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пријавио је докторску дисертацију под називом:  
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масном ткиву и лептинска резистенција у хипоталамусу пацова третираног 5α-

дихидротестостероном: улога глукокортикоида“. 
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На основу члана 128. Закона о високом образовању и члана 59. став 1. тачка 1. 

Статута Универзитета у Београду-Биолошког факултета, Наставно-научно веће Факултета, 

на IV редовној седници одржаној 29.01.2016. године, донело је 

 

О Д Л У К У 

 

Прихвата се Извештај Комисије за преглед, оцену и одбрану докторске дисертације 

кандидата:  

  

  

 Марине Николић, под називом: 

 

  

 

 „Метаболичке карактеристике синдрома полицистичних јајника у 

висцералном масном ткиву и лептинска резистенција у хипоталамусу пацова 

третираног 5α-дихидротестостероном: улога глукокортикоида“. 

 

Универзитет је дана 03.07.2014. године. својим актом под бр. 02 Број: 61206-3053/2-14 дао 

сагласност на предлог теме докторске дисертације кандидата.  

Радови и конгресна саопштења из докторске дисертације: 

 

Б1. Радови у часописима међународног значаја:   

 

1. Nikolić M, Macut D, Djordjevic A, Veličković N, Nestorović N, Bursać B, Božić Antić 

I, Bjekić-Macut J, Matić G, Vojnović Milutinović D. Possible involvement of 

glucocorticoids in 5α-DHT-induced PCOS-like metabolic disturbances in the rat 

visceral adipose tissue. Mol Cell Endocrinol, 2015, 399: 22-31. М21 

 

 

 

 



2. Nikolić M, Veličković N, Djordjevic A, Bursać B, Macut D, Božić Antić I, Bjekić 

Macut J, Matić G, Vojnović Milutinović D. 5α-dihydrotestosterone treatment 

induces metabolic changes associated with polycystic ovary syndrome without 

interfering with the hypothalamic leptin and glucocorticoid signaling. Arch Biol Sci, 

2015, accepted for publication. М23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

        

              Декан Биолошког факултета 

                      

 

 

Доставити:           Проф. др Жељко Томановић 

- Универзитету у Београду, 

-  докторанту, 

- Стручној служби Факултета.     



НАСТАВНО-НАУЧНОМ ВЕЋУ БИОЛОШКОГ ФАКУЛТЕТА УНИВЕРЗИТЕТА У 

БЕОГРАДУ 

 

 

 

На I редовној седници Наставно-научног већа Биолошког факултета Универзитета у 

Београду, одржаној 9.10.2015. године, прихваћен је извештај ментора др Гордане Матић и 

др Данијеле Војновић Милутиновић о урађеној докторској дисертацији Марине М. 

Николић, истраживача сарадника у Институту за биолошка истраживања „Синиша 

Станковић“, под насловом „Метаболичке карактеристике синдрома полицистичних 

јајника у висцералном масном ткиву и лептинска резистенција у хипоталамусу 

пацова третираног 5α–дихидротестостероном: улога глукокортикоида“, и одређена је 

Комисија за преглед и оцену докторске дисертације у саставу др Гордана Матић, редовни 

професор Биолошког факултета, др Данијела Војновић Милутиновић, научни сарадник 

Института за биолошка истраживања „Синиша Станковић“ и др Ђуро Мацут, ванредни 

професор Медицинског факултета Универзитета у Београду. 

Комисија је прегледала урађену докторску дисертацију кандидата и Већу подноси 

следећи 

 

 

И З В Е Ш Т А Ј 

 

 

ОПШТИ ПОДАЦИ О ДОКТОРСКОЈ ДИСЕРТАЦИЈИ 

Докторска дисертација Марине М. Николић под насловом „Метаболичке 

карактеристике синдрома полицистичних јајника у висцералном масном ткиву и 

лептинска резистенција у хипоталамусу пацова третираног 

5α-дихидротестостероном: улога глукокортикоида“, написана је на 143 стране, и 

подељена у 8 поглавља: Увод (49 страна), Циљ рада (2 странe), Материјал и методе 

(23 странe), Резултати (32 странe), Дискусија (15 странa), Закључци (2 стране), 

Литература (14 странa) и Прилози (6 странa). Рад садржи 142 литературнa цитата, 31 

слику, 7 табела, Списак скраћеница, Садржај и Сажеткe на српском и енглеском језику. 

 

 

АНАЛИЗА ДОКТОРСКЕ ДИСЕРТАЦИЈЕ 

 Увод докторске дисертације садржи седам поглавља. У њему је дат сажет приказ 

досадашњих сазнања из литературе која су непосредно везана за предмет дисертације. У 

поглављу "Синдром полицистичних јајника" описани су критеријуми за постављање 

дијагнозе синдрома полистичних јајника (PCOS) код оболелих жена, патофизиологија 

синдрома, као и преглед метаболичких поремећаја који се повезују са овим синдромом. 

Поглавље под називом „Глукокортикоидни хормони“ даје детаљан приказ литературе о 

глукокортикоидним хормонима, њиховој улози у регулацији метаболичких процеса, као и 

молекуларним механизмима њиховог деловања. Посебан акценат је на анализи 

пререцепторског метаболизма глукокортикоида, као и на регулацији активности и 

експресије ензима 11β-хидроксистероид дехидрогеназе 1 (11β-HSD1). У оквиру поглавља 

„Метаболизам липида у масном ткиву: улоге глукокортикоида" описани су процеси који 

регулишу метаболизам липида у масном ткиву. Посебна пажња је посвећена улози 
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глукокортикодних хормона у висцералном масном ткиву на диференцијацију и сазревање 

адипоцита преко транскрипционе регулације процеса адипогенезе и липогенезе, а касније 

по успостављању фенотипа зрелог адипоцита и на процес липолизе. У поглављу 

„Глукокортикоиди и метаболичка инфламација у висцералном масном ткиву“  дат је осврт 

на појаву метаболичке инфламације и антиинфламаторне улоге глукокортикоида у 

хипертрофичном висцералном масном ткиву. У овом поглављу посебан нагласак је 

стављен на специфичну улогу глукокортикоидних хормона на синтезу неких 

проинфламаторних цитокина, као што је фактор који инхибира миграцију макрофага, као 

и значај њихових интеракција. У наредном поглављу под насловом „Сигнални путеви 

инсулина и развој инсулинске резистенције: улога глукокортикоида“ дата је анализа 

сигналних путева инсулина, као и молекуларни механизми развоја инсулинске 

резистенције, са посебним освртом на ткивно-специфичне ефекте глукокортикоида на 

настанак инсулинске резистенције на нивоу организма. Жене са PCOS-ом поред 

висцералне гојазности као главног метаболичког поремећаја, карактерише и повећан унос 

хране. Стога је у наредном поглављу које носи наслов „Комуникација висцералног масног 

ткива и централног нервног система у регулацији енергетског метаболизма“ дата детаљна 

анализа периферних и централних ефеката анорексигеног хормона лептина, као и 

молекуларних механизама развоја лептинске резистенције на нивоу хипоталамуса. У 

последњем поглављу под насловом „Животињски модели у изучавању PCOS-a“ дат је 

детаљан приказ различитих анималних модела који се користе у проучавању разних 

аспеката PCOS-a. 

 У делу Циљ рада описани су научни циљеви докторске дисертације. Циљ ове 

докторске дисертације је био да допринесе бољем разумевању улоге глукокортикоидних 

хормона у патогенези PCOS-a тако што би се разјаснила улога ових хормона у 

метаболизму липида и метаболичкој инфламацији у висцералном масном ткиву, 

системској и периферној осетљивости на инсулин, као и у регулацији енергетског 

метаболизма у хипоталамусу. Испитивањима наведених улога глукокортикоида 

предходила је детаљна анализа репродуктивних и метаболичких промена у коришћеном 

анималном моделу PCOS-a који је добијен дуготрајним третманом женки пацова 

5α-дихидротестостероном (DHT). 

У поглављу Материјал и методе наведене су хемикалије и апаратуре које су 

коришћене у раду, описан је третман животиња и експерименталне групе, као и све 

експерименталне методе и начин обраде резултата. Посебно је објашњен третман 

експерименталних група, који је подразумевао поткожно деловање хормонског (7,5 mg 

DHT) или плацебо пелета у трајању од 90 дана, а од 21. дана старости женки пацова 

Wistar соја.  

У Поглављу Резултати изложени су резултати хормонског третмана на развој 

репродуктивних и метаболичких карактеристика PCOS-a код DHT-ом третираних женки 

пацова. Прва група резултата обухватила је добијене репродуктивне, морфолошке и 

метаболичке параметре добијене након третмана DHT-ом. Резултати су показали да је 

третман DHT-ом довео до развоја репродуктивних промена карактеристичних за PCOS, 

као што су анеструс и смањена маса јајника и утеруса, док је детаљна хистолошка анализа 

показала да се у јајницима DHT-ом третираних животиња запажа велики број атретичних 

фоликула. Поред наведеног, третман DHT-ом је довео до метаболичких промена као што 

су повећани енергетски унос, маса тела и висцерална гојазност. Хистолошка анализа 

висцералног масног ткива је показала да су адипоцити животиња третираних DHT-ом 

хипертрофирани, односно са повећаним дијаметром и површином у односу на адипоците 

плацебо групе. Од биохемијских параметара мерене су концентрације слободних масних 

киселина, триглицерида, глукозе, инсулина и лептина у плазми, концентрације 
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кортикостерона у плазми и висцералном масном ткиву. Добијени резултати су показали 

да су женке пацова третиране DHT-ом имале изражену дислипидемију која се огледала у 

повећаним концентрацијама триглицерида и слободних масних киселина, као и повећане 

нивое инсулина и лептина, док је концентрација кортикостерона у плазми била 

непромењена, а у висцералном масном ткиву повећана.  

Улога глукокортикоидног сигналног пута у метаболичким променама у 

висцералном масном ткиву праћена је на нивоу експресије ензима пререцепторског 

метаболизма глукокортикоидних хормона, експресије и унутарћелијске дистрибуције 

глукокортикоидног рецептора, као и на нивоу експресија ензима укључених у липогене и 

липолитичке процесе, чија је експресија регулисана глукокортикоидима.  Показано је да је 

третман DHT-ом довео до повећања експресије и активности ензима пререцепторског 

метаболизма глукокортикоида, 11β-HSD1, до повећања концентрације унутарћелијског 

кортикостерона и до активације глукокортикоидног рецептора у висцералном масном 

ткиву. Појачана глукокортикоидна сигнализација у висцералном масном ткиву довела је 

до је повећања нивоа липогених фактора, као што су протеин који се везује за елементе 

регулисане стеролом типа 1 (SREBP-1), микрозомални липин-1, синтаза масних киселина 

(FAS), фосфоенолпируват карбоксикиназа (PEPCK) и липопротеинска липаза (LPL), док 

је ниво липолитичког фактора липазе осетљиве на хормоне (HSL) смањен, што је све у 

складу са хипертрофијом адипоцита, висцералном гојазношћу и дислипидемијом.  

Такође, резултати су показали да је третман DHT-ом довео до развоја метаболичке 

инфламације у висцералном масном ткиву, о чему сведоче повећана концентрација 

проинфламаторног цитокина, фактора који инхибира миграцију макрофага (MIF) и 

активација проинфламаторног транскрипционог регулатора једарног фактора κB (NFκВ), 

који је довео до повећане експресије цитокина IL-1β и IL-6. Међутим, активација 

проинфламаторног сигналног пута код DHT-ом третираних животиња није довела до 

слабљења инсулинског сигналног пута на нивоу инхибиторне фосфорилације супстрата за 

инсулински рецептор-1 (IRS-1) и транспортера глукозе 4 (GLUT4), што указује на очувану 

осељивост висцералног масног ткива на деловање инсулина.  

Поред горе наведених промена, праћене су промене у сигналним путевима 

глукокортикоида и лептина, као и ниво инфламације у хипоталамусу женки пацова 

третираних DHT-ом. Резултати су показали да није дошло до промена у компонентама 

пререцепторског метаболизма глукокортикоида и нивоа глукокортиокидног рецептора, 

као ни до промена нивоа учесника лептинског сигналног пута, нити до појаве 

инфламације у хипоталамусу третираних женки пацова.  

 У поглављу Дискусија дата је упоредна анализа оригиналних резултата ове 

докторске дисертације и података из литературе, која указује на значај постигнутих 

резултата. Ово поглавље је логично подељено на четири одељка што у потпуности 

доприноси разумевању тумачења резултата. Први део Дискусије односи се на добијене 

репродуктивне и метаболичке карактеристике PCOS-a након дуготрајног третмана младих 

женки пацова DHT-ом. Репродуктивне промене третираних животиња се огледају у 

поремећајима фоликулогенезе и овулације, присуству атретичних фоликула, одсуству 

жутих тела и доминацији интерстицијалних жлезда у јајницима. Добијене метаболичке 

промене карактеристичне за PCOS биле су повећана телесна и маса висцералног масног 

ткива, дислипидемија, смањена системска осетљивост на инсулин, хиперлептинемија и 

хиперфагија. У другом делу дато је тумачење улоге глукокортикоида у метаболичким 

променама у висцералном масном ткиву женки пацова третираних DHT-ом. Наиме, код 

животиња са PCOS-ом унутарћелијска концентрација кортикостерона је била повећана 

што је последица појачаног пререцепторског метаболизма глукокортикоида услед 
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повећане експресије 11β-HSD1. Паралелно са повећањем ткивне концентрације 

глукокортикоида дошло је до транслокације глукокортикоидног рецептора из цитоплазме 

у једро и тиме и до промене експресије његових циљних гена у висцералном масном 

ткиву анималног модела PCOS-а. Повећана експресија циљних гена глукокортикоида 

(липин-1, SREBP-1, FAS, PEPCK и LPL) је показала укљученост ових хормона у de novo 

липогенезу и настанак висцералне гојазности што је у складу са хипертрофичним растом 

адипоцита код животиња третираних DHT-ом. У трећем делу Дискусије посебна пажња је 

посвећена метаболичкој инфламацији и инсулинској осетљивости у висцералном масном 

ткиву женки пацова третираних DHT-ом. Наиме, код третираних животиња услед 

повећане активности транскрипционог регулатора NFκВ присутна је локална инфламација 

ниског степена која се огледа у повишеним нивоима проинфламаторних цитокина IL-1β и 

IL-6. Поред тога, повећан је и ткивни ниво проинфламаторног цитокина MIF, што је у 

складу са повећаном регенерацијом глукокортикоида и активираним глукокортиокидним 

рецептором, с обзиром на то да ови хормони директно стимулишу експресију МIF-а. 

Повишени нивои свих поменутих цитокина налазе се у позитивној корелацији са 

величином адипоцита висцералног масног ткива. Појава локалне инфламације није 

праћена променама у осетљивости висцералног масног ткива на инсулин и поред њеног 

смањења на системском нивоу. Последњи део дискусије односи се на анализу 

глукокортикоидне и лептинске сигнализације у хипоталамусу женки пацова третираних 

DHT-ом. Резултати ове судије указују на то да је код женки пацова третман DHT-ом довео 

до појаве хиперфагије, односно повећаног уноса енергије, што је праћено развојем 

висцералне гојазности и хиперлептинемијом, али не и променама у лептинској и 

глукокортикоидној сигнализацији у хипоталамусу третираних животиња.  

У поглављу Закључци сажето и јасно су изнети најважнији закључци до којих се 

дошло анализирањем добијених експерименталних података. Закључци се могу сумирати 

на следећи начин: дуготрајан третман младих женки пацова DHT-ом је довео до развоја 

репродуктивних и метаболичких промена који се срећу код жена са PCOS-ом. Уочена 

висцерална гојазност и дислипидемија код третираних животиња су последице 

хипертрофије адипоцита, у којој је фаворизовано нагомилавање липида. Повећање масе 

висцералног масног ткива прате молекуларне промене које делимично потичу од појачане 

глукокортиокидне сигнализације, која је метаболизам липида усмерила ка липогенези. 

Поред тога, висцерална гојазност и дислипидемија су праћене инфламацијом ниског 

интезитета, али не и смањеном инсулинском осетљивошћу у овом ткиву. С друге стране, 

животиње третиране DHT-ом показују смањену системску инсулинску осетљивост, која 

се огледа у повећаним концентрацијама инсулина потребним за одржавање нормалног 

нивоа глукозе у крви. Третман женки пацова DHT-ом довео је до повећаног калоријског 

уноса, праћеног висцералном гојазношћу и хиперлептинемијом, при чему ови 

метаболички поремећаји нису резултат промена и интеракција глукокортикоидне и 

лептинске сигнализације у хипоталамусу третираних животиња. И на крају, укупне 

репродуктивне и метаболичке промене добијене у овој студији на анималном моделу 

PCOS-а указују на адекватност примењеног третмана за изучавање разних аспеката овог 

синдрома код жена. 

У поглављу Литература датa је листа коју чине 142 библиографске јединице. 

Наведене научне публикације се односе на области које су од значаја за урађену 

дисертацију и цитиране су на начин који објашњава и потврђује добијене резултате.   
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A B S T R A C T

Polycystic ovary syndrome (PCOS) is a reproductive and metabolic disorder characterized by
hyperandrogenism, ovulatory dysfunction, visceral obesity and insulin resistance. We hypothesized that
changes in glucocorticoid metabolism and signaling in the visceral adipose tissue may contribute to dis-
turbances of lipidmetabolism in the ratmodel of PCOS obtained by 5α-dihydrotestosterone (DHT) treatment
of prepubertal female Wistar rats. The results confirmed that DHT treatment caused anovulation, obesity
and dyslipidemia. Enhanced glucocorticoid prereceptor metabolism, assessed by elevated intracellular
corticosterone and increased 11 beta-hydroxysteroid dehydrogenase type 1 mRNA and protein levels,
was accompanied by glucocorticoid receptor (GR) nuclear accumulation. In concert with the increased
expression of GR-regulated prolipogenic genes (lipin-1, sterol regulatory element binding protein 1, fatty
acid synthase, phosphoenolpyruvate carboxykinase), histological analyses revealed hypertrophic adipocytes.
The results suggest that glucocorticoids influence lipid metabolism in the visceral adipose tissue in the
way that may contribute to pathogenesis of metabolic disturbances associated with PCOS.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Polycystic ovary syndrome (PCOS) is the most common endo-
crine disorder in women of reproductive age and is characterized
by hyperandrogenism, ovulatory dysfunction and polycystic ovaries
(Ehrmann, 2005; Livadas and Diamanti-Kandarakis, 2013). In ad-
dition to clinical and biochemical manifestations of these
disturbances, most women with PCOS display a number of meta-

bolic abnormalities including hyperinsulinemia, insulin resistance,
dyslipidemia, and obesity (Teede et al., 2006). All of these features
are hallmark components of the metabolic syndrome, making
women with PCOS highly susceptible to type 2 diabetes and car-
diovascular diseases (Teede et al., 2006).

The pathophysiology of PCOS is complex and multifactorial, and
has been attributed to defects in various organ systems including
altered steroidogenesis in thickened ovarian theca layer and
adrenals, as well as exaggerated luteinizing hormone pulsatility
(Catteau-Jonard and Dewailly, 2013; Norman et al., 2007). It is con-
sidered that all mentioned abnormalities form a vicious cycle in
which androgen excess of ovarian and/or adrenal origin generated
early in life, or even prenatally, induce neuroendocrine abnormali-
ties, ovarian dysfunction, visceral obesity, impaired lipid metabolism
and insulin resistance, which in turn further, directly or indirectly,
stimulates hyperandrogenemia (Escobar-Morreale and San
Millan, 2007). Visceral adipose tissue is thought to be important
for the pathogenesis of PCOS, because of its association with
hyperandrogenemia and its often excessive accumulation in women
with PCOS (Barber and Franks, 2013; Pasquali, 2006).
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tein lipase; NEFA, non-esterified fatty acid; PCOS, polycystic ovary syndrome; PEPCK,
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ceptor γ; SREBP-1, sterol regulatory element binding protein 1.
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http://dx.doi.org/10.1016/j.mce.2014.08.013
0303-7207/© 2014 Elsevier Ireland Ltd. All rights reserved.

Molecular and Cellular Endocrinology 399 (2015) 22–31

Contents lists available at ScienceDirect

Molecular and Cellular Endocrinology

journal homepage: www.elsevier.com/ locate /mce



Author's personal copy

Cushing syndrome, which is characterized by glucocorticoid
excess and exhibits a cluster of metabolic abnormalities, includ-
ing insulin resistance, visceral obesity and impaired lipidmetabolism,
suggests a possible contribution of glucocorticoids to the patho-
genesis of the metabolic syndrome and PCOS-related metabolic
disturbances. Glucocorticoids are major regulators of fat metabo-
lism, and can simultaneously have anabolic (adipogenic) and
catabolic (lipolytic) effects in the adipose tissue (Peckett et al., 2011).
Both of these actions, although seemingly contradictory, lead to
obesity and impaired lipid homeostasis and can, ultimately, induce
insulin resistance (Ayala-Sumuano et al., 2013).

Unlike the Cushing syndrome, obesity seen in metabolic
diseases and PCOS is not associated with increased plasma gluco-
corticoids (Gathercole and Stewart, 2010). However, the adipose
tissue availability of these hormones may be increased locally by
overstimulated intracellular regeneration of active glucocorti-
coids (cortisol in humans and corticosterone (CORT) in rats) (Walker
and Andrew, 2006). This is performed by 11 beta-hydroxysteroid
dehydrogenase type 1 (11βHSD1), a microsomal NADPH-dependent
enzyme (Walker and Andrew, 2006), which is provided by hexose-
6-phosphate dehydrogenase (H6PDH) (Bujalska et al., 2005).
Glucocorticoid activity in visceral adipose tissue, enhanced through
11βHSD1 action, may have a role in central obesity development
(Gathercole and Stewart, 2010). It was previously shown that
11βHSD1 gene expression can be enhanced by DHT in the visceral
adipose tissue and that DHT can thereby influence local metabo-
lism of CORT (Zhang et al., 2008b; Zhu et al., 2010).

At themolecular level, glucocorticoids primarily exert their effects
through the intracellular glucocorticoid receptor (GR), a hormone-
dependent transcription factor, undergoing a conformational change
and translocation to the nucleus after hormone binding (Nicolaides
et al., 2010). In this way, glucocorticoids may increase the expres-
sion of several key proadipogenic and prolipogenic factors during
adipose tissue development and accumulation, particularly peroxi-
some proliferator-activated receptor γ (PPARγ) (Galitzky and
Bouloumie, 2013), lipin-1 (Zhang et al., 2008a), sterol regulatory
element binding protein 1 (SREBP-1) (Ayala-Sumuano et al., 2013)
fatty acid synthase (FAS) (Wang et al., 2004) and phosphoenolpyru-
vate carboxykinase (PEPCK) (Gathercole and Stewart, 2010). Several
enzymes including hormone sensitive lipase (HSL), adipose tissue
triglyceride lipase (ATGL), lipoprotein lipase (LPL) and cluster of dif-
ferentiation 36 (CD36) were previously shown to be involved in
glucocorticoid induced lipolysis in the visceral adipose tissue
(Campbell et al., 2011; Lee et al., 2014; Yu et al., 2010).

In light of aforementioned data, the rat model of PCOS should
ideally exhibit both the reproductive and metabolic abnormalities
similar to those attributed to human PCOS. In this study, we sought
to confirm previous observations of Manneras et al. (2007) that such
a model can be obtained by continuous release of subcutaneously
administered nonaromatizable androgen, 5α-dihydrotestosterone
(DHT), from pre-pubertal to adult age. Considering the apparent im-
portance of visceral obesity and dyslipidemia in PCOS pathogenesis
and possible underpinning role of glucocorticoid excess, we also in-
vestigated the potential link of prolipogenic and/or prolipolytic
changes with glucocorticoid metabolism and signaling in the vis-
ceral adipose tissue of DHT-treated rats. To that end, we analyzed
11βHSD1 activity, and the expression of GR and GR-regulated
prolipogenic and prolipolytic genes.

2. Materials and methods

2.1. Animals and treatment

At the 21st day after birth, female Wistar rat pups were sepa-
rated from lactating dames and randomly divided in two groups
differing in whether they were implanted with 90-day-continuous-

release pellets containing 7.5 mg of DHT (daily dose, 83 μg; DHT
group) or with pellets lacking the bioactive component (placebo
group). DHT and placebo pellets were purchased from Innovative
Research of America (Sarasota, FL). The dose of DHT was chosen as
to induce a hyper-androgenic state mimicking that seen in women
with PCOS (Fassnacht et al., 2003; Silfen et al., 2003). Each exper-
imental group was comprised of 12 animals (n = 12), which were
housed three per cage, kept in a space with controlled tempera-
ture (22 ± 2 °C) and constant humidity, and under standard 12 h/
12 h light/dark cycle. All animals had ad libitum access to commercial
chow and tap water. During the 90-day long treatment, the food
intake was measured daily and body mass weekly. Energy intake
was calculated as the daily calories ingested through food (foodmass
(g) × 11 kJ). At the end of the treatment, rats were sacrificed by de-
capitation in the diestrus phase of the estrous cycle. The stage of
cyclicity was determined by microscopic analysis of the predomi-
nant cell type in vaginal smears obtained daily from each animal
from the 10th week to the end of the treatment. All protocols were
compliant with the European Communities Council Directive (86/
609/EEC) for the protection of animals used for experimental and
other scientific purposes, and were approved by the Ethical Com-
mittee for the Use of Laboratory Animals of the Institute for Biological
Research “Siniša Stanković”, University of Belgrade (No 2-20/10), ac-
cording to the guidelines of the EU registered Serbian Laboratory
Animal Science Association (SLASA).

2.2. Blood sample collection and determination of plasma
parameters

Blood triglyceride levels weremeasured at decapitation after over-
night fasting, by use of the MultiCare analyzer (Biochemical Systems
International, Italy). Trunk blood was collected in EDTA contain-
ing tubes and plasma was isolated by centrifugation at 1600×g for
10min at room temperature, and then stored at −70 °C. Plasma level
of NEFA was determined by the modified version of Duncombe’s
method (Duncombe, 1964). Total plasma and tissue CORT concen-
trations were measured by the Corticosterone High Sensitivity EIA
kit (IDS, American Laboratory Products Co) according to the man-
ufacturer’s instructions. Absorbance at 450 nm (reference 650 nm)
was read at the plate reader (Multiskan Spectrum, Thermo Elec-
tron Corporation, Finland), and CORT concentrations, determined
by 4PL curve fitting analysis (ReaderFit Software, MiraiBio Group
of Hitachi Solutions America, Ltd.), were presented in ng/ml for
plasma samples and in ng/mg of protein for tissue samples. Intra-
assay coefficient of variation (CV) was 5.9%, while inter-assay CV
was 8.9%. Plasma estradiol concentration was measured by Estra-
diol (E2) Enzyme Immunoassay Test Kit (BioCheck Inc., CA). Intra-
assay CV was 24.1%, while inter-assay CV was 26.7%.

2.3. Intraperitoneal glucose tolerance test (IPGTT)

IPGTT was performed 3 days before the end of the treatment.
A glucose challenge was given intraperitoneally (2 g/kg) after over-
night fasting. Blood samples were taken from the tail tip at 0, 15,
30, 60, 90 and 120 min after injection in order to determine the
plasma glucose concentration. Plasma glucose concentration was
measured by use of the MultiCare analyzer (Biochemical Systems
International). The area under the concentration vs. time curve (AUC
glucose 0–120 min, mmol/l vs. min) was calculated by the trap-
ezoidal rule by using GraphPad Prism v5 Software (San Diego, CA,
USA).

2.4. Isolation of reproductive organs

After an initial longitudinal incision and opening the abdomi-
nal cavity, the uterus was located and disconnected from the base
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of the vagina, while the ovaries were removed from the end of each
uterine horn.

2.5. Adipose tissue isolation and fractionation

Visceral adipose tissue was collected immediately after decap-
itation, washed by saline (0.9% NaCl), dried, weighed and divided
in parts for Western blot, qPCR and histological analyses. The iso-
lated visceral adipose tissuewas situatedwithin the abdominal cavity
and included the omental, retroperitoneal and perirenal depots. The
tissue parts intended for use inWestern blot and qPCR analyses were
stored in liquid nitrogen until protein and RNA isolation.

For the preparation of cytoplasmic, nuclear andmicrosomal frac-
tions, visceral adipose tissue of two animals from the same
experimental group was pooled. Frozen adipose tissue was homog-
enized (w/v = 1:1) in ice-cold homogenization buffer (20 mM Tris–
HCl, pH 7.2, 10% glycerol, 50mMNaCl, 1mM EDTA-Na2, 1mM EGTA-
Na2, 2mMDTT, protease and phosphatase inhibitors). The cell lysate
was then filtered through gauze and centrifuged at 2000×g, 15 min,
at 4 °C. The resulting supernatant and pellet were further pro-
cessed to generate needed cellular fractions. For cytoplasmic fraction
preparation, the supernatant was centrifuged at 10,000×g, 25 min,
at 4 °C and then recentrifuged at 150,000×g, 90min, at 4 °C. The final
supernatant was used as the cytoplasmic fraction. The pellet ob-
tained after ultracentrifugation was resuspended in the Na-
pyrophosphate buffer (100 mM Na-pyrophosphate, pH 7.4) and
centrifuged at 150,000×g, 90 min, at 4 °C. The resulting pellet was
resuspended, sonicated (3 × 5 s, 1 A, 50/60 Hz) in the phosphate
buffer (50 mM K-phosphate, pH 7.4, 0.1 mM EDTA-Na2, 20% glycer-
ol and 0.1 mM DTT) and used as the microsomal fraction. To obtain
the nuclear fraction, the pellet generated by the low-speed cen-
trifugation of cell lysate was washed twice in 1 ml of HEPES buffer
(25 mM HEPES, pH 7.6, 10% glycerol, 50 mM NaCl, 1 mM EDTA-
Na2, 1 mM EGTA-Na2, 2 mM DTT, protease and phosphatase
inhibitors). This was followed by low-velocity centrifugation (4000×g,
10min, 4 °C), resuspension of the resulting pellet (w/v = 1:1) in NUN
buffer (25 mM HEPES, pH 7.6, 1 M urea, 300 mM NaCl, 1% Nonidet
P-40, protease and phosphatase inhibitors) and incubation of the
suspension on ice for 1 h with continuous agitation and frequent
vortexing. The supernatant containing nuclear proteins was col-
lected by centrifugation (20,000×g, 10min, at 4 °C). All samples were
stored at −70 °C until use.

2.6. Histological analysis and immunohistochemistry

Samples of visceral fat and ovaries from placebo and
DHT-treated rats were fixed in 10% neutral formalin or 4% paraform-
aldehyde, respectively, for 24 h, dehydrated in an ethanol gradient,
cleared in xylene and embedded in paraffin. The ovaries were se-
rially sectioned at 5 μm, while the adipose tissue blocks were
sectioned at 10 μm thickness. Sections of both tissues were stained
with hematoxylin and eosin. Ovary sections were additionally
immunohistochemically stained for cleaved caspase-3 (#9661, Cell
Signaling) according to the manufacturer’s instructions, using the
peroxidase-antiperoxidase method. Briefly, after deparaffinization,
dehydration, antigen retrieval in microwave for 10 min in 10 mM
citrate buffer pH 6, and blocking of endogenous peroxidases with
3% H2O2 in methanol, sections were incubated with 10% goat serum
for 1 h, followed by incubation with primary antibody (1:100) over-
night at 4 °C. Goat anti-rabbit IgG HRP conjugate (1:200, Santa Cruz
Biotechnology) served as secondary antibody. The antigen-antibody
complex was visualized by incubating the sections with
3,3-diaminobenzidine (DAB; DAKO A/S, Glostrup, Denmark).
Morphometric analysis of adipose tissue, i.e. determination of
adipocytes diameter and area, was carried out using Adiposoft (au-
tomated software for the analysis of white adipose tissue cellularity

in histological sections) (Galarraga et al., 2012). Images for analy-
sis were acquired as previously reported (Bursac et al., 2014). Briefly,
tissue boundaries were firstly recognized at lowmagnification. Then
three high-resolution, randomly located images per section were
acquired at 10 ×magnification. Random locations were secured by
using the newCAST software package (Visiopharm Integrator System,
version 3.2.7.0, Visiopharm, Denmark) connected to a microscope
(Olympus, BX-51, Olympus Corp., Tokyo, Japan) and a CCD camera
(PixeLINK, Ottawa, ON, Canada). The diameter and area of the cells
were measured in 100 adipocytes per section (three sections for one
animal and five animals per group).

2.7. Western blot analysis

Protein concentration was determined according to Spector using
bovine serum albumin as a reference (Spector, 1978). The samples
were boiled in 2x Laemmli buffer for 5min, and 40 μg (cytosolic frac-
tion) or 80 μg (nuclear and microsomal fractions, respectively) of
the proteins were resolved along with molecular mass references
(10–170 kDa, Fermentas) on 10% sodium dodecyl sulphate-
polyacrylamide gels usingMini-Protean II Electrophoresis Cell system
(Bio-Rad Laboratories, Hercules, CA). The transfer of proteins from
acrylamide gels to polyvinylidene difluoridemembranes (Immobilon-
FL, Millipore) was performed in 25mM Tris buffer, pH 8.3 containing
192 mM glycine and 20% (v/v) methanol, at 135 mA overnight in
Mini Trans-Blot Electrophoretic Transfer Cell system (Bio-Rad Labo-
ratories). Themembranes were blocked by phosphate-buffered saline
(PBS, 1.5 mM KH2PO4, 6.5 mM Na2HPO4, 2.7 mM KCl, 0.14 M NaCl,
pH 7.2) containing 3% non-fat dry milk at room-temperature for 1 h,
and then incubated overnight at 4 °C with respective primary an-
tibodies: rabbit polyclonal anti-GR (PA1-511, Affinity Bioreagents,
1:500), rabbit polyclonal anti-11βHSD1 (ab109554, Abcam, 1:1000),
rabbit polyclonal anti-H6PD (sc-67394, Santa Cruz Biotechnology,
1:1000), rabbit polyclonal anti-lipin-1 (sc-98450, Santa Cruz Bio-
technology, 1:1000), rabbit polyclonal anti-SREBP-1 (sc-366, Santa
Cruz Biotechnology, 1:1000), mouse monoclonal anti-PPARγ (sc-
7273, Santa Cruz Biotechnology, 1:500), mouse monoclonal anti-
β-actin (AC-15, Sigma-Aldrich, 1:10,000) and rabbit polyclonal anti-
calnexin (ab22595, Abcam, 1:10,000) antibody. β-actin was used as
an equal loading control for cytoplasmic and nuclear fractions, while
calnexin served as a marker for microsomal fraction. After exten-
sive washing (PBS containing 0.1% Tween20), all membranes were
incubated with appropriate alkaline phosphatase conjugated sec-
ondary antibodies (Amersham Pharmacia Biotech, 1:20,000), and
the immunopositive bands were visualized by the enhanced
chemifluorescence method (ECF, GE Healthcare, USA). Quantita-
tive analysis of immunoreactive bands was performed by
ImageQuant software (GE Healthcare).

2.8. RNA isolation and reverse transcription

Total RNA was extracted from visceral adipose tissue of indi-
vidual animals by TRIreagent® (AmBion Inc., Austin, TX, USA). RNA
was dissolved in RNase-DNase free water (Eppendorf) and its con-
centration and purity were tested spectrophotometrically (OD 260/
280 > 1.8 was considered satisfactory). RNA integrity was confirmed
by 2% agarose gel electrophoresis. Prior to cDNA synthesis, DNA con-
tamination was removed by DNAse I treatment (Fermentas). cDNA
was synthesized out of 2 μg of total RNA using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems), according to
the manufacturer’s instructions, and was stored at −70 °C until use.

2.9. Real-time PCR

TaqMan gene expression probe sets (Applied Biosystems Assays-
on-Demand Gene Expression Products) were used for all gene
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expression experiments. All probes were 6-carboxyfluorescein-
labeled and were as follows: GR (Rn00561369_m1), 11βHSD1
(Rn00567167_m1), PEPCK (Rn01529014_m1), LIPE (Rn00563444
_m1), ATGL (PNPLA2, Rn01479969_m1), FAS (Rn01463550_m1), LPL
(Rn00561482_m1) and CD36 (Rn02115479_g1). To identify themost
suitable reference gene for quantitative normalization of gene ex-
pression in visceral adipose tissue of DHT-treated and placebo rats,
the expressional stability of four potential reference genes:
hypoxanthine guanine phosphoribosyl transferase 1 (HPRT1,
Rn01527840_m1*), b-actin (BA, Rn00667869_m1*), b2-microglobulin
(B2M, Rn00560865_m1*) and TATA box binding protein (TBP,
Rn01455646_m1*) was analyzed by TaqMan real-time RT PCR
method, using GeNorm and NormFinder software packages. Both
softwares identified HPRT1 as the most stable and therefore suit-
able reference gene for gene expression analyses in the adipose tissue
of DHT-treated and placebo rats.

Real-time PCR was performed on ABI Prism 7000 Sequence De-
tection System (Applied Biosystems) in a total volume of 25 μl
containing 1 × TaqMan Universal Master Mix with AmpErase UNG,
1 × Assay Mix (Applied Biosystems) and cDNA template (20 ng) at
cycle conditions: 50 °C for 2 min, 95 °C for 10 min, followed by 40
cycles at 95 °C for 15 s and 60 °C for 60 s. No template control con-
taining nuclease-free water instead of cDNA template was used in
each run. All reactions were run in triplicate. Relative quantifica-
tion of target genes was achieved by the comparative 2−ΔΔCt method
(Livak and Schmittgen, 2001). The obtained results were analyzed
by Sequence Detection Software version 1.2.3 for 7000 System SDS
Software RQ Study Application (Applied Biosystems) with a confi-
dence level of 95 % (P ≤ 0.05).

2.10. Statistical analyses

The morphological, biochemical, hormonal and histological pa-
rameters are given as means ± SD. The real-time PCR and Western
blot data are presented as means ± SEM. Student’s unpaired t-test
was used to compare means between groups (DHT-treated rats vs.
placebo rats). Results were considered statistically significant at
P < 0.05. Statistical analyseswere performed by using GraphPad Prism
v5 Software.

3. Results

3.1. Reproductive characteristics of DHT-treated animals

All DHT-treated rats were acyclic, in diestrus phase of estrous
cycle with leukocytes dominating in vaginal smears. The placebo
rats preserved normal cyclicity with 4–5 days long estrous cycle.
Absolute masses of ovary and uterus and their relative ratios to total
body mass were significantly decreased (P < 0.05) in DHT-treated
group compared to the placebo group (Table 1). As shown in Table 2

total estradiol plasma levels were unchanged in DHT-treated animals
compared to placebos. In agreement with estrous cycles, ovaries of
placebo group contained several generations of corpora lutea (CL,
Fig. 1A), healthy follicles at all stages of folliculogenesis, and rare
atretic follicles at various stages of degeneration (not shown). In re-
gressive CL, apoptotic, cleaved caspase-3 immunoreactive granulosa
lutein cells were present (Fig. 1A – inset). Ovaries of DHT-treated
rats were smaller in size and CL were absent (Fig. 1B). Light micro-
scopic analysis showed that a majority of follicles were atretic,
ranging from early to late stages of degeneration. Secondary inter-
stitial glands were abundant, reaching the very periphery of the
ovarian cortex, which is a clear sign of dominating atretic pro-
cesses (Fig. 1B). Follicles in earlier stage of atresia contained cleaved
caspase-3 positive granulosa cells, while secondary interstitial glands
did not, since granulosa cells that underwent programmed cell death
are cleared at this stage (Fig. 1B).

3.2. Physiological and biochemical characteristics of DHT-treated
animals

As presented in Table 1, DHT-treated rats had a statistically sig-
nificant increase in caloric intake (P < 0.01), which was accompanied
with increased body mass, absolute (P < 0.01) and relative to body
visceral adipose tissue mass (P < 0.05), compared to placebos. Total
CORT plasma levels were unchanged in DHT-treated animals com-
pared to placebos, whereas visceral adipose tissue CORT level was
significantly increased (P < 0.05) (Table 2). As shown in Table 2, the
IPGTT AUC values were not significantly different between the ex-
perimental groups, which is in accordance with unchanged
circulating glucocorticoids. DHT-treated rats also displayed signifi-
cantly increased plasma triglyceride (P < 0.001) and NEFA (P < 0.01)
levels compared to the placebo animals (Table 2).

3.3. Histological and morphometric analysis of visceral adipose
tissue

The gross anatomy images of rats from each experimental group
(Fig. 2A) showed a remarkable difference between DHT-treated and
placebo animals in the visceral adipose tissue size, which was con-
firmed by histological and morphometric analyses of visceral
adipocytes. Namely, histological analysis revealed hypertrophic
adipocytes in DHT-treated rats (Fig. 2B). Further morphometric anal-
ysis showed that adipocytes of DHT-treated rats had enlarged
diameter and area (Fig. 2C, P < 0.01) compared to adipocytes of
placebo animals.

3.4. Glucocorticoid prereceptor metabolism and glucocorticoid
receptor intracellular redistribution

To analyze the glucocorticoid prereceptor metabolism in the
adipose tissue, Western blot and qPCR analyses of the key enzymes
involved in the intracellular conversion of 11-dehydrocorticosterone

Table 1
Caloric intake, body mass, absolute and relative masses of visceral adipose tissue,
uterus and ovary of DHT-treated and placebo rats.

Placebo DHT

Caloric intake (kJ/day/rat) 177.20 ± 30.10 191.30 ± 34.90**
Body mass (g) 255.10 ± 13.50 295.80 ± 40.27**
Ovary (g) 0.039 ± 0.008 0.024 ± 0.015**
Ovary-to-body ratio (×100) 0.015 ± 0.003 0.009 ± 0.006**
Uterus (g) 0.44 ± 0.08 0.33 ± 0.14*
Uterus-to-body ratio (×100) 0.17 ± 0.02 0.11 ± 0.05**
Mass of visceral adipose tissue (g) 9.34 ± 2.29 13.02 ± 2.48**
Visceral adipose tissue-to body ratio (×100) 3.60 ± 0.92 4.31 ± 0.48*

The data are presented as means ± SD (n = 12 animals per group). Comparisons
between DHT-treated and placebo rats were made by unpaired Student’s t-test. As-
terisks indicate significant differences; *P < 0.05, **P < 0.01.

Table 2
Biochemical and hormonal parameters in plasma samples and CORT level in adipose
tissue of DHT-treated and placebo rats.

Placebo DHT

Triglycerides (mmol/l) 1.09 ± 0.17 1.59 ± 0.34***
NEFA (mmol/l) 0.46 ± 0.10 0.59 ± 0.14**
Estradiol (pg/ml) 4.74 ± 0.40 4.50 ± 0.43
Plasma CORT (ng/ml) 91.94 ± 46.37 116.50 ± 32.73
Visceral adipose tissue CORT (ng/mg) 1.67 ± 1.47 4.08 ± 1.85*
IPGTT glucose AUC 924.20 ± 187.60 965.50 ± 166.10

The data are presented as means ± SD (n = 12 animals per group). Comparisons
between DHT-treated and placebo rats were made by unpaired Student’s t-test. As-
terisks indicate significant differences; *P < 0.05, **P < 0.01, ***P < 0.001.
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to CORT was performed. 11βHSD1 mRNA and protein levels were
significantly increased (P < 0.01, Fig. 3A and C), whereas those of its
coenzyme, H6PDH (Fig. 3B and D), remained unchanged in the
adipose tissue microsomal fraction of DHT-treated as compared to
placebo animals.

Analysis of the GR protein level and intracellular redistribution
was performed by Western blot in both cytoplasmic and nuclear
fractions of visceral adipose tissue. As shown in Fig. 4, a statisti-
cally significant decrease (P < 0.05) of the GR protein level in the
cytoplasmic fraction, and its concomitant increase (P < 0.05) in the
nuclear fraction of the visceral adipose tissue was observed after
DHT treatment.

3.5. Expression of GR-regulated prolipogenic and
prolipolytic genes

Visceral adipose tissue nuclear fraction was analyzed byWestern
blot in order to assess DHT-related changes in the levels of
proadipogenic proteins PPARγ and SREBP-1. The comparisons of DHT-
treated and placebo group showed a lack of change in the nuclear
PPARγ protein level (Fig. 5A) and a statistically significant increase
in the nuclear level of SREBP-1 (P < 0.05, Fig. 5B) after DHT
treatment.

In the endoplasmic reticulum, lipin-1 has an enzymatic
phosphatidate phosphatase (PAP-1) activity, while in the nucleus
it acts as a transcriptional co-regulator of fatty acid oxidation genes.
Because of this dual role, we analyzed the lipin-1 intracellular dis-
tribution in the visceral adipose tissue by performing Western blot
analysis of its protein level in the microsomal and nuclear frac-
tions. The level of lipin-1 protein in the nuclear fraction remained
unchanged (Fig. 5C), while a significant increase of this protein was
observed in the microsomal fraction (P < 0.05, Fig. 5D) after DHT
treatment.

The analysis of prolipogenic FAS and PEPCK gene expression by
qPCR showed significantly increased levels of both mRNAs in DHT-
treated animals compared to placebos (P < 0.05, Table 3). The mRNA
level of the lipolytic enzyme HSL was significantly decreased
(P < 0.05, Table 3) whereas the level of ATGL mRNA remained un-
changed, and that of LPL mRNA was increased (P < 0.05, Table 3).
Transcription of fatty acid translocase CD36 genewas downregulated
in the visceral adipose tissue after DHT treatment.

4. Discussion

The results of the present study showed that DHT-treated female
rats present with both the reproductive and metabolic character-
istics of PCOS, thereby providing an animal model suitable for
biochemical and molecular studies of these disturbances in PCOS.
Long-term treatment of young rats with DHT led to the arrested
estrous cycle, decreased weight of ovaries and uteri and the ap-
pearance of anovulatory ovaries. The effects of DHT treatment on
visceral adipose tissue included enhanced glucocorticoid prereceptor
metabolism and signaling paralleled with the induction of lipo-
genic factors: SREBP-1, microsomal lipin-1, FAS and PEPCK. These
molecular alterations were accompanied by adipocyte hypertro-
phy, visceral obesity, elevated plasma NEFA and triglyceride
concentrations.

In our study of DHT-induced androgen excess, PCOS character-
istics were confirmed at several levels. Namely, treated females were
arrested in diestrus phase of the estrous cycle, while plasma es-
tradiol levels remained unchanged. We also observed the decreased
weight of both ovaries and uteri. Histological analysis of ovaries of
DHT-treated rats revealed that normal processes of folliculogenesis
and ovulation were disturbed, with total absence of ovulation and
promotion of degenerative processes as evidenced by the pres-
ence of cleaved caspase-3 in granulosa cells of early atretic follicles.
This is confirmed by the absence of CL and predomination of in-
terstitial glands within the ovary.

The observed reproductive characteristics of PCOS were accom-
panied by a significant increase in both total bodymass and themass
of visceral adipose tissue of DHT treated rats. It was previously shown
that increased adipose tissue mass can be a consequence of either
adipocyte hypertrophy or hyperplasia (Smith et al., 2006) and our
histological analysis showed that DHT treatment led to domi-
nantly hypertrophic morphology of visceral adipocytes, which is in
accordance with previous findings on DHT-treatedmice (van Houten
et al., 2012). Apart from these histological changes, significant in-
creases in triglyceride and NEFA levels in the plasma of DHT-
treated animals were observed, which is consistent with the notion
that dyslipidemia is the most common metabolic abnormality in
PCOS (Macut et al., 2008).

Considering the already established link between local gluco-
corticoid excess and visceral obesity (Gathercole and Stewart, 2010),

A) B)

Fig. 1. Immunohistochemical localization of cleaved caspase-3 in ovaries of placebo and DHT-treated rats. (A) Numerous healthy corpora lutea (CL) and rare regressive CL
(rCL) are present in the ovaries of placebo group. In rCL, cleaved caspase-3 immunoreactive granulosa lutein cells can be seen (inset – arrows). (B) Ovaries of DHT-treated
females are smaller in size with no CL and numerous secondary interstitial glands (arrowheads). Atretic follicles (*) with cleaved caspase-3 positive granulosa cells are also
present (inset – arrows). Scale bar = 100 μm, inset = 50 μm.
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the aim of this study was to examine whether a similar link can be
observed in DHT-treated rats.We assessed glucocorticoid prereceptor
metabolism by determining mRNA and protein levels of 11βHSD1
and H6PDH enzymes, combined with tissue CORT quantification,
as ameasure of these enzymes activity. In spite of unchanged plasma
CORT concentrations, we found locally elevated CORT within the
adipose tissue of DHT-treated rats, which was probably related to
enhanced 11βHSD1 activity, judged by its increased mRNA and
protein levels. The level of H6PDH, providing NADPH as a cofactor
for 11βHSD1 activity, was unchanged in the adipose tissue of DHT-
treated rats. We presume, however, that the elevation in adipose
tissue CORT can still be attributed to the sustained activity of
11βHSD1, independently of H6PDH activity, owing to the greater
availability of NADPH compared to NADPH+ leading to predomi-
nant reductase reaction in vivo (Czegle et al., 2012). Apart from
analyzing the prereceptor metabolism of glucocorticoids, we also

assessed the level of GR expression and its intracellular redistri-
bution (Nicolaides et al., 2010). After DHT treatment, cytoplasmic
GR level in the adipose tissue was decreased, while its statistically
significant increase was observed in the nuclear fraction, suggest-
ing that the excessive CORT found in visceral adipose tissue after
treatment drives GR activation and consequent changes in the ex-
pression of GR target genes.

As already known, glucocorticoids can modulate both lipogen-
esis and lipolysis in the adipose tissue and themost interesting aspect
of this modulation is that these hormones can concomitantly affect
both of these processes in adipocytes (Wang et al., 2012). One of
the GR regulated prolipogenic genes analyzed in this study is lipin-1
which has a dual role at the molecular level, acting as a transcrip-
tional co-regulator of fatty acid oxidation genes in the nucleus, and
as a phosphatidate phosphatase (PAP-1) enzyme responsible for
diacylglycerol synthesis in the endoplasmic reticulum (Reue and
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Brindley, 2008). Our results demonstrated its significant increase
in the microsomal fraction and a lack of its change in the nuclear
fraction after DHT treatment, which implies the prevailing role of
lipin-1 in stimulation of lipogenesis in the visceral adipose tissue
of DHT-treated animals.

Yet another prolipogenic protein under expressional control of
the glucocorticoids is SREBP-1 (Ayala-Sumuano et al., 2013). We ob-
served a significant increase in the nuclear level of this protein in
visceral adipose tissue after DHT treatment, which is consistent with
the observed hypertrophic state of the adipocytes. SREBP-1 is known
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for its critical role in lipogenesis through direct transcriptional stim-
ulation of genes involved in lipid synthesis and accumulation, such
as FAS and acetyl-CoA carboxylase (Mandard and Kersten, 2006).
In line with elevated nuclear SREBP-1, we have also observed the

elevation of FAS mRNA level in the adipose tissue of DHT-treated
rats.

Another GR regulated gene involved in lipogenesis is PEPCK,
whose product is a key enzyme of glyceroneogenesis in the adipose
tissue (Gathercole and Stewart, 2010). We found a significant in-
crease of PEPCK mRNA level in the visceral adipose tissue of DHT-
treated rats. Considering a set of previously reported data implying
that the ectopic expression of PEPCK increases adipocyte lipid ac-
cumulation and NEFA re-esterification (Franckhauser et al., 2002;
Lee et al., 2014), it can be presumed that PEPCK up-regulation in
the visceral adipose tissue of our PCOS model is set to facilitate
lipogenesis.

We also analyzed the level of PPARγ, a transcriptional factor in-
volved in lipid metabolism (Fajas et al., 2001). PPARγ is an important
regulator of adipogenesis, since it is required for the beginning of
the adipocyte differentiation process through proliferation and hy-
perplasia (Drolet et al., 2008; Farmer, 2006). Thus, the finding of
unchanged PPARγ expression in the adipose tissue of DHT-treated
rats is in line with histological data indicating the hypertrophic state
of adipocytes without visible hyperplasia in these animals.

These results imply that glucocorticoids are likely involved in
lipogenesis and development of visceral obesity in DHT teated rats.
However, it is noteworthy that DHT treatment itself can regulate
the expression of all aforementioned molecules (Bolduc et al., 2004;
McInnes et al., 2006; Zhang et al., 2008a) apart from lipin-1, which
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Table 3
Relative quantification of mRNA level of lipogenic and
lipolytic genes in the visceral adipose tissue of placebo
and DHT-treated rats.

Placebo DHT

FAS 1.30 ± 0.26 4.83 ± 1.09*
PEPCK 1.79 ± 0.17 2.24 ± 0.12*
ATGL 0.88 ± 0.06 0.55 ± 0.14
HSL 1.20 ± 0.11 0.92 ± 0.07*
LPL 1.37 ± 0.12 2.08 ± 0.28*
CD36 0.83 ± 0.19 0.70 ± 0.14*

The data are presented as means ± SEM (n = 12 animals
per group) of the triplicate analysis of RNA samples. Com-
parisons between DHT-treated and placebo rats were
made by unpaired Student’s t-test. A value of P < 0.05 was
considered statistically significant. Asterisks indicate sig-
nificant differences; *P < 0.05. ATGL, adipose tissue
triglyceride lipase; CD36, cluster of differentiation 36; FAS,
fatty acid synthase; HSL, hormone sensitive lipase; LPL,
lipoprotein lipase; PEPCK, phosphoenolpyruvate
carboxykinase.
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implies a possible interplay between glucocorticoids and andro-
gens in the regulation of lipid metabolism in our model. Although
androgens have an important role in adipose lipid metabolism
(O’Reilly et al., 2014), we suggest that the lipogenesis observed in
our model is at least to some extent influenced by the enhanced
glucocorticoid signaling, based on the implications of current re-
search suggesting a possibility of glucocorticoids inactivating DHT
and thereby overriding its effects in the adipose tissue (Hartig et al.,
2012; Veilleux et al., 2012).

As mentioned before, glucocorticoids can affect both lipogen-
esis and lipolysis in the adipocytes and thus it was of interest to
analyze the expression of several lipolytic enzymes, such as ATGL,
HSL and LPL, as well as fatty acid translocase CD36 in the visceral
adipose tissue. In DHT-treated rats, HSL mRNA level was signifi-
cantly decreased, while that of ATGL remained unchanged.
Interestingly, we also found elevated LPL mRNA level, resulting in
enhanced NEFA release in the circulation. It was previously shown
that facilitation of NEFA uptake is mediated by scavenger receptor
CD36 (Goldberg et al., 2009), whose expression was downregulated
after DHT-treatment. It could be proposed that LPL-mediated NEFA
release is not supported by adequate uptake of fatty acids by CD36,
resulting in increased circulating NEFA level.

The results of this study led us to several conclusions. Firstly, DHT
treatment of female rats in prepubertal age induces a plethora of
reproductive andmetabolic disturbances compatible with those seen
in human PCOS, making this animal model suitable for research on
pathogenesis of this syndrome. The most important metabolic ab-
normalities induced by DHT treatment are dyslipidemia and visceral
obesity that stems from adipocyte hypertrophy. Thesemetabolic dis-
turbances can at least partly derive from enhanced glucocorticoid
signaling in the visceral adipose tissue, leading to intensified lipo-
genesis through the induction of prolipogenic factors, SREBP-1, FAS
and lipin-1.

However, since some molecular mechanisms of lipid metabo-
lism regulation of androgens and glucocorticoids overlap, it should
be noted that these effects can result from a complicated inter-
play between androgens and glucocorticoids in the course of fat
accumulation and that additional research is required in order to
make a definite distinction between the effects of the two hor-
mones in the studied model of PCOS. However, considering the
aforementioned possibility of glucocorticoids inactivating DHT and
thereby overriding its effects in the adipose tissue, the involve-
ment of pronounced glucocorticoid signaling in the visceral adipose
tissue accumulation and lipid metabolism disturbances should not
be neglected.
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Abstract: Polycystic ovary syndrome (PCOS) is the most common endocrinopathy in women of 

reproductive age. It is a heterogenous disorder, with hyperandrogenism, chronic anovulation and 

polycystic ovaries as basic characteristics, and associated metabolic syndrome features. Increased 

secretion of leptin and leptin resistance are common consequences of obesity. Leptin is a hormone 

with anorexigenic effects in the hypothalamus. Its function in the regulation of energy intake and 

consumption is antagonized by glucocorticoids. By modulating leptin signaling and inflammatory 

processes in the hypothalamus, glucocorticoids can contribute to the development of metabolic 

disturbances associated with central energy disbalance. The aim of the study was to examine the 

relationship between hypothalamic leptin, glucocorticoid and inflammatory signaling in the 

development of metabolic disturbances associated with PCOS. The study was conducted on an animal 

model of PCOS generated by a continual, 90-day treatment of female rats with 5α-dihydrotestosterone 

(DHT). The model exhibited all key reproductive and metabolic features of the syndrome. mRNA 

and/or protein levels of the key components of hypothalamic glucocorticoid, leptin and inflammatory 

pathways, presumably contributing to energy disbalance in DHT-treated female rats, were measured. 

The results indicated that DHT treatment led to the development of hyperphagia and hyperleptinemia 

as metabolic features associated with PCOS. However, these metabolic disturbances could not be 

ascribed to changes in hypothalamic leptin, glucocorticoid or inflammatory signaling pathways in 

DHT-treated rats. 

 

Keywords: DHT; hypothalamus; leptin; glucocorticoids; inflammation 

 

INTRODUCTION 
Polycystic ovary syndrome (PCOS) is a common female endocrinopathy affecting 4-8% of 

women of reproductive age [1-3]. It is a heterogenous endocrinological disorder involving 

both reproductive and metabolic abnormalities, most importantly hyperandrogenemia, 

chronic anovulation and polycystic ovaries. Features of the metabolic syndrome, notably 

visceral obesity, dyslipidemia, low glucose tolerance and insulin resistance are frequently 

associated with PCOS [3, 4]. It has been suggested that hyperandrogenemia, as one of the key 

features of PCOS, can affect food intake by increasing food craving, and thereby induce 

weight gain in women [5]. 

mailto:dvojnovic@ibiss.bg.ac.rs


Obesity, most frequently the central type, is very common in PCOS, with hyperandrogenemia 

particularly stimulating the propagation of visceral adipose tissue [6, 7]. The most important 

influences of obesity on the genesis and self-propagation of PCOS include the stimulation of 

hyperinsulinemia and insulin resistance, chronic low-grade inflammation and general 

lipotoxicity [8, 9].  

Adipose tissue influences central food intake and energy expenditure control through 

the secretion of adipokines, among which is leptin [9, 10]. Leptin blood concentration is 

positively correlated with adipocyte size and general adiposity. Its secretion is stimulated by 

insulin and glucocorticoids, and inhibited by androgens [11, 12]. Leptin passes the blood-

brain barrier (BBB) and, after binding to the long form of leptin receptor (ObRb) in the 

hypothalamus, exerts its anorexigenic effects through the transcriptional activation/repression 

of a number of genes, including those coding for neuropeptide Y (NPY), Agouti-related 

peptide (AgRP) and proopiomelanocortin (POMC) [13]. 

Leptin resistance is a state in which leptin is not able to perform its functions, in spite 

of its high levels in the circulation [14]. It is frequently a consequence of visceral obesity 

[14], and can induce food consumption abnormalities, which intensify the effects of obesity 

on the pathophysiology of PCOS [15]. Leptin resistance can arise at different stages of the 

leptin transport through the BBB, or the hypothalamic ObRb signaling: most importantly the 

stimulated downregulation of ObRb [14, 16, 17] and/or expression of the suppressor of the 

cytokine signaling 3 (SOCS-3) gene, which leads to the increased negative feedback 

regulation of the leptin signal transduction [14, 18, 19]. Furthermore, an important role in the 

genesis of leptin resistance can be attributed to the local inflammatory mediator tumor 

necrosis factor α (TNFα), interleukin 6 (IL-6), IκB kinase (IKKβ)/nuclear factor κB (NFκB) 

and the proinflammatory actions of free fatty acids (FFA) [13, 14, 18, 19].  

Glucocorticoid hormones can modulate the leptin signaling pathway at the level of 

signal transducer and activator of transcription 3 (STAT3) and SOCS-3 gene expressions 

[20]. The levels of bioactive forms of glucocorticoids can be regulated locally through the 

action of 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1)/hexoso-6-phosphate 

dehydrogenase (H6PDH) enzymatic system, which converts the inactive forms of these 

hormones to the active ones [21, 22]. Increased activation of glucocorticoids is considered 

important for the genesis of metabolic disorders, including those linked to PCOS [21-24]. 

Glucocorticoids are also well-known as anti-inflammatory molecules generally suppressing 

the expression and modifying the activities of proinflammatory cytokines, such as IL-6 and 

TNF-α, and transcription regulators, such as NFκB [25, 26], aforementioned as possible 

mediators of leptin resistance in the hypothalamus.  

Our previous work has shown the possibility of involvement of glucocorticoid genomic 

effects, generally exerted after binding to and activating the glucocorticoid receptor (GR), in 

metabolic disturbances in the rat model of PCOS generated by 5α-dihydrotestosterone (DHT) 

treatment [27]. More specifically, we have found changes in visceral adipose tissue lipid 

metabolism leading to hypertrophic visceral obesity [27]. Considering the positive correlation 

of obesity and adipocyte size with leptin secretion, the importance of leptin in the 

hypothalamic regulation of energy intake and its aforementioned interactions with 

glucocorticoid signaling in the hypothalamus, we investigated the link between hypothalamic 

leptin, glucocorticoid and inflammatory signaling changes, and energy intake disturbances in 

female rats subjected to long-term DHT treatment.  

 

MATERIALS AND METHODS 
Animals and treatment 

At the 21
st 

day after birth, female Wistar rat pups were separated from lactating dames and 

randomly divided into two groups. The first group was implanted with 90-day-continuous-



release pellets containing 7.5 mg of DHT (daily dose, 83 μg; DHT group), and the second 

was treated with pellets lacking the bioactive component (Placebo group). DHT and placebo 

pellets were purchased from Innovative Research of America (Sarasota, FL, USA). The dose 

of DHT was chosen to induce the hyperandrogenic state corresponding to that seen in women 

with PCOS [28, 29]. Each experimental group was comprised of 12 animals (n=12), which 

were housed three per cage, kept in a space with controlled temperature (22±2°C) and 

constant humidity, and under a standard 12 h/12 h light/dark cycle. All animals had ad 

libitum access to commercial chow and tap water. During the 90-day treatment, food intake 

was measured daily and body mass weekly. Energy intake was calculated as daily calories 

ingested through food (food mass (g) × 11 kJ). At the end of the treatment, rats were killed by 

decapitation in the diestrus phase of the estrous cycle. The stage of cyclicity was determined 

by microscopic analysis of the predominant cell type in vaginal smears obtained daily from 

each animal from the 10
th

 week to the end of the treatment. All protocols were compliant with 

the European Communities Council Directive (86/609/EEC) for the protection of animals 

used for experimental and other scientific purposes, and were approved by the Ethical 

Committee for the Use of Laboratory Animals of the Institute for Biological Research “Siniša 

Stanković”, University of Belgrade (No 2-20/10), according to the guidelines of the EU-

registered Serbian Laboratory Animal Science Association (SLASA). 

Tissue and blood sample collection and determination of plasma parameters 

Immediately after the experimental animals were killed by rapid decapitation, visceral 

adipose tissue and hypothalami were isolated, weighed and frozen in liquid nitrogen for 

storage until further use. Trunk blood was collected at decapitation in EDTA-containing 

tubes and the blood triglyceride concentration was measured on site by MultiCare strips 

(Biochemical Systems International, Arezzo, Italy). Plasma was isolated by centrifugation at 

1600 × g for 15 min at room temperature, and then stored at -70°C. The plasma level of FFA 

was determined using a modified version of Duncombe’s method [30]. Total plasma leptin 

concentrations were measured by the Rat Leptin ELISA Kit (Millipore, Billerica, MA, USA) 

according to the manufacturer’s instructions. Absorbance at 450 nm (reference 590 nm) was 

read using a plate reader (Multiskan Spectrum, Thermo Electron Corporation, Waltham, MA, 

USA, and plasma leptin concentrations, determined by 4PL curve fitting analysis (ReaderFit 

Software, MiraiBio Group of Hitachi Solutions America, Ltd., San Bruno, CA, USA), were 

presented in ng/mL. The intra-assay coefficient of variation (CV) was 5.9%, while inter-assay 

CV was 8.9%. 

Preparation of hypothalamic whole cell extracts 

Hypothalami were homogenized in 4 vol. (w/v) of radioimmunoprecipitation assay (RIPA) 

buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 1% Nonidet NP40, 0.1% SDS, 2 mM DTT, 1 

mM EDTA-Na2, 0.15 mM spermine, 0.15 mM spermidine, protease and phosphatase 

inhibitors) using a glass/teflon (Potter-Elvehjem) homogenizer. The homogenates were 

sonicated on ice (3 x 10 s at 10 MHz, Hielscher Ultrasound Processor, Hielscher Ultrasonics 

GmbH, Teltow, Germany) and incubated for 60 min at 0
o
C prior to 20-min centrifugation at 

14000 x g. The resulting supernatants were stored at -70
o
C. Protein content was determined 

according to Spector [31]. 

SDS-PAGE and immunoblotting  

Proteins were resolved on 7.5% SDS-polyacrylamide gels using Mini-Protean II 

Electrophoresis Cell (Bio-Rad Laboratories, Hercules, CA, USA). Transfer of proteins from 

acrylamide gels to PVDF membranes (Immobilon-FL, Millipore Billerica, MA, USA) was 

performed in 25 mM Tris buffer, pH 8.3, containing 192 mM glycine and 20% (v/v) 

methanol, at 135 mA overnight in Mini Trans-Blot Electrophoretic Transfer Cell (Bio-Rad 

Laboratories, Hercules, CA, USA). The membranes were blocked by phosphate-buffered 

saline (PBS, 1.5 mM KH2PO4, 6.5 mM Na2HPO4, 2.7 mM KCl, 0.14 M NaCl, pH 7.2) 



containing 3% non-fat dry milk for 90 min at room temperature. After extensive washing 

(PBS containing 0.1% Tween20), membranes were incubated overnight at 4ºC with 

respective primary antibodies: rabbit polyclonal anti-leptin receptor (ab5593, Abcam, 

Cambridge, UK), rabbit polyclonal anti-GR (PA1-511, Thermo Scientific, Waltham, MA, 

USA), rabbit polyclonal anti-11β-HSD1 (ab109554, Abcam, Cambridge, UK), rabbit 

polyclonal anti-H6PD (sc-67394, Santa Cruz Biotechnology, Dallas, TX, USA), rabbit 

polyclonal anti-NFκB (sc-372, Santa Cruz Biotechnology, Dallas, TX, USA) and mouse 

monoclonal anti-β-actin (AC-15, Sigma-Aldrich, Saint Louis, MO, USA), which was used as 

an equal loading control. After thorough washing, all membranes were incubated with 

alkaline phosphatase conjugated secondary antibodies (Amersham Pharmacia Biotech, Little 

Chalfont, UK, 1:20000). The immunoreactive proteins were visualized by an enhanced 

chemifluorescence method (ECF, Amersham Pharmacia Biotech, Little Chalfont, UK) and 

quantitative analysis was performed by Image-Quant software (GE Healthcare, Little 

Chalfont, UK). 

RNA isolation and reverse transcription 

Total hypothalamic RNA was isolated using TRI Reagent
®
 (AmBion, Waltham, MA, USA). 

RNA was dissolved in RNase-DNase free water (Eppendorf, Hamburg, Germany) and its 

concentration and purity were tested spectrophotometrically (OD 260/280>1.8 was 

considered satisfactory). RNA integrity was confirmed by 2% agarose gel electrophoresis. 

RNase inhibitor (Applied Biosystems, Foster City, CA, USA) was added and the samples 

were frozen at -70
o
C until use. Prior to cDNA synthesis, DNA contamination was removed 

by DNase I treatment (Fermentas, Waltham, MA, USA). cDNA was synthesized from 2 μg of 

RNA. Reverse transcription was performed using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA, USA), according to the 

manufacturer’s instructions, and cDNA was stored at -70
o
C until use. 

Quantitative real-time PCR 

Quantification of ObRb, GR, NPY, SOCS-3, TNFα and IL-6 mRNA levels in the 

hypothalamus was performed by TaqMan
®
 Real Time PCR. Primers and probes for GR, 

ObRb, NPY, SOCS-3, TNFα and IL-6 (Rn00567167_m1, Rn00561369_m1, 

Rn01410145_m1 and Rn00585674_s1, Rn01525859_g1, Rn01410330_m1, respectively) 

were obtained from Applied Biosystems Assay-on-Demand Gene Expression Products. 

HPRT1 (Rn01527840_m1) was used as a previously validated endogenous control. 

Quantitative real time PCR (qPCR) was performed using the ABI Prism 7000 Sequence 

Detection System (Applied Biosystems, Foster City CA, USA) in a total volume of 25 μL 

containing 1 × TaqMan
® 

Universal Master Mix with AmpErase UNG, 1 × Assay Mix 

(Applied Biosystems, Foster City CA, USA) and the cDNA template (20 ng of RNA 

converted to cDNA) as follows: at 50
o
C for 2 min and 95

o
C for 10 min, followed by 50 

cycles at 95
o
C for 15 s and 60

o
C for 90 s. No template control was used in any run. All 

reactions were run in triplicate. Relative quantification of target genes was performed using 

the comparative 2
−ΔΔCt

 method (Livak and Schmittgen, 2001). The obtained results were 

analyzed by Sequence Detection Software version 1.2.3 for 7000 System SDS Software RQ 

Study Application (Applied Biosystems, Foster City CA, USA) with a confidence level of 

95% (p≤0.05). 

Statistical analyses 

Statistical analyses were performed using Prism software 5.00 (GraphPad, San Diego, CA, 

USA). The results are expressed as means±SD for biochemical and hormonal parameters, and 

as means±SEM for data from Western blot analysis and qPCR. Values were considered 

statistically significant when the p value was less than 0.05. 

 

RESULTS 



Morphological and basic metabolic parameters of DHT-treated female rats 

The energy intake of DHT-treated rats was significantly increased when compared placebo-

treated rats and was accompanied by an increase in visceral adipose tissue mass (Table 1, 

p<0.05). 

Blood triglyceride, FFA and leptin levels 

Statistically significant increases in blood triglyceride level (***, p<0.001), as well as in the 

plasma levels of FFA (*, p<0.05) and leptin (**, p<0.01) were observed after DHT-treatment 

in comparison to the Placebo group (Figs. 1 and 2). 

Leptin signaling alterations in DHT-treated animals 

The effects of DHT treatment on the expression of hypothalamic ObRb, SOCS-3 and NPY 

were examined by qPCR and Western blot. Subsequent Student t-test analyses showed the 

lack of significant changes in both relative protein and mRNA levels of ObRb, as well as in 

the relative amounts of SOCS-3 and NPY mRNAs in the hypothalami of DHT-treated rats 

(Fig. 3). 

Glucocorticoid signaling in the hypothalami of DHT-treated rats 

Changes in glucocorticoid signaling in the hypothalami of female rats after DHT treatment 

were examined by semiquantitative Western blot analyses of glucocorticoid prereceptor 

metabolism, qPCR analysis of relative GR mRNA levels and Western blot analysis of relative 

GR protein levels in the hypothalamic whole cell extracts. The results obtained are shown in 

Fig. 4, and imply an unchanged glucocorticoid regeneration and signaling in the 

hypothalamus of the DHT-treated rats. 

Local inflammation in the hypothalami of DHT-treated rats 

The relative local expression of several cytokines potentially involved in the changes of 

hypothalamic leptin signaling was also studied by qPCR and Western blot analyses. 

Succeeding statistical evaluations showed that neither IL-6 and TNFα mRNA, nor relative 

NFκB protein levels were significantly influenced by DHT treatment (Table 2, Fig. 5). 

 

DISCUSSION 

This study was performed on a hyperandrogenemic rat model of PCOS, obtained by the 

continual subcutaneous administration of a nonaromatizable form of testosterone, DHT, from 

the beginning of puberty up to adulthood. The model exhibited the main reproductive and 

metabolic features of PCOS [27]. The obtained results confirmed the existence of visceral 

adiposity, dyslipidemia and hyperphagia with increased energy intake in DHT-treated female 

rats (Table 1, Fig. 1). Significant hypertrophy of visceral fat adipocytes was also previously 

observed in the same animals [27]. Taking this fact and the noticed metabolic changes into 

account, the presence of blood hyperleptinemia and possible hypothalamic leptin resistance 

seems to be a reasonable assumption [11, 12, 14]. A significant elevation in blood leptin 

concentration was indeed observed in the DHT-treated females (Fig. 2). Namely, 

hyperleptinemia is often linked with hypothalamic leptin resistance, especially in obese 

animals. The state of leptin resistance can include signal transduction impediments after 

hormone binding to ObRb [17], involving the increased expression of the SOCS-3 gene in 

response to leptin and/or increased negative regulation of ObRb receptor gene expression [14, 

18, 19]. However, in spite of the observed hyperleptinemia, the results of qPCR and Western 

blot analyses did not indicate these changes in the leptin signaling pathway (Fig. 3A, B and 

C). 

One of the most important effector molecules in leptin control of energy balance is 

NPY [13], whose expression is influenced by glucocorticoids and insulin [32]. The effect of 

glucocorticoids on the NPY secretion in the hypothalamus is notably opposite to that of leptin 

and insulin [33] and involves the NPY gene transcriptional control [32, 34]. Therefore, in this 

study the changes in the corresponding hypothalamic mRNA levels were analyzed, but our 



results did not show a statistically significant increase in NPY gene expression after DHT 

treatment (Fig. 3D).  

The analyses of local glucocorticoid signaling were also performed, taking into account 

the aforementioned crosstalk between glucocorticoid and leptin signaling at the levels of 

NPY, ObRb and SOCS-3 gene expressions in central energy-intake regulation [20, 32, 33]. 

Analyses of the levels of 11β-HSD1 and H6PDH enzymes, the hypothalamic proteins 

involved in the regeneration of biologically active glucocorticoids [34], revealed that 

glucocorticoid prereceptor metabolism, as well as hypothalamic GR mRNA and protein 

levels were unaltered by DHT treatment (Fig. 4). Together, the observed results imply an 

unaffected glucocorticoid signaling, and therefore the absence of the potential effects of 

glucocorticoids on the leptin-signaling components and NPY expression in the hypothalamus 

of the chosen PCOS model.  

An important role in the metabolic disturbances linked to the energy intake disbalance 

can be assigned to local inflammatory processes in the hypothalamus. Local inflammatory 

consequences can arise due to the overactivity of the IKKβ/NFkB system, or the increase in 

TNFα and IL-6 proinflammatory mediators [13, 14, 18, 19]. However, the analyses 

performed in this study did not show changes in TNFα and IL-6 mRNA levels (Table 2), 

which is in accordance with the unaltered NFκB protein level in the hypothalamic whole-cell 

extract of DHT-treated rats (Fig. 5).  

The results of the present study point to a disturbed energy balance after DHT 

treatment, as illustrated by visceral adiposity, dyslipidemia and an increased energy intake, 

with adjoining hyperleptinemia. At the same time, the performed molecular analyses did not 

confirm the relation of the listed metabolic changes with either hypothalamic leptin, 

glucocorticoid or inflammatory signaling changes in the chosen PCOS model. Therefore, 

some additional aspects of leptin resistance, such as FFA-influenced STAT3 regulation, or 

the hyperleptinemia-stimulated inhibitory phosphorylations of ObRb, should be analyzed as 

potential markers of disturbed energy balance control in DHT-treated rats. 
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Table 1. Energy intake and visceral adipose tissue mass of DHT-treated and placebo rats. 
 

 

 

 

 

 

 

 

Data were analyzed by Student t-test and represent the mean values ± SD of 12 animals per group. A value of 

p<0.05 was considered statistically significant (**, p<0.01). 

 
Placebo DHT 

Energy intake (kJ/day/rat) 177.20±30.10 191.30±34.90 ** 

Visceral adipose tissue mass (g) 9.34±2.29 13.02±2.48 ** 



Table 2. IL-6 and TNFα mRNA levels in the hypothalamus of DHT-treated and placebo rats. 
 

 

 

 

 

 

 

 

Data were analyzed by Student t-test and represent the mean values ± SD of 12 animals per group. A value of 

p<0.05 was considered statistically significant. 

 
Placebo DHT 

TNFα 1.00±0.06 1.16±0.09 

IL-6 1.00±0.14 0.78±0.10 



Figure Legends 

 

Fig. 1. Blood triglyceride and plasma FFA levels. The levels of blood triglyceride (A) and 

plasma FFA (B) in DHT-treated (DHT) and Placebo group. Data represent the mean values ± 

SD of 12 animals per each group. Group comparisons were done by Student t-test. A value of 

p<0.05 was considered statistically significant (*, p<0.05; ***, p<0.001). 

 

Fig. 2. Plasma leptin levels. Data represent the mean values ± SD of 12 animals per each 

group, DHT-treated (DHT) and Placebo. Group comparisons were done by Student t-test. A 

value of p<0.05 was considered statistically significant (**, p<0.01). 

 

Fig. 3. The levels of ObRb, SOCS-3 and NPY gene expressions. Representative Western blot 

and relative levels of ObRb protein in the hypothalamic whole cell extract of placebo (P) and 

DHT-treated rats (DHT) (A). Respective relative hypothalamic levels of ObRb (B), SOCS-3 

(C) and NPY (D) mRNA in placebo and DHT-treated rats. Blots were probed with β-actin 

antibody as an equal loading control. Data are presented as mean ± SEM and were analyzed 

by Student t-test. 

 

Fig. 4. Hypothalamic levels of 11β-HSD1, H6PDH and GR. Representative Western blots 

and respective relative levels of 11β-HSD1 (A), H6PDH (B) and GR (C) proteins in the 

hypothalamic whole cell extract of placebo (P) and DHT-treated rats (DHT). Relative 

hypothalamic levels of GR mRNA in placebo and DHT-treated rats (D). Blots were probed 

with β-actin antibody as an equal loading control. Data are presented as mean ± SEM and 

were analyzed by Student t-test. 

 

Fig. 5. NFκB protein level. A representative Western blot and relative level of NFκB protein 

in the hypothalamic whole cell extract of placebo (P) and DHT-treated rats (DHT). Blots 

were probed with β-actin antibody as an equal loading control. Data are presented as mean ± 

SEM and were analyzed by Student t-test. 
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