
interna além do inicio da degeneracdo de células da granulosa (Figura 9).

Concomitantemente, ha a presenca de cistos ovarianos, que contém uma parede
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delgada de células da granulosa e uma camada espessa de células da teca

(Franks, Stark et al. 2008) - (Figura 10).

Figura 11. Foliculo tipo Ill. Este tipo de foliculo representa o inicio de uma alteragdo patolégica
de foliculos antrais. Pode apresentar hipertrofia das camadas da teca, com presenc¢a ou néo de
invaginacéo das células da teca para a camada de granulosa; possui muitas camadas de células
da granulosa (4 a 5 camadas com células condensadas) e ainda h& presenca de ovdcito.

Figura 12. Cisto ovariano. Estrutura observada no cértex ovariano sob algum tipo de distirbio
fisioldgico. Suas principais caracteristicas sdo: presen¢a de 1 ou 2 camadas de células da
granulosa disfuncional; hipertrofia das células da teca, na camada interna e externa; auséncia
de ovdcito; auséncia de invaginacgdes da teca para as células da granulosa e auséncia de liquido
folicular.

Desde a primeira descricdo de PCOS feita por Stein e Leventhal em
meados da década de 1930 (Azziz and Adashi 2016), a pesquisa cientifica esta
em busca dos mecanismos envolvidos na etiologia desta patologia. No entanto,
ainda hoje, estes nédo foram bem esclarecidos. Nem mesmo o fato de

anormalidades hormonais serem primarias ou secundarias esta claramente
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estabelecido. Neste sentido ha inidmeras hipoteses geradas para a origem desta
patologia, dentre elas: desequilibrio hormonal, anormalidade genéticas e fatores

envolvidos com o ambiente e estilo de vida (Goodarzi, Dumesic et al. 2011).

Em busca de esclarecimentos dos mecanismos fisiopatolégicos de PCOS,
muitos modelos experimentais com utilizagdo de animais vem sendo
desenvolvidos durante estas ultimas décadas. Estes modelos animais de PCOS
tem potencialidade de aumentar o conhecimento da fisiopatologia e através
deste, tratamentos podem ser desenvolvidos assim como inovacdes em

diagnésticos.

Pesquisas experimentais em animais com desfecho de PCOS

Apesar de inmeros estudos clinicos em pacientes com PCOS, a etiologia
desta sindrome ainda ndo estad elucidada. A fim de investigar a origem e
possiveis fatores que podem desencadear este disturbio reprodutivo, muitos
modelos experimentais utilizando animais sob inducdo com androgénios
exdgenos tém sido desenvolvidos. Apesar disto, ainda ndo hd um modelo
experimental ideal que manifeste todas as caracteristicas e sintomas
encontrados em mulheres com PCOS.

Um dos modelos experimentais descritos em ratas associa a estimulacéo
aguda da foliculogénese por gonadotrofina coriénica equina (eCG) a um quadro
de hiperandrogenismo induzido por dehidroepiandrosterona (DHEA) (Sander,
Solano et al. 2005). O eCG possui acdo semelhante ao horménio foliculo
estimulante (FSH), que apesar de ndo ser indispensavel para o recrutamento

inicial de foliculos pequenos ao desenvolvimento, exerce uma acao sinérgica
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com os outros fatores de crescimento e androgénios. Por esta razéo, ovarios de
fémeas pré-puberes estimuladas com eCG apresentam um aumento de foliculos
pré-antrais (Sander, Luchetti et al. 2006). Paralelamente, o horménio DHEA
induz niveis aumentados de testosterona, androstenediona e 5a-
dihidrotestosterona, similares aos observados em mulheres com PCOS (Henmi,
Endo et al. 2001). Além disso, estes animais possuem caracteristicas similares
a PCOS em humanos, tais como hiperandrogenismo, desenvolvimento folicular

alterado e anovulacao (Faut, Elia et al. 2011, Gal and Orly 2014).
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1. OBJETIVOS

Objetivo Geral

Estudo 1 — Modelo animal sob indugcdo aguda de eCG e DHEA

Investigar a dindmica da morfologia e funcdo ovariana em ratas Wistar
fémeas pré- puberes, com 25-28 dias, sob o tratamento agudo com concentracao

previamente estabelecidas de eCG e DHEA.

Objetivos especificos

1. Determinar o0s niveis hormonais de estradiol, testosterona,
dehidroepiandrosterona (DHEA);

2. Caracterizar a morfologia ovariana, quantificando os tipos celulares;

3. Avaliar a morfometria, com mensuracao dos diametros de diferentes

estagios do desenvolvimento folicular.

Estudo 2 — Revisao sistematica de modelos animais de PCOS

Realizar uma revisdo sistematica dos estudos experimentais que
objetivaram recriar um modelo semelhante a PCOS em roedores e primatas nao-
humanos onde a geragdo de alteracdo na funcdo ovariana e disturbios
hormonais estdo relacionados com um prejuizo reprodutivo. Além disso, esta
revisdo tem por objetivo evidenciar as vantagens e possiveis limitacbes de

aplicacéo clinica em pacientes mulheres com PCOS.



30

3. METODOS

Estudo 1 — Modelo animal sob inducdo aguda de eCG e DHEA

Animais

Este trabalho foi realizado de acordo com a Lei Procedimento para o Uso
Cientifico de Animais, sob o numero 11.794, vigente no pais. Fémeas Wistar na
idade de 25-28 dias foram mantidas em temperatura controlada (21°C), umidade
de 60% e ciclo artificial claro/escuro de 12 horas (luz de 7 as 19hs) e em gaiolas,

com racao e agua fornecidas ad libitum.

O descarte e tratamento dos residuos seguiram as rotinas estabelecidas
pela Comissdo de Gestdo Ambiental do Hospital de Clinicas de Porto Alegre. As
carcacas dos animais foram acondicionadas em sacos plasticos e armazenadas
em freezer -18°C, de onde sairam embaladas em saco branco (residuo
biol6gico). Os materiais pérfuro-cortantes foram descartados em coletores
padronizados e os residuos quimicos foram armazenados em recipientes

especificos, até o recolhimento pelo Servico de Higienizacao.

Desenho experimental

Os animais foram submetidos a inducéo da foliculogénese, como descrito
previamente (Parborell, Pecci et al. 2002, Velez, Heber et al. 2015). No primeiro
grupo, cada animal, foi submetido a uma dose Unica de inje¢cdo de 25Ul de
gonadotrofina coribnica equina (eCG; Novonorm), em 0,1ml de salina
intraperitoneal (CG/n=7). O segundo grupo foi tratado com eCG e
hiperandrogenizado com uma dose Unica de dehidroepiandrosterona (DHEA: sc

60 mg/kg) em 0,1 ml de 6leo, via subcutanea (CG+DHEA/n=7). O grupo controle



31

foi submetido a uma injecdo com oOleo de girassol em dose Unica (0,2ml) via
subcutéanea (C/n=6). Estes tratamentos estdo dentro da categoria —leve-,
segundo a ‘Classificacdo de severidade de procedimentos’. Apdés 8 horas de
cada tratamento, 0os animais previamente submetidos a anestesia inalatoria
(Isoflurano: 0,25-25% mg/kg) foram eutanasiados por decapitacdo, em
guilhotina, dentro de um ambiente limpo e na auséncia de outros animais. Este
procedimento esta classificado na categoria -sem recuperacao-, de acordo com
a ‘Classificagao de severidade de procedimentos’. O ovario esquerdo de cada
fémea foi utilizado para subsequente andlise de morfoldégia e morfométrica dos

foliculos ovarianos.

Dosagens hormonais

O sangue do tronco foi centrifugado e o soro foi armazenado a -80°C. As
dosagens de dehidroepiandrosterona, testosterona e estradiol foram
processadas através de Kits especificos de RIE, com sensibilidade de 0,06
ng/ml, 0,02 ng/ml e 2.20 pg/ml, respectivamente. (DHEA-Beckman Coulter REF
DSL8900, Testosterona- Immunotech REF IM1119; Estradiol-Beckman Coulter

REF DSL4800). Os coeficientes de variagdo intra- e inter-ensaio foi < 10%.

Morfologia ovariana

Os ovérios foram colocados em solugéo fixadora de formaldeido a 10%,
por periodo de 24 a 36 horas. A seguir, foram processados, incluidos em parafina
e corados com HE. Os diferentes tipos de foliculos ovarianos foram contados a
partir das imagens de cortes histoldégicos observados com aumento de 10 a 40x.
Os foliculos foram observados e analisados a cada intervalo regular de 50 pm

contendo 5 um de espessura. Este intervalo foi utilizado para evitar a contagem
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duas vezes de uma mesma estrutura. A fim de padronizar a quantificacéo
morfologica, foram considerados somente os foliculos que apresentaram nucleo
do ovacito visivel. Para esta analise morfoldgica, dois investigadores, cegos para
o tipo de tratamento submetido a cada animal, realizaram a quantificacdo das

estruturas ovarianas (Olympus BX41, Tokyo, Japan).

Os foliculos foram classificados como primordial, primario, secundario,
antral, atrésico e cistico. Os foliculos primordiais foram identificados quando um
pequeno ovocito estava circundado por uma Unica camada de células
pavimentosas. Ja os foliculos primarios apresentaram um ovacito circundado por
uma camada de células da granulosa, com formato cubdide. Os foliculos
secundarios foram caracterizados por aqueles ovdcitos circundados por duas ou
mais camadas de células da granulosa em formato cubdide. Os foliculos antrais
foram reconhecidos pela presenca de vacuolos (pequenos espacos entre as
células da granulosa: foliculo antral inicial/ vacuolo Unico: foliculo antral). Os
foliculos atrésicos foram identificados principalmente pela proporgao = 5% de
células da granulosa em apoptose, ou em foliculos que apresentaram ovocito
disforme. Os foliculos cisticos (cistos) foram caracterizados quando numa
estrutura havia presenca de uma cavidade antral aumentada com uma camada
espessa das células da teca interna e uma fina camada de células da granulosa
pavimentosas.

Com relacdo a analise morfométrica, esta consistiu na avaliacdo dos
diametros médios de cada tipo folicular. Para isto, quinze estruturas foliculares
de cada tipo, dentre aquelas previamente observadas na morfologia, foram
aleatoriamente selecionadas e capturadas utilizando-se sistema de video-

microscopia. O diametro medio dos foliculos ovarianos foi determinado através
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da média de dois diametros perperdiculares entre si entre duas extremidades do
foliculo (figura 11). Para os foliculos primordiais e primarios, a Unica camada de
células da granulosa foi considerada o limite desta extremidade. Para os foliculos
secundarios e antrais, a extremidade dos diametros foi considerada na ultima
camada de células da teca. Todos os didmetros foram mensurados através da
utilizacao do Software Image-Pro Plus 4.5® (Media Cybernetics, MD, USA), apos

calibracdo com escala micrométrica (Media Cybernetics, MD, USA).

Figura 13: Diametro médio folicular: o diametro médio é obtido pela média de duas retas

perperdiculares. E importante verificar a presenca do ntcleo do ovécito para obter o didmetro
médio.

Anélise Estatistica

As andlises estatisticas foram realizadas com a utilizacdo do Software
GraphPad PRISM (San Diego, CA, USA). Os resultados foram expressos como
mediana e percentis (25-75%), de acordo com o teste de normalidade utilizado,
Shapiro-Wilk. Para a andlise ndo-paramétrica, foi utilizado o teste  Kruskal
Wallis, para comparagcdo entre os grupos controle, eCG e eCG+DHEA. Para
analise Post Hoc foi utilizado o teste Dunn, afim de obter ajustes necessarios nas
comparacdes multiplas entre os grupos. Os resultados foram considerados
significativos quando p<0,05. A tendéncia de p foi utilizada para verificar a

comparacao entre grupos.
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Estudo 2 — Revisao sistematica de modelos animais de PCOS

Estratégia de pesquisa e selecdo de estudos

Uma revisao sistematica foi conduzida em concordancia com o guideline
PRISMA. Brevemente, foi utilizado a base de dados MEDLINE, via Pubmed, para
pesquisar artigos publicados em inglés e espanhol até outubro de 2016. A
estratégia de estudo consistiu no seguimento do “Medical Subject Heading”
(MeSH): “Animal Model” OR “Animal Models” OR “Model, Animal” OR
“Laboratory Animal Models” OR “Animal Model, Laboratory” OR “Animal Models,
Laboratory” OR “Laboratory Animal Model” OR “Model, Laboratory Animal” OR
“Models, Laboratory Animal” OR “Experimental Animal Models” OR “Animal
Model, Experimental” OR “Animal Models, Experimental” OR “Experimental
Animal Model” OR “Model, Experimental Animal” OR “Models, Experimental
Animal” OR Rodents OR Rodentias OR Rodent OR Rat OR Rattus OR “Rattus
norvegicus” OR “Rats, Norway” OR “Rats, Laboratory” OR “Laboratory Rat” OR
“Laboratory Rats” OR “Rat, Laboratory” OR Mus OR Mouse OR “Mus musculus”
OR “Mice, House” OR “House Mice” OR “Mouse, House” OR “House Mouse” OR
“Mus domesticus” OR “domesticus, Mus” OR “Mus musculus domesticus” OR
“domesticus, Mus musculus” OR “musculus domesticus, Mus” OR “Mice,
Laboratory” OR “Laboratory Mice” OR “Mouse, Laboratory” OR “Laboratory
Mouse” OR “Mouse, Swiss” OR “Swiss Mouse” OR “Swiss Mice” OR “Mice,
Swiss” OR AND “Ovary Syndrome, Polycystic” OR “Syndrome, Polycystic Ovary”
OR “Stein-Leventhal Syndrome” OR “Stein Leventhal Syndrome” OR “Syndrome,
Stein-Leventhal” OR “Sclerocystic Ovarian Degeneration” OR “Ovarian
Degeneration, Sclerocystic” OR “Sclerocystic Ovary Syndrome” OR “Polycystic

Ovarian Syndrome” OR “Ovarian Syndrome, Polycystic” OR “Polycystic Ovary
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Syndrome 1” OR “Sclerocystic Ovaries” OR “Ovary, Sclerocystic’ OR

“Sclerocystic Ovary”.

O critério de sele¢do incluiu estudos experimentais de intervengdes em
fémeas de ratos, camundongos, cobaia ou primatas nao-humanos que tiveram
por objetivo induzir alteragbes reprodutivas semelhantes a encontradas em
pacientes com PCOS. Duas caracteristicas foram consideradas como critério de
selecdo, sendo elas a aparéncia de cistos nos ovarios e concentragdo alterada
de testosterona. Os estudos excluidos foram aqueles que ndo possuiam como
desfecho a inducao de alteracdes reprodutivas semelhantes a PCOS ou que nédo

descreviam os desfechos reprodutivos nos estudos.

Extracdo de dados

Dois investigadores (LP e RBR) revisaram, separadamente, os titulos e
resumos dos artigos, selecionando aqueles para revisdo completa do texto. As
discordancias no critério de selecdo de artigos foi resolvida por um terceiro
investigador (PMS) ou por um consenso entre ambos. Os artigos selecionados
foram lidos por completo afim de confirmar a elegibilidade e a extracao de dados.
As informac0@es extraidas de cada estudo foram organizadas na seguinte ordem:
nome do primeiro autor, ano de publicacéo, espécie animal, nimero de animais
utilizados, idade no inicio da intervencdo, tipo de intervencdo, periodo
experimental; e ainda, trés variaveis de interesse: concentracdo de hormdnios
sexuais no soro, concentracdo nos niveis de gonadotrofinas e morfologia

ovariana.



36

4. RESULTADOS

Os resultados desta tese estdo dispostos em 2 artigos publicados,
originados deste trabalho.

O primeiro artigo esta intitulado como:

“Early ovarian follicular development in prepubertal Wistar rats
acutely exposed to androgens”

O segundo artigo esta intitulado como:

“Animal models of hyperandrogenism and ovarian morphology
changes as features of polycystic ovary syndrome: a systematic review”
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Early ovarian follicular development in prepubertal Wistar
rats acutely exposed to androgens

L. Paixdo’, L. M. Velez?, B. R. Santos’, C. Tusset', S. B. Lecke'?, A. B. Motta® and P. M. Spritzer'**

1Gymﬁﬂgl'r.ﬂ'ﬁﬂdam1fﬂg Uniz, Division of Endocrinology, Hospital de Clinicas de Poreo Alegre, Porto Alegre, Brazil
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’Dcpm:m of Diagnostic Methods, Federal University of Health Sciences of Porte Alegre, Porto Alegre, Brazil

dLﬂ'&Wﬁ??}' af Molecular Endocrinolagy, Department of Physiology, Federal University af Rio Grande do Sul, Porto Alegre, Brazil

Androgens may directly modulate early ovarian follicular development in preantral stages and androgen excess before puberty may disrupr this
physiological process. Therefore, the aim of this study was w investigate the dynamics of follicular morphology and circulating androgen and
estradiol levels in prepuberal Wistar rats acutely exposed o androgens. Prepubertal female Wistar rats were distributed into three groups: conrol,
equine chorionic gonadotropin (eCG) intervention and eCG plus dehydroepiandrosterone (DHEA) intervention (eCG + DHEA). Serum DHEA,
testosterone and estradiol levels were determined, and ovarian morphology and morphometry were assessed. The eCG + DHEA group presented
increased serum estradiol and testosterone levels as compared with the control group (P<0.01), and higher serum DHEA concentration . the
eCG-only and control groups (P< 0.01). In addition, the eCG + DHEA group had a higher number of, and larger-sized, primary and secondary
follicles as compared with the control group (P<0.05). The eCG group presented intermediate values for number and size of primary and
secondary follicles, withour significant differences as compared with the other two groups. The number of aneral follicles was higher in the
eCG + DHEA and eCG groups o controls (P<0.05). The number of primordial, atretic and cysdc follicles were similar in all groups.
In conclusion, the present experimental model using an acute eCG + DHEA intervention was useful o investigate events involved in inirial

follicular development under hyperandrogenic conditions, and could provide a reliable wol to study defective follicular developmen t with possible

deleterious reproductive consequences later in life.
Received | March 2016; Revised IEAP#L?!HE‘ .-‘Iﬁrz?ted 12 Mdy.?ﬂ'!ﬁ
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Introduction

Ovatian follicular development is crudal to female reproductive
healthiness and this event depends on several factors such as
growth factor and hormone signals. At the beginning,
the mansiton of primordial follicles to secondary stges is
controlled by some growth facror as bone morphogenic protin
15 (BMP15), kit ligand, BMP4 and hormones as insulin and
growth hormone. All of them are important ©w mainmin
oocytes and granulosa cells (GCs) survival through initial
follicular development.' Physiological levels of androgens have
also been linked to a role on modulating the expression and
activity of genes related to growth and development of ovarian
follicles in mammals.*?

In mum, androgen excess may disturb physiological mechan-
isms of follicular development leading to chronic anovulation, as
observed in human clinical diseases. One example is the
polycystic ovary syndrome (PCOS), a prevalent condidon in
which impaired follicular growth and high circulating androgen
levels lead to menstrual disturbances and anovulatory inferdlity.*

*Address for cnncspnm:l:ncc: P. M. Spril:u:r. Division DFEnduu'inDbgy.
Hospital de Clinicas de Porio Alegre, Rua Ramiro Barcelos, 2350, 90035 003,
Parto }’Llcg;lc. RS, Brazil.

{Email spril:u:l@uﬁy.hl]

Evidence indicates thar prenamal or prepubertal androgen excess
may be involved with the pathophysiology of PCOS’” In
addifion, some animal models of PCOS have been devdoped by
using experimental exposure of high androgen levels.* ' In this
sense, the study of ovarian dystuncdon promoted by animal
models of androgen interventions may provide interestng
insights into the initial pathogenic mechanisms of PCOS. Indeed,
the pathological ovarian features of PCOS include arrest of
follicular development with accumulation of early and mid-antral
stage follicles."” Abnomalities in cellular investments of the
ovarian follicle, such as theca cell (TC), GC and oocyte layers
during early follicular development may be a primary cause of
ovarian dysfunction leading tw reduced responsiveness to follicle-
stimulating hormone (FSH) and luteinizing hormone stimula-
tion.'? Nevertheless, it is not clear whether reproductive hormone
abnormalities are a primary or secondary reflex of follicular
disruption, or whether and to what degree androgen over-
producdon may modulare GCs activity. H

Because of these many uncertainties, animal models are stll
crucial for the smdy of PCOS. In fact, the observadon that
dehydroepiandroserone (DHEA) levels are increased in
women with PCOS' led to the development of a PCOS
animal model using posmaral mearment with DHEA, the
first androgen to rise in the carly female pubertal period.'®
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This pcwcl:nata] DHEA treatment produccd different dcgrccs of
ovarian marpha lagica] cha.ngcs, such as cystic ovaries with thin

20

- - - - 17= -
GC layer and consistent with anowuladon, ™ increased

ovarian stroma and increased number of ametic follicles.
Animals also exhibit altered steroidogenesis with high serum
estrogen and androgen levels.”! However, these animal models
are limited by the need for long experimenml periods
precluding the observation of direct androgen effect on early
follicular growth and development. Thus, animal models using
shont periods of follicular stimulation would be useful to
investigate this aspect.

A rodent model of acute gonadomopin hyperstimuladon and
hyperandrogenism has been recently dcw:lopcd_n'y In that
experimental model, a two-hormone treatment was adminis-
tered to immature female animals aged 22-25 days: equine
chodonic gonadotropin  (eCG), an efficient interspecies
inductor of follicular recruitment,” and DHEA, in order to
promote a hypcra.ndmgcnic condition. ™ However, that smdy
did not focus on the prepubertal stage, and therefore missed the
opportunity to promote a folliculogenesis spure after the onset
of physiological follicular development in the ovaries. In the
present stucl}«', we aimed to investigate the d}-'m-l.rnics of
follicular morphology and ovarian funcdon in prepubertal
Wistar rats, aged 25-28 days, acutely treated with the same
previousdy validated concentradons of eCG and DHEA.

Materials and methods

All procedures involving animals were conducted in accordance
with local regulations (Natonal Council on Research Animal
Care, CONCEA, Brazil). The smdy was approved by the
Ethics Committee at Hospital de Clinicas de Porto Alegre
(Brazil).

Experimental animal and procedures

In total, 20 prepubertal (25-28 days old) female Wistar rars
were divided into three groups, that received one single dose of
the following treatments, between 8 and 10 am: intraperimoneal
injection of 251U of ¢CG alone (Novormon, Buenos Aires,
Argentina) in 0.1 ml of saline solution (eCG group, # = ?'}I;M
subcumneous injection of 60 mg/kg of DHEA (Sigma-Aldrich,
MO, USA) in 0.1 ml of sunflower oil wgether with 251U of
¢CG (eCG + DHEA group, n = F"};22 and a group with no
hormones and subcutaneous injection of vehicle (sun flower oil)
{control group, n = 6).

Rats were housed under controlled tempemnure (21°C) and
lighting (12h light/12h dark cycle; lights from 7 am uneil
7 pm), with free access to chow (Nuvilab CR-1, PR, Brazil) and
water until the experimental day.

Animals were anesthetized with isoflumne and killed
by decapitation 8h after the weatments. Trunk blood was
collected and serum was separated by centrifugation at 2500 ¢
for 10 min and stored at =80°C unal DHEA, testosterone and

estradiol measurements. The left ovarian tissue from each rat

38

was dissected and immcdial:cly fixed in 10% buffered formalin
for mnrpha|ogica] and marphamctric studies.

Hormonal aAssays

Radicimmunoassays (RIA; Immunotech SAS, Maneille, Franae
and Diagnostics Systems Laborarories, TX, USA) were used to
measure serum DHEA, testosterone and estradiol, with sensidv-
ity of 0.06 ng."ml, E].E]anﬂ'm| and Z.ZGngrn], [cspccl:iwl_}-'.
Intra- and interassay coefficients of vadaton were £ 10%. RIAs
were performed according to manufacturer instructions, using
control serum samples.

Morpbafagicm’ e nmrpﬁomm'fc rmr;f_}rsis of ﬁiﬁ icles and
aocytes

Formalin-fixed ovades were dehydrated in ethanol and
embedded in parathn. Serial 5-pm thick sections were prepared
on micwscope slides and smined with hematoxylin—cosin
{Laborclin, PR, Brazil; Vetec, R], Brazil).

The identification of follicles was based on strict criteria.””
Five-pm step sections were mounted at 50 pm intervals onto
microscope slides. This interval was chosen to prevent counting
the same structure twice. Two trained investigators, who were
blinded to treatment group, carried out the morphological
analyses (Olympus BX41, Tokyo, Japan).

Follicles were classified as primordial, primary, secondary,
antral, atretic and c;l-'sl:i«:_28 Primordial follicles were those with
one oocyte surounded by Hamened GCs. Primary follicles
presented a single layer of cuboidal GCs, whereas secondary
follicles had two or more GC layes. Antral follicles were
recognized by the presence of both visible one single vacuole
and oocyte nuclei. Arretic follicles were defined as follicles with
>5% of the GCs having pyknotic nuclel. Cystic follicles were
chamecterized as those with a large antral cavity, thickened theca
interna layer and attenuated GC hyer.

For morphometric evaluadon, 15 souctures of each follicle
stage were chosen in each group for analysis. Follicular
diameters were determined as the average of two measurements
ar a right angle across the midpoins. In both primordial and
primary follicles, the diameter was measured from the outer
la}«'cr of GCs. For M:canda.r}-' and antral stages, the diameter was
measured from the outer wall of the thecal layer. All diameters
were measured using the Image-Pro Plus 4.5 Software (Media
Cybernetics, MD, USA), after calibration with a stage
micrometer (Media Cybernetics, MDD, USA).

Statistical analysis

Smtsdcal analyses were camried out using GraphPAD PRISM 5
Software (San Diego, CA, USA). Dat were tested for nommal
distribution using the Shapiro—Wilk test and described as median
and interquartile mnge (25-75%). Non-parametric analysis was
cartied out with Kruskal-Wallis test for comparing the control,
¢CG and eC G+ DHEA groups. Dunn’s pest-hor test was used as
the adjustment procedure for multiple comparisons. Dam were



considered smdstically significant ar P<(0.05. The P for wend
was estimated for the COMpArisons among the groups.

Results

Effect of treatments on DHEA, testosterone and estradiol

ff!’l_’l".i

Animals treated with ¢CG+ DHEA presented higher serum
estradiol [61 {38—596}!pg|"m|] and teswsterone [4.2 (23—
17.0) ng/ml] levels in comparison with the control group [8.0
(5.6-10.0) pg/ml and 0.09 (0.09-0.11) ng/ml]. Animals under
eCG stimulation showed intermediate levels of these steroid

hormones [10.0 (8.5-15.0) pg/ml and 0.23 (0.18-0.25) ng/ml]
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(Fig. 1a and 1b). Serum DHEA levels were devated in eCG+
DHEA [23.00 (21.00-23.00) ng/ml] in reladon to the other two
groups [0.69 (0.40-2.40) and 0.60 (0.56-0.72) ng/ml, respec-
tively, for control and eCG groups) (Fig. 1c).

Marpba.’agﬂ"nf ;mx;f_]:sfs of oVarian fb.’ffrffs

Table 1 shows the number of follicles according to follicular
stage and treatment. The toml number of primary and
secondary follicles was higher in the ¢CG + DHEA group than
in the control group (Table 1; Fig. 2). The eCG group did not
differ from either the control or the ¢CG+ DHEA group
regarding the number of primary and secondary follicles.

(a) (b)
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Fig. 1. Serum estradiol (4), testosterone (8) and dehydroepiandrosterone (DHEA) () levels from control (7 = 6), equine chorionic
gonadotropin (eCG) (# = 7) and eCG + DHEA (# = 7) groups. Values are expressed as median and 25-75% interquartile range (lower and
upper limit of the box); maximum and minimum values are shown by the limits of vertical lines. < 0.01 by Kruskal-Wallis test. Different

letrers indicate significant differences (P < 0.05).

Table 1. Number of follicles according to follicular stage and treatment

Fallicle Control (n = 6) 0h elG(n=7) % eCG+ DHEA (n = 7) 0 P
Primordial 47 (21-105) 57.2 175 (R4-181) 59.7 117 (83-242) 659 0.07
Primary 9.0 (6.0-24)° 13.0 25 (16-347" 104 33 (25-39)" 14.0 0.04
Secondary 6.0 (3.5-8.5)° 5.8 15 (13-18)*° 6.5 19 (10-22)" 6.1 0.01
Antral 28 (15317 23.0 4 (30-64)° 23.1 36 (32-42)° 136 0.04
Arretic 0.00 (0-1) 0.4 0.00 (0-0) 0 0.00 (0-0.25) 0.1 0.5

Cystic 0.00 (0-1.5) 0.6 0.00 (0-1.5) 0.3 0.00 (01} 0.4 0.9

eCG, equine chorionic gonadotroping DHEA, dehydroepiandrosterone.
Values are expressed as median and interquartile range (25-75%) and percentage of total number of follicles for each follide stage and per group
(Kruskal-%Wallis est).
*Different superscript lewers indicate significant differences (P<0.05).
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(b)

Fig. 2. Representative ovarian micrographs from control (), equine chorionic gonadotropin (eCG) () and eCG + dehydroepiandrosterone
(DHEA) (¢) groups. PF, primary follicle; SF, secondary follicle. Scale bar is 100 pm.

The total number of antral follicles was also higher in the ¢CG
and ¢CG + DHEA groups compared with controls. Primordial,
atretic and cystic follicles were similar in all groups (Table 1).

Morphometric analysis of ovarian follicles

Primordial follicle diameter was larger in the ¢CG and ¢CG +
DHEA groups compared with controls (Table 2). The size of
primary and secondary follicles was greater in ¢CG + DHEA

animals compared with controls, whereas the diameter of pri-
mary follicles was similar in the ¢CG group in comparison with
both controls and ¢CG + DHEA animals (Table 2; Fig. 2).
Antral follicular diameter was similar in all groups.

Discussion
In the present study, acute administration of ¢CG plus andro-
gen affected initial follicular recruitment, causing an increase in



Table 2. Follicular diameter in wm according to follicular stage and
treatment

Conrol eCG+ DHEA
Follicle (n=6 eCGiln=7) n=7) P
Primordial 15 (12-16)* 17 (16-19)° 17 (16-18)" 0.0
Prmary 35 (30-44) 41 (36-50F" 46 (37-52)" 0.04
Secondary 88 (75-103F° 107 (104-125)° 108 (95-122)" 0.001
Aniral 192 (175-219) 200 (168-284) 274 (218-339) 0.05

e, equine chorionic gonadowropin; DHEA, dehydroepian-
drosterone.
Values are expressed as median and interquarrile range (25-75%) of
follicular diamerer for each follicle stage and per group (Kruskal-
Wallis test).
P Different superscript  lerters  indicate  significant  differences
(P<0.05).

the number afprima.r_}-', sccnnda.ry and antral follicles in ovares
of prepubertal rats. A similar animal model has been previously
described in immamre Sprague Dawley mrs (22-25 days of
age), showing early apoptosis of antral follicles.” The present
study is the fist © employ both morphological and morpho-
metric analysis in order to measure follicular growth in different
stages of follicular development after acure stimulation with
¢CG plus DHEA in Wistar rass. The decision to use this rat
strain is warranted by the fact that this is the experimental stmin
for which the largest amount of reproductive physiology data
are available,

Moreover, our study was carried out specifically with pre-
pubcrta] animals (25-28 da}-'s of age). In Prcpubcna| 25-30-
day-old animals, the hypothalamus—pimitary—ovary axis is
undergoing maturation; follicular development has initiated,
and both antral and atretic follicles are already present. There-
fore, eCG stimulagon may be very useful to promote follicular
development in terms of speed and qua.ru:il_y_za Actually, the
study of Gal ﬁ‘m{,zs using eCG stimulation followed by human
chodonic gonadotropin administration, resulted in a growth
spurt of Pcri-—cn-u|al:nr}-' follicles. Im:crcslingly, in the present
study, stimulation with eCG only produced a slightly and non-
significant increase in the proporton of small follicles. This
probably occurred because of the short-term duration of the
c:u]:lcrimcnl:a] model, with no sufficient time to allow growing
follicles could secrete androgens. Nevertheless, ¢CG stimularion
served as priming for the stimuladon with DH Eﬂ,ﬁﬁﬂ generat-
ing an androgen excess state and promoting greater ovarian
marphalagica] changcs. In turn, a]d'n:lugh we did not rested the
effect of isolared DHEA weamment, it s IMporeant © point out
that prepubertal animals present only an early dight follicular
growth. Based on evidence from previous studies using the same
l:rml:mcnts,n'}i we h}fpad‘ncsizc that a priming effect of CG
would be needed o datea a DHEA effect on ovarian changes.
Further studies are needed to confirm this hypothesis.

Previous in vitro studies suggest that |1ig|'| doses nfa.ndmg:ns
could impair early follicular dcvclnpmcnr_s =35 Indeed,
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experimental animal models using prenaml exposure w©
androgens have resulted in reproductive disorders with
increased preantral follicles and elevated estradiol and testos-
terone levels in adult age, resembling PCOS. ™ Taken toge-
ther, these studies and owr present resuls support the
hypothesis that prenaml exposure to androgens serves w “pro-
gram’ both ovaries and adrenals of prepuberml animals w
secrete high levels of androgens that interfere with ovarian
funcdon.®'*

We found significant increases in estradiol, testosterone and
DHEA levels in animals meated with ¢CG plus DHEA in
comparison with controls, indicating the consistency of our
experimental model. These resulis are in agreement with those
of a previous Stl.ﬂ}"M with a different female rat strain. More-
over, these ﬁndings suggest thar follicles remain I'ICEIJI:I'I](, with
functonal cells, following acute exposure to ¢CG. This was
confirmed by our morphological findings and visualization of
healthy follicles. Indeed, it & known that biosynthesis of
esradiol-like homones is a basic funcdon of G(k,' inidared
carly in primary follicles. In turn, androgens could be dedved
from TC secrerion from small follicles and adrenal gland. In
fact, a recent sl:l.lcly35 has demonstrated significantly increased
expression of aromatase in rat ovaries and increased 3f-hydro-
xysteroid dehydrogenase (3-HSD), 173-HSD and aromatase
messenger BNA (mRNA) levels in adrenal gla.nd. Therefore,
DHEA could also be stimulating adrenal cells to synthetize
androgens to act as substrate t aromatase enzymes in
follicular GCs.

Imrrcstingl}', we found an increased proportion of primary,
secondary and antral follicles following acute hormonal sti-
mulus with ¢CG and DHEA. Our results differ slightly from
those of a previous sl:ucl}«',}i which reported greater proportion
of small follicles. Although Velez et al* sudied Sprague
Dawley rats in the late postnatal age (22-25 days old), in our
su.ld}-' Wistar rars were smdied ar the late prcpubcrlﬂ] age (25—
28 days old), and presented both small and antral follicles. The
presence of higher numbers of primary, secondary and antral
follicles in our animals underscores the role of DHEA added w
eCG in midal follicular recruitment, dcspil:c the acute nature of
the interventon. DHEA possibly interacts with androgen
receptors expressed in GCs osl:’prima.ry and early antral follicles.
Simila.ﬂy, a previous smdy " observed highcr expression of
a.ndn:ngcn receptors in small follicles. Indeed, acure DHEA
treatment seems to enhance intracellular factors to ensure primary
to secondary follicular transition.” In addition, several studies
have shown that androgens mediate local amplification of both
nsulin-like gmwd1 facror-1 (IGF-1) and FSH acdons, inducing
an increase in IGF-1, IGF-1 recepior and FSH receptor mRNA
in the ovaries of experimental animals ** ™ These findings show
that androgens play an impormnt role in modularing growth
facors responsible for carly folliculogenesis.

An increased diamerer DFP rnimordial, primary and sccanda.ry
follicles was also found in our study. We hypothesize that
exogenous DHEA amplifies the responsiveness of IGF-1 and
pethaps other growth factors by acting on androgen rcccpla:rrs,'“
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and that it stimulates the activity and proliferation of GCs in
these small follicles. Amplified proliferadon of GCs would
be maintained through follicular transidons from primary to
secondary follicles.

Limitations of the present study are the absence of molecular
analyses such as gene and protein expression in ovarian tissue,
which could have provided further mechanisdc insight
However, to the best of our knowledge, this is the first study to
assess morphological aspects of early follicular development in
late prepubertal female Wistar rats acutely stimulated with eCG
plus DHEA. The histological analyses were able to demonstrare
an initial change that may potengally impair normal follicular
development  during  the ulterior reproductive  cycles.
Therefore, further studies with this experimental model and
longer periods of observaton are needed in order to detect
whether the observed increased growth of small and early antral

follicles is associated with later arrest of prcantra] follicles
throughout the reproductive life course.

Condusion

In conclusion, the present experimental model using an acure
intervention with ¢CG plus DHEA triggered an increase in the
growth and number of small and early antral follicles and could
be a reliable tool w study the mechanisms of deimental
follicular development with possible reproductive consequences
later in life.
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Abstract

Polyoystic ovary syndrome (PCOS) is a common endocrine disorder, affecting 9-18% of wormen in reproductive age that
causes hyperandrogenism and infertility due to dysfunctional follicular maturation and anowvulation. The etidlogy of PCOS
is still poorly known, and information from experimental animal models may help improve current understanding of the
mechanisms of PCOS initiation and development. Therefore, we conducted a systematic review of currertly available
methods for simulation of PCOS in experimental models, focusing on two main endocrine traits: ovarian morphology
changes and circulating levels of sex hormones and gonadotropins.

We searched the MEDLINE database for articles in English or Spanish published until October 2016, Of 933 studies
identified, 39 were included in the systematic review. One study compared interventions with androgens versus
estrogens, 18 used androgen-induced stimulation, 9 used estrogens or drugs with estrogen action, including endocrine
disruptors, to induce PCOS-like models, and 12 used miscellaneous interventions. Broad differences were found
among the studies concerning hormonal interventions, animal species, and developmental stage at the time of the
experirments, and most models resulted in ovarian morphology changes, mainly increases in the number of cystic and
antral follicles and decreases in the corpus luteurn. Hyperandrogenism was produced by using androgens and other
drugs as the stimulatory agent. Howewer, studies using drugs with estrogenic effect did not observe changes in
circulating androgens.

In conclusion, medium- or long-term testosterone administration in the pre- and postnatal periods performed best

for induction of a PCOA-like phenotype, in rhesus macaque and rat models respectively. In rats, postnatal exposure

to androgens results in reprogramming of the hypothalamic-pituitary-ovarian-axis. Thus, comparisons between
different irtervention models may be useful to define the timing of reproductive PCOS phenotypes in experimental
animal models,
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Background

Polycystic ovary syndrome (PCOS) is one of the most
common endocrine conditions, affecting 9-18% of
women of reproductive age, depending on diagnostic
criteria [1]. PCOS is characterized by at least two of the
three following criteria: clinical or biochemical hyperan-
drogenism, oligo/anovulation, and polycystic ovaries [2].
Clinically, these manifestations are associated with re-
duced fertility, due to dysfunctional follicular maturation
and consequent anovulation, and hyperandrogenism,
causing acne and hirsutism [3]. Both chronic anovula-
tion and androgen excess are linked to disturbed follicu-
logenesis, that is expressed by multiple cystic follicles
between 2 and 9 mm and increased ovarian volume in
women with PCOS [4].

Clinical PCOS may have its onset before or during
puberty [5]. Clinical studies have suggested that girls
with PCOS exhibit increased gonadotropin releasing
hormone (GnRH) pulse frequency, leading to excess
luteinizing hormone (LH) secretion. This causes prema-
ture acquisiion of LH receptor expression by growing
ovarian follicles at excessively early stages, leading to
increased ovarian androgen production [6, 7] and, prob-
ably, to the arrested antral follicle development of PCOS
[8]. Indeed, this follicular arrest is consistent with the
polycystic ovary morphology found on ultrasound exam-
ination in human PCOS [2]. Moreover, PCOS-affected
ovaries exhibit an increase in the number of growing
preantral and antral follicles, which leads to antrum
expansion, increased granulosa cell degeneration, and
development of cystic follicles, with thin granulosa cell
walls and a thicker surrounding layer of theca cells [8].

Since Stein and Leventhal first described PCOS in the
mid-1930s [9], the search began to identify the etiologic
mechanisms associated with its development Yet,
despite its prevalence and health impact, the etiology of
PCOS remains poorly understood. Even whether repro-
ductive hormone abnormalities are primary or secondary
remains enigmatic. Hypotheses for the origins of this
pathology include hormonal imbalances, genetic abnor-
malities, and lifestyle and environmental factors [3]. Due
to logistic and ethical limitations on human experimen-
tation, several animal models to simulate PCOS have
been developed in recent decades. These experimental
models can improve understanding of the pathophysi-
ology of PCOS and have the potential to support devel-
opment of innovative and curative treatments.

Within this context, the aim of this paper was to sys-
tematically review the available rodent and non-human
primate animal models of PCOS-like conditions and
summarize ovarian function and hormonal disturbances
linked to reproductive damage, as well as discuss the
advantages and possible limitations of applying these
models to human PCOS.
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Methods

Search strategy and study selection

We performed a systematic review in accordance with the
PRISMA guidelines. Briefly, we searched the MEDLINE
database, via PubMed, for literature published in English
and Spanish until October 2016. The search strategy con-
sisted of the following Medical Subject Headings (MeSH):
“Animal Model” OR “Animal Models” OR “Model,
Animal” OR “Laboratory Animal Models” OR “Animal
Model, Laboratory” OR “Animal Models, Laboratory” OR
“Laboratory Animal Model” OR *“Model, Laboratory
Animal’ OR “Models, Laboratory Animal” OR “Experi-
mental Animal Models” OR “Animal Model, Experimental”
OR “Animal Models, Experimental” OR “Experimental
Animal Model” OR “Model, Experimental Animal” OR
“Models, Experimental Animal” OR Rodents OR Rodentias
OR Rodent OR Rat OR Rattus OR “Rattus norvegicus” OR
“Rats, Norway” OR “Rats, Laboratory” OR “Laboratory Rat”
OR “Laboratory Rats” OR “Rat, Laboratory” OR Mus OR
Mouse OR “Mus musculus” OR “Mice, House” OR
“House Mice” OR “Mouse, House” OR “House Mouse”
OR “Mus domesticus” OR “domesticus, Mus” OR “Mus
musculus domesticus® OR “domesticus, Mus musculus”
OR “musculus domesticus, Mus” OR “Mice, Laboratory”
OR “Laboratory Mice® OR “Mouse, Laboratory” OR
“Laboratory Mouse” OR “Mouse, Swiss” OR “Swiss
Mouse” OR “Swiss Mice” OR “Mice, Swiss” OR AND
“Ovary Syndrome, Polycystic” OR “Syndrome, Polycystic
Ovary” OR *“Stein-Leventhal Syndrome” OR *“Stein
Leventhal Syndrome” OR “Syndrome, Stein-Leventhal”
OR “Sclerocystic Ovarian Degeneration” OR *Owarian
Degeneration, Sclerocystic® OR  “Sclerocystic  Ovary
Syndrome” OR “Polycystic Ovarian Syndrome” OR “Ovarian
Syndrome, Polycystic” OR “Polycystic Ovary Syndrome 1"
OR “Sclerocystic Ovaries” OR “Owvary, Sclerocystic” OR
“Sclerocystic Ovary”.

The selection criteria were as follows: experimental
studies of interventions in female rats, mice, guinea pigs,
or non-human primates aiming to induce PCOS-like re-
productive characteristics, namely, follicles with cystic
appearance and altered serum testosterone levels. We
also performed a hand search of the reference lists of
full-text articles. Studies were excluded from the analysis
if the outcome was not induction of PCOS symptoms in
experimental animals and if reproductive outcomes were
nor described

Data extraction

Two investigators (LP and RBR) independently reviewed
the titles and abstracts and selected articles for full-text
review. Disagreements were resolved by a third reviewer
(PMS) or by consensus discussion. The selected articles
were independently read in full to confirm eligibility and
extract data. The information extracted from each
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individual study was as follows: name of first author,
publication year, animal species, number of animals, age
at start and at intervention time, intervention type, ex-
perimental period, and three variables of interest: serum
levels of sex hormones, serum levels of gonadotropin,
and ovarian morphology.

Results

Study selection

A detailed flow diagram of the study selection process is
shown in Fig. 1. The primary search identified 933 arti-
cles. After title and abstract screening, 65 potentially eli-
gible studies were retrieved for full-text review. Of these,
26 were excluded: 21 did not meet the inclusion eriteria;
3 were narrative reviews; and 2 were very old publica-
tions that could not be retrieved. Therefore, 39 studies
were included in the systematic review: 19 animal
models using androgen-induced stimulation [10-28]; 9
which employed estrogens and estrogen-like drugs to in-
duce a PCOS-like syndrome [27, 29-36]; and 12 using
other interventions [37-48].

Table 1 summarizes the characteristics of the studies
included in the systematic review that used androgens as
the stimulus to induce a PCOS-like phenotype. Most of
the studies used rodents (3 studied mice, 11 used rats)
and 5 used monkeys as the experimental model. Table 1
also shows that androgen induction was applied at dif-
ferent periods in the reported studies: short-term (up to
30 days of androgen induction) [12, 19, 20, 26, 27];
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medium-term (30 to 90 days) [10, 11, 13-16, 21, 25];
and long-term (>90 days) [17, 22-24]. In addition,
interventions were applied to animals at distinct devel-
opmental stages, as described below.

Five studies described prenatal interventions and ob-
served the offspring at different periods of development
[10-13, 25]. Three of these studies used rats as the
experimental model [10-12], one utllized female mice
[13], and another used rhesus macaques [25]. Wu et al.
(2010) [10] and Yan et al. (2013} [12] used the Sprague—
Dawley rat strain for medium- and short-term induction,
respectively. Wu et al. (2010) [10] administered testos-
terone during gestation and dihydrotestosterone (DHT)
through 70 days after birth and found elevated testoster-
one levels, but no ovarian changes. Yan et al. (2013) [12]
administered DHT during gestation and found only
cystic and atretic follicles. Caldwell et al. (2014) [13]
administered DHT during gestation plus DHT or dehy-
droepiandrosterone (DHEA) as postnatal treatment in
female mice, and observed cystic and atretic follicles
only. Similar findings were reported by Tyndall et al
(2012) [11], who administered pre- and postnatal treat-
ment with testosterone propionate for 25-90 days and
observed cystic follicles as the only change. Finally,
Abbott et al. (1998) [25] administered testosterone pro-
pionate for 15-88 days, starting at various gestational
ages, and found consistent reproductive features similar
to clinical PCOS in female rhesus macaque offspring,
such as increased serum testosterone and LH levels,

-

933 potentially
relevant references
identified

l

| Title and abstract screening

B68 excluded afer title and

L
-

abstract screening

| 65 references selected for full-text retrieval |

26 excluded after full-text

d
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* 21 did not meset the

v

inclusion criteria
*  dreview articles
* 2 full text not available

39 included in systematic review
stimulation

action

19 studies using androgen-induced
- 9 sludies using drugs with estrogen

= 12 sludies with other interventions

Fig. 1 Animal models using androgen-induced stimulation
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Table 1 Animal models using androgen-induced stimulation
Authaor, year [reference] Animal M Intervention and duration  Studied variables Results
Intervention period: Fetal
Tyndall et al. 2012 [11) Wistar rat -- (Fetal and postnatal) sexual homones 1T=E
Testosterone propionate  gonadotropin 1 FSH
25-90 days ovarian maorphology 1 oystic follickes
No CL
Wu et al. 2010 [10] Sprague-Dawley rat 45 (PA) sexual hormones + T tE2
Testosterone + DHT gonadotropin tLH=F5H
70 days ovarian morphology Mo cysts
1cL
Caldwell et al. 2014 [13) Mouse -- P#: DHT sexual hormones =T=E2
Postnatal: DHT/DHEAS gonadoTopin =F5H=LH
Letrozole ovarian maorphology 1 oystic follickes
During 90 days 1 atretic
Yan et al. 2013 12) Sprague Dawley at 44 (FA) DHT sexual hormones =T=E2
30 days ovarian morphology 1 oystic follickes
t atretic follicles
Abbott et al. 1998 [25) Rhesus macaque 21 Testosterone propionate  sexual homones 1T
15-88 days gonadotropin TLH JFSH
ovarian morphology tmultiple follicles >1 mm
Intervention period: Postnatal
Ota et al. 1983 [17] Wistar-Imamichi at 5577 Testosterone propionate  sexual homones 1T B2
Single dose gonadotropin tLH 1F5H
Observed for 200 days ovarian morphology 1 oystic follickes
No CL
Zhai et al. 2012 [15) Sprague-Dawley rat 30 Andronate’ sexual hormones 1T
Andronate + HFD gonadoTopin t oystic follickes
60 days ovarian morphology =F5H fLH
Misugi et al 2006 (18] Wistar at 30 DHEA sexual hormones 1T
(ot reported) ovarian morphology t oystic follickes
tatretic follicles
Van Houten et al 2012 [14]  (57/bl6 female mouse  -- DHT sexual hormones + DHT
90 dias
Manneras et al. 2007 [16) Wistar rat -- DHT sexual hormones =T=E2
75 days ovarian maorphology 1 oystic follickes
Paixao et al. 2016 (28] Wistar rat 20 e G+ DHEA sexual hormones 1T
ovarian morphology 1 oystic follickes
Ongaro et al. 2015 [25] Sprague-Dawley rats 35 Testosterone propionate sexual homaones =T=E2
Single dose ovarian morphology 1 oystic follickes
During 30 and 60 days (60 days-old)
Marcondes et al. 2015 [27]  Wistar rats 10 Testosterone propionate sexual homaones 1T
Single dose gonadotropin tLH=F5H
ovarian morphology 1 oystic follickes
No CL
Intenvention period: Puberal
Familiari et al 1985 [19) Mouse - DHEA sexual hormaones 1T
20 days ovarian morphology 1 cystic follickes
Knudsen et al. 1975 [20] Holtzman rat 12116 DHEA sexual hormaones, =T=E2
20 days gonadotropin =F5H=LH
ovarian maorphology No cysts
Intenvention period: Adult
Tang et al 2012 [21] Female Rhesus macague & Tesmsterone propionate  sexual hormones 1T=E2
+hCG gonadotropin tLH=F5H
60 days ovarian morphology 1 oystic follickes
McGee et al. 20014 [22) Rhesus macaque 12 Testosterone + HFD sexual hormones 1T
72 manths gonadotropin ILH amplitude
ovarian morphology tantral follicles
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Table 1 Animal models using androgen-induced stimulation (Continued)
Billiar et al. 1985 [24] Rhesus macague -- Androstenedions sexual homaones 1T
10 manths gonadoTopin =FSH=LH
ovarian morphology 1 atretic follicles
Mo cysts
Faiman &t al. 1988 [23] Rhesus macaque 25 Testosterons sexual homones =T
13-16 manths ovarian morphology Mo cysts
Mo CL
=antral follicks

T testosterone, E2 estradiol, LH luteinizing hormone, FSH follicle-stimulating hermone, CL corpus luteumn, PA prenatal androgenization, DHT dihydrotestosterone,
DHEA dehydroepiandrostercne, HFD high-fat diet; {: incease; | decrease; = equal; --: not available

lower follicle stimulating hormone (FSH) levels, and
ovaries containing multiples cystic follicles.

Eight studies described postnatal interventions and ob-
served offspring at different periods of development.
Seven of these studies used female rats [15-18, 26, 27]
and one used female mice [14]. While most studies used
testosterone or DHT, only two studies administered
DHEA to induce ovarian dysfunction [18, 28]. Misugi et
al. (2006) [18] observed both cystic/atretic follicles and
high testosterone levels in response to DHEA stimula-
tion. Paixdo et al (2015) used a single equine chorionic
gonadotropin (eCG) dose to induce initial follicular
recruitment in prepubertal rats and added DHEA to
generate ovarian dysfunction. These animals presented
greater testosterone levels and higher number of, and
larger-sized, primary and secondary follicles as com-
pared with the control group [28].

Ota et al. (1983) [17] also found cystic follicles and ele-
vated testosterone levels after administration of testoster-
one proplonate injections to Wistar rats. Ongaro et al
(2015) [26] administered a single dose of testosterone pro-
pionate to 5-day-old female Sprague—Dawley rats, and
found no differences in testosterone or estradiol levels at
30 and 60 days. Cystic follicles were observed only in
60-day-old animals. Marcondes et al. (2015) [27] adminis-
tered a single dose of testosterone propionate to 0-to-2-
day-old female Wistar rats. Increased testosterone levels,
cystic follicles, and absence of corpora lutea were found at
90-94 days of age. Manneras et al. (2007) [16] adminis-
tered DHT to the same rat strain and found cystic folli-
cles, but no testosterone changes. Unlike Ota et al. (1983)
[17], who conducted a long-term intervention, the study
by Manneras et al. (2007) [16] had a medium-term
observation period. Both Zhai et al. (2012) [15] and van
Houten et al (2012) [14] also conducted experiments of
intermediate duration. These two studies found cystic
follicles and increased androgen levels, despite using
different animals and different types of androgens as inter-
vention. While van Houten et al. (2012) [14] observed
female mice under DHT treatment, Zhai et al. (2012) [15]
studied female Sprague—Dawley rats receiving testoster-
one plus a high-fat diet

Two studies deseribed postnatal interventions and ob-
served the offspring at different periods of development
[19, 20]. In these studies, DHEA was administered for
20 days to female mice [19] and to female rats [20].
One study did not find any changes [20], whereas the
other reported cystic follicles and increased testoster-
one levels [19].

The four available studies of adult animals were per-
formed on non-human primates [21-24]. Tang et al
(2012) [21] observed cystic follicles and increased testos-
terone levels after medium-term treatment with testoster-
one propionate plus hCG injection. The other three
studies used long-term treatment with androgens [22-24].
MeGee et al (2014) [22] found antral follicles and high
levels of testosterone after treatment with testosterone
plus a high-fat diet. One study of androstenedione inter-
vention [24] found increased testosterone levels and
atretic follicles but no cystic or antral follicles. Faiman et
al. (1988) [23], using testosterone as the intervention, did
not observe any changes in hormone levels or ovarian

morphology.

Animal models using drugs with estrogenic effects

Table 2 shows the characteristics of studies that used es-
trogen or drugs with estrogenic effects to induce a
PCOS-like phenotype in experimental animals. These
studies used acute estrogen treatment, lasting hours to
days [27, 29-31, 34, 35], and short-term interventions,
lasting 2 to 30 days [32, 33, 36]. All models used ro-
dents, at distinct developmental stages: eight studies
used rats and one used guinea pigs.

Four studies described the use of drugs with estrogen
action during the postnatal and pubertal periods, at dif-
ferent time points of observation. One [29] used the
Sprague—Dawley rat strain, while three [27, 30, 31] used
female Wistar rats. In all four studies, the intervention
consisted of a single dose of estradiol valerate and cystic
follicles were observed after treatment. Regarding sex
hormone levels, Cruz et al. (2012) [29] and Marcondes
et al. (2015) [27] failed to demonstratehigh androgen
levels, while the other two studies [30, 31] did not report
blood androgen concentrations.
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Table 2 Studies using drugs with estrogenic effects
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Author, year [reference] Animal M Intervention Studied variables Results
Intenvertion period: Postnatal and puberty
Cruz et al. 2012 [29) Sprague-Dawley rats 30 Estradiol valerate Sequal homones 1 E2 | androstenedione
Single dose Gonadotropin = LH t atretic follickes
Owary morphology | corpora |utea
1 cystic follickes
Schulster et al. Wistar rats {pubertal) G5 Estradiol valerate Sequal homones 1 E2
1984 (30) Single dose Gonadotropin 1 LH
Owary morphology 1 oystic follickes
Brawer et al. Wistar rats [pubertal) 50 Estradiol valemtz Gonadotropin 1 LH ] F5H
1985 (31 Single dose Cwary momphology 1 cystic follickes
t atretic follicles
Mo CL
Fernandez et al. Sprague-Dawley rats 30 Bisphenal A Sex hormaones tE2
2010 (32 10 days Cwary momphology T
1 oystic follickes
t atretic follicles
1cL
Marcondes et al. Wistar rats 10 Estradiol Benzoate Secual homones =T
2015 [Z7) Single dose Gonadotropin = LH=F5H
Owarian marphology 1 oystic follicks
Mo CL
Intervention Period: Adulthood
Hemmings et al. Wistar rats 32 Estradiol valemtz Secual homones =T
1983 (35) Single dose Gonadotropin 1 LH
Owary morphalogy 1 oystic follicks
Quandt et al. Guinea pigs 32 Estradiol-17[ Sevual homaones tE2
1993 [34] 2 days Cwary morphology = androsteredione
1 oystic follickes
t atretic follicles
Zangeneh et al. Wistar rats 48 Estradiol valerate Sex hormanes TE2
2011 [33) Single dose Gonadotropin Ovary = LH=F5H
+ cold stress simultaneousty marphalogy t oystic follickes
McCarthy & Brawer, Wistar rats SR E2 pellets 50 days Sevual homaones =E2
1990 [36) Gonadotropin 1 cystic follicles
Owary momphology No CL

T testosterane, E2 estradiol, LH luteinizing hormone, F5H follicle-stimulating hormone, CL corpus luteurn; T: increase; | decrease; = equal

Four studies described interventions with estradiol
valerate or 17f-estradiol in adult animals, with different
treatment periods. Three of the studies used female
Wistar rats [33, 35, 36], while one [34] used guinea pigs
as the model organism.

Ferndndez et al. (2010) [32] exposed female Sprague—
Dawley rats to bisphenol A (BPA) for 10 days. This study
was able to show the main reproductive outcomes
expected for an animal model of PCOS, such as the
presence of cystic and atretic follicles alongside elevated
testosterone levels.

Hemmings et al. (1983) [35] administered a single dose
of estradiol valerate, whereas Quandt et al (1993) [34]
used estradiol injections over 2 days. Although these smud-
ies used different rodent models, both detected the pres-
ence of cystic follicles and unchanged androgen levels.

Two of the studies [33, 36] used distinct inter-
ventions and durations in the same animal strain.
Zangeneh et al (2011) [33] administered a single dose of

estradiol wvalerate plus cold stress induction, while
McCarthy and Brawer (1990) [36] used implanted estra-
diol pellets and an observation period of 50 consecutive
days. Both studies found cystic follicles in the ovaries, but
did not measure blood androgen levels.

Animal models using miscellaneous interventions

Table 3 presents the characteristics of studies that used
interventions other than androgen and estrogen treat-
ment to induce PCOS-like phenotypes. These miscellan-
eous interventions included transgenic animals [37-39]
or specific strains [46], drugs that stimulate gonado-
tropin secretion, such as letrozole [40, 48] and human
chorionic gonadotropin (hCG) [44], stressful conditions
known to affect the hypothalamic-pituitary-ovarian axis,
such as chronic cold stress [42] and light exposure
[41, 47] and other drugs (D-galactose and valproic acid)
[43, 45]. All of these studies used rodent models: 4 used
mice [37, 39, 43, 46] and 8 had rats as the model organism
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Table 3 Animal models of miscellaneous interventions
Author, year [reference] Animal M Intervention Variables studied Results
Intervertion period: Embryonic
Risma et al. 1997 [37] Maouse 20 transgenic (bLHE-CTP) Sexual hormones TETT
Gonadotropin tLH
Ovary momphology 1 aystic follickes
Shi et al. 2009 (38 Fat 18 transgenic (JCRLA<R) Sexual hormones t T=E2
Onvary momphology t oystic follicles
1 atretic follicles
Devin et al. 2007 [39) Mouse 39 wansgenic (PAIF1) Sexual hormones tT
Ovary mormphology 1 aystic follickes
1L
Intervertion period: Puberty
Kafali et al. 2004 [40] Fat 34 Letrozole 21 days Sexual hormones 1TIE
Gonadotropin tLH,
Ovary momphology 1 aystic follickes
1L
Kang et al. 2015 [47) Sprague-Dawley Rat light exposition Sexual hormones tT
During 112 days Onvary mormphology 1 oystic follickes
1 atretic follicles
Intervention period: Adult
Bernud et al. 2008 [42] Fat 17 Chronic cold stress + Sexual hormones tTTHE
LC lesion 60 days Ovary mormphology =LH=F5H
1 oystic follickes
| ovulation
Parkand Choi, 2012 [43] Mause 15 D-galactose 45 days Sexual hormone tT
Onwarian momphology 1 oystic follicles
Ota, et al. 1987 [44) Fat 33 hOG 80 days Sexual hormones =TtE
Gonadotropin = LH=F5H
Ovary mormphology 1 oystic follicles
Baldissem, et al Rt 15 Light exposure 74 days  Owary morphology 1 oystic follickes
1931 [41] Gonadotropin 1CL
=LH=FsH
Lagace &Machtigal, Rat 22 WValproic acid 30 days Sexual hormones =B2=T
2003 [45] Ovary mormphology 1 replace oysts by oystic follickes
Radavelli- Bagatini et al. Mouse 45  (enstic Sexual hormones 1TtE
2011 [45] Gonadotropin 1LH
Onvary mormphology 1 CL, 1 replace cysts by cystic follicles,
1 atretic follicles
Li et al 2016 [48] Rat 10 Letrozole Sexual hormones 1T, 1E2
Gonadotropin tLH, 1t F5H
Ovary mormphology 1 oystic follicles

T testosterone, E2 estradiol, LH luteinizing hormone, FSH follicle-stimulating hormone, CL corpus luteumn; T2 increase; | decrease; = equal

[38, 40-42, 44, 45, 47, 48]. Intervention durations were
varied, with short-term, medium-term, and long-term treat-
ment all represented. The interventions were applied to an-
imals at distinct developmental stages, as described below.
Three studies described genetic modification at the
embryonic development stage, with generation of trans-
genic animals [37-39]. Two used mice as the model
organism [37, 39], while Shi et al. (2009) [38] used
female rats. Each study manipulated a different gene.
Risma et al. (1997) [37] used recombination of the LHP
gene linked to the coding sequence of the carboxyl-
terminal peptide (CTP) of the hCG B-subunit, which
promotes increased LH and testosterone secretion as

well as polycystic ovaries. Devin et al. (2007) [39] gener-
ated a mouse that expresses human plasminogen activator
inhibitor-1 (PAI-1) to ascertain whether the increased
PAI-1 levels were associated with impaired ovulation. Shi
etal. (2009) [38] studied an obese transgenic mouse model
with leptin receptor dysfunction, and found increased
serum testosterone levels and atretic and cystic follicles.

Two studies described interventions in pubertal ani-
mals. Kafali et al. (2004) [40] exposed female mice to
three different doses of letrozole, a non-steroidal aroma-
tase inhibitor, whereas Kang at el. (2015) [47] exposed
the animals to continuous light for 16 weeks. Both stud-
ies found high testosterone levels and cystic follicles.
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Seven studies described different interventions in adult
animals. Four used rats under short-term [45] or medium-
term treatment [41, 42, 44, 48]. Bernudi et al. (2008) [42]
demonsirated the role of the locus coeruleus (LC) in cold
stress-induced cystic follicles in rats. Ota et al. [44] re-
ported polycystic ovaries in mature rats under hCG stimu-
lation. Baldissera et al. (1991) [41] proposed a simple
experimental model for research into the pathophysiclogy
of polycystic ovaries based on continuous exposure to
light. Lagace and Nachtigal (2003) [45] exposed animals to
valproic acid (VPA), which was associated with the pres-
ence of ovarian cysts. Li et al. (2016) used Letrozole and
also observed cystic follicles and lower estrogen levels
[48]. All of these studies demonstrated an increased num-
ber of ovarian cysts, but only two [42] confirmed an in-
crease in testosterone levels. The other three studies
reported unchanged testosterone levels [44, 45] or did not
measure sex hormone levels [41].

Park and Choi (2012) [43] described a PCOS-like pheno-
type in a D-galactose-induced aging mouse model with a
medium-term observation period. Radavelli-Bagatini et al
(2011) [46] studied a mouse strain known as the New
Zealand Obese (NZO), which naturally displays obesity,
insulin resistance, and a mild form of diabetes, manifes-
tations similar to those that often oceur in women with
PCOS. Therefore, in this study, no supplementary
stimulus was used to test whether female NZO mice
present changes in ovarian morphology that could be
associated with metabolic abnormalities. Both studies
revealed ovarian morphological changes. Park and Choi
[43] reported increased testosterone levels and cystic
follicles, whereas Radavelli-Bagatini et al. (2011) [46]
demonstrated a high number of cysts and atretic
follicles.

Discussion

Animal models are regarded as valuable tools to investi-
gate pathophysiological processes of human diseases. In-
deed, in most cases, because of obvious ethical concerns,
some relevant queries cannot be answered by directly
studying affected patients. In PCOS, additional compli-
cating issues are its heterogeneous clinical presentation
and the fact that the etiology is still not well defined
[49]. Therefore, in the present review, we specifically se-
lected studies focusing on two main endocrine traits of
PCOS: ovarian morphology changes and circulating
levels of sex hormones and gonadotropins.

Reviews about animal models of PCOS have been
published previously, and have addressed various fea-
tures in different animal models of PCOS-like pheno-
types [14, 50-54]. However, this is the first systematic
review to provide a full list of rodents and non-human
primate models generated by distinct interventions, spe-
cifically focusing on two main reproductive features
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present in women with PCOS: hyperandrogenism and
polycystic ovaries.

We included 39 experimental studies which used dis-
tinct procedures to induce PCOS-like models of ovarian
abnormalities and androgen excess, stratified into those
using androgens [10-28], estrogens and endocrine dis-
ruptors [27, 29-36], or other interventions [37-48].
Overall, there were broad differences among the studies
concerning hormonal interventions, animal species, and
developmental stage at the time of the experiments.
Most resulted in ovarian morphological changes, mainly
increases in the number of antral and cystic follicles and
decreases in the corpus luteum. However, while a hyper-
androgenic status could be induced by using androgens
[10-27] and other drugs [37-47] as stimulatory agents,
studies using drugs with estrogenic effect did not
measure androgen levels or did not observe changes in
circulating androgens [27, 29-36]. Therefore, hormonal
interventions using androgens seem to promote the
maost consistent features of a PCOS-like phenotype in
animals, as previously suggested by Abbott et al. [49].

Among studies generating a hyperandrogenic state,
prenatal exposure of non-human primates to androgens
resulted in the most suitable animal model, displaying
both metabolic and reproductive characteristics of PCOS
[55, 56]. However, these models are expensive and are
not readily adaptable to genetic manipulation. In turn,
rodent models provide a versatile tool for investigating
biological mechanisms associated with the development
of PCOS. Among the advantages of using rodent species,
their stable genetic backgrounds, ease of handling and
maintenance, shorter reproductive lifespan, and short es-
trous cycles are the most important. However, some as-
pects that limit the use of rodents for investigation of
reproductive features should be taken into consideration.
First, rodents are polyovulatory, while women are mono-
ovulatory, suggesting that, despite similarities in the
hypothalamic-pituitary-ovarian axis, the FSH-dependent
fallicle selection process in rodents differs from that in
women [57, 58]. Second, although the initial stages of
follicular growth (from primordial to preantral stage)
seem to be comparable between humans and rodents,
differences in regulation by intra-ovarian growth cannot
be ruled out [59]. Finally, there are marked differences
in the timing of onset of folliculogenesis between ro-
dents and women. While the primordial follicle pool and
initiation of follicle growth may arise during the later
stages of fetal development in humans, these processes
occur only during the early postnatal period in rodents
[60]. Thus, results obtained from mice and rats may not
translate directly to women.

Interestingly, differences in the generation of reproduct-
ive phenotypes are observed according to the developmen-
tal period in which androgen treatment s started [11]. In
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this sense, either starting testosterone treatment postnatally
[14-18] or administering DHT treatment during the pre-
pubertal period [19, 20] leads to the development of cyst-
like follicles. However, postnatal exposure to DHT results
in reprogramming of the hypothalamic-pituitary-ovarian-
axis [61]. Thus, comparisons between different inter-
vention models may be useful to define the timing of
reproductive PCOS phenotypes in experimental animal
models. One example is the study of Ota et al. [17], in
which, after treatment of 5-day-old female rats with a sin-
gle dose of testosterone propionate, various reproductive
characteristics of PCOS - such as cystic follicles, anovula-
tion, and imbalances in gonadotropins and sex hormones
— were later found over a 200-day observation period.
These results suggest androgen induction may have indir-
ectly promoted a pathologic elevation of FSH [17] that
blocked ovulation and induced cystic formation.

Estrogens and drugs with estrogenic effects have been
used to induce a PCOS-like syndrome in animals [52]
because of their ability to induce continuous estrus and
cystic follicles, with morphologic characteristics resem-
bling those observed in women. However, few studies
using these treatments have demonstrated high andro-
gen levels in blood. This was the case in a study in
which neonatal female rats were treated with the endo-
crine disruptor bisphenol A [32], and exhibited high tes-
tosterone levels and numerous cystic and atretic follicles
later in life. Possibly, acute exposure to estrogen could
lead to changes in follicular enzyme activity and subse-
quent suppression of androgen production by theca
cells. BPA is a potential agonist of endocrine estrogen,
acting differentially depending on tissue estrogen recep-
tor expression [62]. This suggests BPA could have less of
an effect on regulation of hypothalamic-pituitary-ovarian
axis negative feedback and, consequently, on ovarian
androgen secretion. Therefore, estrogen-induced inter-
vention may not be the optimal experimental models for
study of PCOS.

Other experimental interventions using external phys-
ical stressors have been reported to induce reproductive
features similar to the PCOS phenotype. Chronic cold
stress may produce such changes in ovarian morphology
by marked central activation of the sympathetic nerves
to the ovary [42]. Such activation by cold stress is prob-
ably mediated through a regulatory mechanism on the
hypothalamic-pituitary-adrenal axis by the locus coeru-
leus [42]. In addition, continuous light exposure could
lead to changes in the estrous cycle, such as continuous
estrous and cystic follicles, by altering the circadian
system [41].

Letrozole, an aromatase inhibitor, was another hormo-
nal intervention that induced high androgen levels and
ovarian cysts [40] by inhibiting androgen conversion to
estrogen and promoting alteration of the hypothalamic-
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pituitary-gonadal axis and high LH levels. In addition, by
similar mechanisms, a transgenic mouse model success-
fully generated reproductive abnormalities by promoting
recombination of the LHP gene and hCG f-subunit [37],
thus inducing chronic elevation of LH levels as well as
increased testosterone and estrogen levels and ecystic
follicles.

Finally, although genetic rodent models cited in the
present review also fail to fully replicate the reproductive
phenotype of PCOS, the use of different transgenic
animals may be useful to identify potential pathways
involved in alterations in reproductive and endoecrine
aspects in these animals, which, in turn, may lead to
important clinical insights into the etiology of human
PCOS.

One limitation of the present systematic review is that
we did not search for animal models related to the
metabolic abnormalities often associated with PCOS in
women. However, although insulin resistance is fre-
quently found in PCOS, it i not considered its primary
etiology. Another limitation is that we did not search for
studies using other animal species than rodents and
non-human primates, as these animals require no
unusual laboratory faciliies. A third limitation is that we
did not perform meta-analysis, as the great heterogeneity
in animal species and experimental procedures pre-
cluded clustering of different studies to test the efficacy
of each model in producing the expected characteristics.

Conclusions

This systematic review included 39 reports of animal
models inducing two of the most characteristics features
of human PCOS: hyperandrogenism and ovarian morph-
ology changes. These studies used different experimental
procedures and model organisms. Although acute estra-
diol administration was associated with development of
cystic follicles, most of the studies were unable to dem-
onstrate testosterone overproduction. While other inter-
ventions, mainly transgenic animals, were able to induce
hyperandrogenism and cystic follicles, medium- or long-
term testosterone administration in the pre- and postna-
tal periods performed best for induction of a PCOS-like
phenotype, in rhesus macaque and rat models respect-
ively. In rats, postnatal exposure to androgens results in
reprogramming of the hypothalamic-pituitary-ovarian-
axis. Thus, comparisons between different intervention
models may be useful to define the timing of reproduct-
ive PCOS phenotypes in experimental animal models.
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5. DISCUSSAO

Neste presente estudo experimental, a administracdo aguda de eCG,
adicionada ao tratamento com androgénio, foi capaz de alterar o recrutamento
folicular inicial, promovendo um aumento no numero de foliculos primarios,
secundarios e antrais nos ovarios de ratas pré-puberes. Notadamente, este
estudo é o primeiro a realizar a analise de aspectos morfologicos e
morfométricos com o objetivo de mensurar o crescimento folicular em diversos
estagios da foliculogénese apés uma estimulacdo aguda com eCG e DHEA, em
ratas da linhagem Wistar. Com relacdo a escolha da linhagem de ratos a ser
utilizada neste modelo experimental, esta foi devido ao fato da extensa
informacdo acerca dos aspectos reprodutivos desta linhagem na pesquisa

experimental.

Este estudo foi especificamente conduzido com animais pré-puberes,
entre 25 e 28 dias de idade. E importante ressaltar que durante este periodo do
desenvolvimento, o eixo hipotalamo-hipéfise-ovarios esta amadurecendo, e o
desenvolvimento folicular ja esta iniciado, com presenca de foliculos antrais
saudaveis e atrésicos no estroma ovariano. Diante deste quadro, a indu¢éo com
eCG pode ser muito util na estimulacdo sobre a foliculogénese, pois pode
potencializar a velocidade e a quantidade de foliculos ao desenvolvimento (Gal
and Orly 2014). No estudo de Gal et al. (Gal and Orly 2014), foi utilizado uma
intervencdo com eCG seguida por administracdo de gonadotrofina coridnica
humana. Isto resultou num crescimento intensificado de foliculos pré-ovulatorios.
No presente estudo, a estimulagcdo somente com eCG, sem androgénios, foi

capaz de estimular minimamente a proporcéo de foliculos pequenos. E provavel
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gue esta pequena estimulacdo tenha ocorrido devido ao curto periodo de
intervencao experimental, que ndo foi suficiente para que os foliculos pudessem
secretar androgénios. Contudo, a inducédo com eCG serviu como um estimulo e
preparacao ao tratamento com DHEA para a coorte de foliculos (Elia, Sander et
al. 2006, Misugi, Ozaki et al. 2006), que foi capaz de provocar um quadro de
excesso de androgénios e também consideraveis alteragcbes na morfologia
ovariana. Apesar de neste estudo nao ter sido testado o efeito isolado do
tratamento com DHEA, provavelmente ndo haveria efeito visivel visto que os
animais pré-puberes apresentam um crescimento folicular ainda lento. Baseado
em evidéncias anteriores que utilizaram tratamentos semelhantes (Faut, Elia et
al. 2011, Gal and Orly 2014, Velez, Heber et al. 2015), uma hipo6tese gerada é
gue uma estimulacéo prévia com eCG seria necessaria para detectar resultados
gerados da intervencdo com DHEA sobre a morfologia ovariana (Okutsu, Itoh et

al. 2010). Maiores investigacdes sdo necessarias para confirmar esta hipotese.

Pesquisas anteriores in vitro sugerem que altas dosagens de androgénios
poderiam prejudicar o desenvolvimento folicular inicial (Okutsu, Itoh et al. 2010,
Tarumi, Tsukamoto et al. 2012, Walters, Allan et al. 2012). De fato, modelos
animais submetidos a uma exposicao pré-natal a androgénios demonstraram
desordens reprodutivas com aumento de foliculos pré-antrais e elevacdo na
concentragéo de estradiol e testosterona em idade adulta, semelhante a PCOS
(Wu, Li et al. 2010, Walters, Allan et al. 2012). Levando em consideracao estes
estudos juntamente com o presente estudo, pode ser gerada a hipotese de que
a exposicdo pré-natal a androgénios serviria para “programar” os ovarios e

glandulas adrenais de animais pré-puberes para que estes secretassem altos



57

niveis de androgénios que interfeririam na funcao ovariana (Abbott, Dumesic et

al. 2002, Franks 2012).

Ainda, aumento significativo de estradiol, testosterona e DHEA foi
observado nos animais tratados com eCG e DHEA, comparados ao controle,
indicando consisténcia do nosso modelo experimental. Estes resultados estao
de acordo com aqueles obtidos em estudo anterior, que utilizou uma linhagem
de ratos diferente (Velez, Heber et al. 2015). Além disso, estes dados sugerem
que os foliculos permanecem saudaveis, com células funcionais, ap6s a
exposi¢do aguda com eCG. Este fato foi confirmado por analises morfolégicas e
visualizacdo de foliculos saudaveis. De fato, sabe-se que a biossintese de
estrogénios é funcdo basica das células da granulosa (Palma, Argafiaraz et al.
2012), iniciada a partir do estadgio de foliculos primérios. Ao contrario, os
androgénios deveriam ser secretados pelas células de teca de foliculos
pequenos e da glandula adrenal. Para explicar aparente contradicdo ao
resultado observado, um estudo recente utilizando intervencdo com DHEA em
fémeas (Zhou, Kang et al. 2015) demonstrou um aumento significativo na
expressdo da enzima aromatase em ovarios de ratas juntamente com aumento
de 3B-hydroxiesterdide desidrogenase (3-HSD), 173-HSD e RNA mensageiro
da aromatase nas glandulas adrenais. Assim, DHEA poderia estas estimulando
as células adrenais a sintetizarem androgénios e estes serem substratos para

as enzimas aromatase nas células da granulosa dos foliculos ovarianos.

Além disso, neste estudo foi evidenciado um aumento na propor¢cdo de
foliculos primarios, secundarios e antrais pelo tratamento com eCG e DHEA.
Estes resultados diferem ligeiramente daqueles encontrados no estudo anterior

(Velez, Heber et al. 2015), que relatou uma propor¢do maior somente de foliculos
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pequenos. Embora Velez et al. (Velez, Heber et al. 2015), tenha utilizado fémeas
Sprague-Dawley em idade pos-natal tardia (22-25 dias), em nosso estudo as
fémeas Wistar foram estudadas na fase pré-puberal tardia (25-28 dias), e
provavelmente ja apresentavam tanto foliculos pequenos quanto antrais antes
dos tratamentos experimentais. A presenca de um numero elevado de foliculos
primarios, secundarios e antrais em nossos animais enfatizou os efeitos de
DHEA adicionado ao eCG no recrutamento folicular inicial, apesar da
intervencao ser de modo agudo. Possivelmente, DHEA interage com receptores
de androgénios expressos nas células da granulosa tanto de foliculos primarios
e secundarios quanto de antrais iniciais. Esta hipotese € suportada por um
estudo anterior que observou a expressao elevada de receptores de androgénios
em foliculos pequenos (Lenie and Smitz 2009). De fato, o tratamento agudo com
DHEA parece aumentar os fatores intracelulares de modo a atuarem na transi¢ao
de foliculos primarios para secundarios (Collado-Fernandez, Picton et al. 2012).
Adicionalmente, diversos estudos demonstraram que o0s androgénios séo
capazes de mediar a amplificacao local tanto do fator semelhante a insulina (IGF-
1) quanto a acéo de FSH, por induzir um aumento de IGF-1, receptor de IGF-1
e RNA mensageiro do receptor de FSH em ovarios de animais experimentais
(Vendola, Zhou et al. 1999, Vendola, Zhou et al. 1999, Weil, Vendola et al. 1999).
Estes achados mostram como 0s androgénios possuem um importante papel na

modulagdo de fatores de crescimento envolvidos na foliculogénese inicial.

Com relacdo a morfometria, o presente estudo observou um aumento no
diametro dos foliculos primordiais, primarios e secundarios. A hipotese sugerida
para este dado seria que o tratamento com DHEA exdgeno amplificaria a

sensibilidade a IGF-1, aumentando sua ac¢do celular, juntamente com outros
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fatores de crescimento que atuariam também sobre os receptores de
androgénios (Lebbe and Woodruff 2013). A acdo sobre os receptores de
androgénios estimularia a atividade e a proliferacdo das células da granulosa
nestes foliculos pequenos. E a proliferacdo das células da granulosa estaria
sendo mantida através das transi¢cdes dos estagios primario para secundario dos

foliculos ovarianos.

Assim, estes resultados mostram que a exposic¢éo a alta concentracao de
androgénios de modo agudo é capaz de produzir alteragBes significativas na
funcdo ovariana, e possivelmente prejuizos permanentes em caso de exposicao
cronica. Desta forma, este modelo animal € um modelo de PCOS em potencial

a ser ainda mais investigado.

Em todos os modelos experimentais que buscaram desenvolver o0s
fendtipos de PCOS em animais, € necessario considerar a existéncia uma
complicacéo relacionada a investigacées dos mecanismos patoldgicos. Isto se
da pelo fato da presenca da elevada heterogeneidade das manifestacdes
clinicas que juntamente com o fato de ndo haver uma definicdo clara de sua
etiologia, faz com que a busca de respostas fisiopatolégicas ndo seja facil e
direta (Abbott, Dumesic et al. 2002). Por estes motivos, a revisao sistematica,
agui apresentada, realizou uma selecao criteriosa e especifica de estudos que
relataram duas das caracteristicas reprodutivas mais prevalentes em mulheres
com PCOS: alteracdes na morfologia ovariana e na circulacdo dos niveis dos

hormonios sexuais.

Algumas revisdes sobre modelos animais de PCOS foram publicados

anteriormente, e foram capazes de evidenciar diferentes caracteristicas em
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espécies de animais, utilizadas para recriar um quadro similar a PCOS (Shi and
Vine 2012, van Houten, Kramer et al. 2012, Walters, Allan et al. 2012,
Padmanabhan and Veiga-Lopez 2013, van Houten and Visser 2014, Walters
2016). No entanto, esta € a primeira revisao sistematica capaz de sumarizar uma
lista completa de modelos animais que utilizaram roedores e primatas nao-
humanos, gerados por distintas intervencbes. E ainda, ressaltando
especificamente as duas principais alteracfes reprodutivas em mulheres com

PCOS: hiperandrogenismo e ovarios policisticos.

Nesta revisdo foram incluidos 39 estudos que utilizaram diferentes
procedimentos para induzir um modelo similar a PCOS capaz de produzir
anormalidades ovarianas e elevagdo de androgénios. Estes estudos foram
estratificados em trés classes: estudos que utilizaram androgénios exdgenos
como intervencédo (Knudsen, Costoff et al. 1975, Ota, Fukushima et al. 1983,
Billiar, Richardson et al. 1985, Familiari, Toscano et al. 1985, Faiman, Reyes et
al. 1988, Abbott, Dumesic et al. 1998, Misugi, Ozaki et al. 2006, Manneras,
Cajander et al. 2007, Wu, Li et al. 2010, Tang, Cao et al. 2012, Tyndall, Broyde
et al. 2012, van Houten, Kramer et al. 2012, Zhai, Wu et al. 2012, Yan, Dai et al.
2013, Caldwell, Middleton et al. 2014, McGee, Bishop et al. 2014, Marcondes,
Carvalho et al. 2015, Ongaro, Salvetti et al. 2015, Paixao, Velez et al. 2016);
estrogénios e disruptores endocrinos (Hemmings, Farookhi et al. 1983,
Schulster, Farookhi et al. 1984, Brawer, Munoz et al. 1986, McCarthy and Brawer
1990, Quandt and Hutz 1993, Fernandez, Bourguignon et al. 2010, Zangeneh,
Abdollahi et al. 2011, Cruz, Barra et al. 2012, Marcondes, Carvalho et al. 2015);
e outras intervengdes (Ota, Fukushima et al. 1987, Baldissera, Motta et al. 1991,

Risma, Hirshfield et al. 1997, Lagace and Nachtigal 2003, Kafali, Iriadam et al.
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2004, Devin, Johnson et al. 2007, Bernuci, Szawka et al. 2008, Shi, Dyck et al.
2009, Radavelli-Bagatini, Blair et al. 2011, Park and Choi 2012, Li, Chen et al.
2017). De modo geral, foram identificadas amplas diferencas entre os estudos,
com relacdo a intervencdo hormonal, espécie animal utilizada e idade dos
animais durante os periodos experimentais. A maioria deles evidenciou
alteracbes na morfologia ovariana, principalmente no aumento de foliculos
antrais e cisticos acompanhado por diminuicdo na quantidade de corpos luteos.
No entanto, com relacdo ao desequilibrio de horménios sexuais, enquanto um
quadro de hiperandrogenismo p6de ser induzido pela utilizacdo de androgénios
exdgenos e também por outras drogas como agentes estimulatorios, os estudos
que utilizaram drogas com efeitos estrogénicos, ndo observaram alteracdes
deste esterdide sexual ou ndo mensuraram os niveis de androgénios. Por esta
razdo, intervencdes hormonais que utilizaram androgénios exdgenos parecem
provocar caracteristicas mais consistentes, semelhantes ao fenétipo de PCOS
em animais, como previamente sugerido por Abbott et al.(Abbott, Dumesic et al.

2002).

Dentre os estudos que foram capazes de gerar um quadro de
hiperandrogenismo, a exposicdo pré-natal a androgénios de primatas nao-
humanos foi o modelo animal mais apropriado por exibir tanto as caracteristicas
metabdlicas quanto as alteracdes reprodutivas encontradas em PCOS (Abbott,
Tarantal et al. 2009, Padmanabhan, Veiga-Lopez et al. 2010). No entanto, este
modelo é custoso economicamente e ndo possui adaptacao facil a manipulacdo
genética. Em contrapartida, os modelos animais que utilizam roedores se
tornaram uma ferramenta versatil para a investigacdo de mecanismos bioldgicos

associado ao desenvolvimento de PCOS. Dentre as vantagens de utilizar
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roedores esta o fato deles terem sua genética amplamente conhecida; além
disso, sao faceis de serem manuseados; possuem uma curta vida reprodutiva e
um ciclo estral curto. Estes fatos fazem com que os roedores sejam um modelo
adequado para a maioria das investigacdes experimentais. No entanto, ha
alguns aspectos que limitam o uso de roedores na pesquisa e estes devem ser
considerados também. Primeiramente, roedores sdo poliovulatérios, enquanto a
mulher € monovulatéria. Isto sugere que apesar da presenca de similaridades no
eixo hipotalamo-hipdéfise-ovarios, o processo de selecéo folicular dependente de
FSH difere entre humanos e roedores (Maliqueo, Benrick et al. 2014, Franks
2015). Secundariamente, apesar dos estagios iniciais do crescimento folicular
(do estagio primordial ao pré-antral) ser aparentemente comparavel entre
humanos e roedores, diferencas na estimulacdo sobre o crescimento folicular
intra-ovariano ndo devem ser descartadas (Collado-Fernandez, Picton et al.
2012). Finalmente, existem diferencas marcantes no periodo em que € iniciado
o desenvolvimento folicular entre mulheres e roedores. Enquanto o reservatorio
de foliculos primordiais e a inicializacdo do crescimento folicular sé&o
intensificados durante o estagio tardio do desenvolvimento fetal em humanos,
estes processos ocorrem somente na fase inicial do periodo pds-natal em
roedores (Skinner 2005). Por estes motivos, os resultados obtidos de pesquisa

em ratos e camundongos néo podem ser traduzidos diretamente para mulheres.

Com relacao aos desfechos reprodutivos gerados em cada modelo animal
de PCOS, é interessante observar que estes dependem diretamente do periodo
e idade em que a intervencdo com androgénios € iniciada (Pasquali, Stener-
Victorin et al. 2011). Tanto o tratamento com androgénios no periodo pos-natal

quanto a administracédo de DHT durante o periodo pré-puberal desencadeiam o
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desenvolvimento de foliculos com caracteristicas cisticas. No entanto, a
exposicao pos-natal a DHT resulta em reprogramacdo do eixo hipotalamo-
hipofise-ovarios (Roland and Moenter 2011). Por isso, comparacdes entre
modelos sob intervencdes distintas pode ser util para definir o momento do
surgimento de fendtipos reprodutivos semelhantes a PCOS. Um exemplo € o
estudo de Ota et al. (Ota, Fukushima et al. 1983), em que um tratamento
realizado com uma dose Unica de propionato de testosterona, em ratas com 5
dias de vida, foi capaz de gerar inUmeras -caracteristicas reprodutivas
semelhantes a PCOS, como cistos, anovulacdo e desequilibrio hormonal de
gonadotrofinas e esterdides sexuais. Estes desfechos reprodutivos perduraram
ainda 200 dias de observacdo experimental. Estes resultados sugerem que a
inducdo com androgénios pode estar promovendo indiretamente uma elevacao
patolégica de FSH (Ota, Fukushima et al. 1983) que bloqueia a ovulacdo e a

formacéo de cistos ovarianos.

Estrogénios e drogas com efeitos estrogénicos tem sido utilizado na
inducédo de caracteristicas semelhantes a PCOS em animais experimentais (van
Houten and Visser 2014). Este tipo de intervencdo promove a permanéncia na
fase estro, do ciclo estral, e a formacédo de foliculos cisticos, com caracteristicas
morfologicas semelhantes as observadas em mulheres PCOS. Porém, poucos
estudos com este tipo de tratamento tem demonstrado altos niveis de
androgénios circulantes. Somente um estudo em que ratas em idade neonatal
foram submetidas a tratamento com bisfenol-A (Fernandez, Bourguignon et al.
2010) (BPA - disruptor endocrino), foi observada altas concentracdes de
testosterona com presenca de numerosos cistos ovarianos e foliculos atrésicos

que perduraram até periodos tardios da vida reprodutiva. Possivelmente, a
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exposicdo aguda a estrogénio possa desencadear alteracdes na atividade
enzimatica folicular e subsequentemente a supressdo de producdo de
androgénios pelas células da teca. Bisfenol-A é um potente agonista do
estrogénio, atuando em grau diferente em cada tecido que possua receptores
para estrogénio (Wetherill, Akingbemi et al. 2007). Isto sugere que BPA possa
ter uma influéncia menos acentuada na regulacdo negativa do eixo hipotalamo-
hipdfise-ovarios e, consequentemente, permitiia uma secrecdo elevada de
androgénios pelos ovarios. Por ndo promover alteracées consistentes nos niveis
de androgénios, a intervencao por inducédo com estrogénios pode néao ser ideal
para a geracdo de modelos que tenham desfechos reprodutivos semelhantes a

PCOS.

Diferentes intervencdes daquelas que utilizam indugdo hormonal como
tratamento também j& foram escolhas para recriar as alteracdes reprodutivas
similares a PCOS. Exemplos destas intervencbes sdo: estresse causado por
exposicdo ao frio extremo, que puderam produzir marcantes mudangcas na
morfologia ovariana por ativacao direta e intensa do nervo simpatico que inerva
os ovarios (Bernuci, Szawka et al. 2008). Tal ativacdo produzida por estresse
advindo do frio extremo possivelmente é mediada por um mecanismo regulador
constituinte do eixo hipotalamo-hipofise-ovarios através do locus coeruleus
(Bernuci, Szawka et al. 2008). Adicionalmente a outras intervencdes, também ha
a exposicao continua a luz, que é capaz de gerar alteracdes no ciclo estral como
a presenca de um estro continuo e de cistos ovarianos, por alteracdo no ciclo

circadiano (Baldissera, Motta et al. 1991).

Outra intervencao capaz de reproduzir um quadro de hiperandrogenismo

e cistos ovarianos foi a utilizagéo de Letrozole, um inibidor da enzima aromatase
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(Kafali, Iriadam et al. 2004). A elevacdo de androgénios neste modelo pode ser
explicada pela inibicdo da conversao do androgénio a estrogénio, que estaria
promovendo uma alteracdo no eixo hipotalamo-hipofise-ovarios com
consequente elevacao de LH. Da mesma forma, através do mesmo mecanismo,
um modelo de camundongo transgénico pode gerar com sucessO as
anormalidades reprodutivas esperadas por recombinagdo do gene de LH3 com
a subunidade B do hCG (Risma, Hirshfield et al. 1997). Esta recombinacéo foi
capaz de promover uma elevacgéo crénica de LH juntamente com um aumento

nos niveis de testosterona e estrogénio e também a formacao de cistos.

Pelo fato dos modelos de roedores modificados geneticamente terem
atendido a todos os fenotipo reprodutivo esperado de PCOS, a utilizagdo de
animais geneticamente modificados pode ser uma ferramenta Util para
identificagdo de potenciais mecanismos fisiopatologicos relacionados com as
alteracdes reprodutivas e aspectos endécrinos destes animais. Este fato poderia
facilitar o entendimento de importantes aspectos clinicos e também aproximar a

etiologia da PCOS em humanos.
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6. Conclusao

O modelo experimental estudado sob estimulacdo aguda de eCG e DHEA
foi capaz de revelar um aumento no crescimento e no numero de foliculos
pequenos e antrais iniciais. Com isso, este modelo animal se mostrou uma
ferramenta atil com potencial para estudar os mecanismos relacionados ao
desenvolvimento folicular capazes de gerar alteracfes tardias na vida

reprodutiva, semelhantes a encontradas em PCOS.

Ainda, a revisdo sisteméatica realizada péde sumarizar os estudos com
modelos animais de PCOS e estratificar em trés classes de intervencdes
utilizadas: indugcdo com androgénios, estrogénios e outras intervencdes. A
intervencao com tratamento com androgénios, tanto no periodo pré- ou pés-natal
foi capaz de reproduzir caracteristicas reprodutivas mais similares a encontradas
em mulheres PCOS em primatas ndo-humanos e roedores, respectivamente.
Esta revisdo constatou que comparacdes entre as diferentes intervencdes
utilizadas nos modelos animais podem ser validas para definir o momento
especifico em que os fenoétipos reprodutivos semelhantes a PCOS surgem nos

animais.
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