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RESUMO GERAL 

INTRODUÇÃO – Embora a expectativa de vida humana tenha aumentado nos últimos 

séculos, ainda existem complicações de saúde na população idosa, muitas relacionadas 

ao declínio, dependente da idade, na produção dos hormônios gonadais. Nas mulheres, a 

falência ovariana cessa a produção de hormônios e resulta em redução rápida dos níveis 

séricos de estradiol (E2), a menstruação cessa, o que define a menopausa. Já nos homens, 

o principal andrógeno circulante é a testosterona (T). Ao contrário das mulheres, a função 

reprodutiva permanece comprometida nos homens mais velhos e nem todos eles têm 

deficiência de T. A T é mais alta na terceira década de vida, declinando com o avanço da 

idade em aproximadamente 0,4 a 1% ao ano. Na população idosa, a incidência de 

componentes da síndrome metabólica (SM) aumenta, tais como, ganho de peso corporal, 

diabetes tipo 2, resistência à insulina, doença hepática gordurosa não alcoólica (DHGNA) 

e doenças cardiovasculares. A melatonina tem sido sugerida como uma alternativa à 

terapia de reposição estrogênica para os distúrbios associados à menopausa. No entanto, 

a capacidade da melatonina de prevenir ou tratar o ganho excessivo de peso corporal e 

distúrbios metabólicos relacionados ainda é controversa. 

OBJETIVOS -– Nesta revisão, investigamos a relação entre deficiência de testosterona, 

esteatose hepática e síndrome metabólica por uma revisão sistemática da literatura. O 

objetivo do nosso estudo foi analisar se o tratamento preventivo com melatonina é capaz 

de suprimir as alterações metabólicas induzidas pela deficiência de estrogênio em ratos 

OVX, com ênfase no ganho de peso e na adiposidade. Considere os efeitos da melatonina 

em animais normoestrogênicos para fornecer informações de segurança para uso em 

mulheres na pré-menopausa. 

MÉTODOS - No artigo I, foi realizada uma busca sistemática no banco de dados 

PubMed, incluindo as palavras relacionadas à deficiência de T, os distúrbios relacionados 

à SM e esteatose hepática. No artigo II, as ratas foram divididas em quatro grupos: ratas 

controle com operação simulada tratadas com solução salina (CON); ratas controles com 

operação simulada tratadas com melatonina (CON+MEL), ratas ovariectomizadas 

tratadas com salina (OVX) e ratas OVX tratadas com doses diárias de melatonina 

(OVX+MEL). No dia seguinte à cirurgia, uma dose de 10 mg/kg de melatonina foi 

administrada diariamente às ratas dos grupos CON+MEL e OVX+MEL por sonda 

esofágica por um período de 16 semanas. Nos dias dos experimentos, os animais foram 

sacrificados com tiopental sódico (50 mg/kg i.p) para coleta de amostras de sangue, 

fígado, tecido adiposo, útero e carcaça. Parâmetros biométricos e ingestão de alimentos 

foram medidos ao longo do período experimental. A carcaça foi utilizada para determinar 

sua composição; os tecidos adiposos foram utilizados para determinar o índice de 

adiposidade e para análise histológica. O colesterol total, a lipoproteína de alta densidade 

(HDL-colesterol), os triglicerídeos (TG) e a glicose foram analisados no soro/plasma por 

métodos padrão usando kits de ensaio. O conteúdo lipídico total do fígado foi 

determinado pelo método gravimétrico e o colesterol e triglicerídeos no fígado foram 

determinados por ensaios específicos em kits. As alterações histológicas no fígado 

também foram investigadas e a porcentagem de infiltração lipídica foi medida em cortes 

histológicos do fígado corados com Sudan III. Mitocôndrias do fígado foram isoladas por 

centrifugação diferencial para avaliação da respiração ligada à β-oxidação de ácidos 

graxos, respiração acoplada à fosforilação de ADP, atividade de enzimas associadas às 

membranas e geração de H2O2. Parâmetros de estresse oxidativo celular foram avaliados 

em mitocôndrias e em homogenatos de fígado e tecido adiposo. Foram medidos os teores 

de glutationa reduzida (GSH), proteínas carboniladas e o conteúdo de malondialdeído 

(MDA) realizado pela técnica de espécies reativas ao ácido tiobarbitúrico (TBARS). 

Foram determinadas as atividades das seguintes enzimas antioxidantes: superóxido 
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dismutase (SOD), catalase (CAT), glutationa reductase (GSSG-red), glutationa 

peroxidase (GSH-Px) e glicose 6-fosfato desidrogenase (G6PD). O fígado intacto foi 

perfundido em outro lote de animais, no qual a oxidação dos ácidos graxos e a cetogênese 

foram medidos. 

RESULTADOS E DISCUSSÃO - No artigo de revisão, trinta e nove artigos foram 

incluídos e a maioria deles mostraram que baixos níveis de testosterona estão associados 

positivamente a distúrbios na homeostase da glicose, menor sensibilidade à insulina e 

dislipidemia. A distribuição de gordura e a composição corporal também são 

frequentemente modificadas sob condições de baixa testosterona. Alguns estudos 

verificaram a relação causal entre a DHGNA e os níveis séricos totais de T e indicaram 

que o fígado pode ser mais suscetível a engordar durante a deficiência de T. Quando os 

efeitos da terapia de reposição de T foram avaliados, os resultados mostraram que ela 

pode reverter alguns dos sinais clínicos da síndrome metabólica, o que enfatiza a 

importância da testosterona para a homeostase do metabolismo energético nos homens.  

No artigo original, os principais resultados foram os seguintes:  

A) O peso corporal de todas as ratas aumentou progressivamente durante as 16 semanas 

de tratamento. Após a terceira semana, o peso corporal das OVX foi maior que as CON 

(+26%). A administração de melatonina em ratas OVX+MEL não modificou o padrão de 

ganho de peso durante todo o período de tratamento, em comparação com OVX não 

tratadas, enquanto reduziu o ganho de peso em ratas CON+MEL, uma queda 

estatisticamente significativa após a sétima semana de tratamento. Nessas ratas o ganho 

de peso no final do tratamento foi 21% menor que nas CON e 55,5% menor em relação 

às OVX+MEL. O consumo alimentar não foi diferente. A composição da carcaça 

apresentou 5% menos matéria seca nas ratas OVX em comparação às ratas CON. Ratas 

OVX exibiram um aumento de 13% no extrato etéreo em relação aos valores das ratas 

CON e este extrato permaneceu elevado nas ratas OVX+MEL (+21% em relação às ratas 

CON). A melatonina induziu diminuição de 18% na porcentagem de extrato etéreo na 

carcaça de ratas CON+MEL. O índice de adiposidade foi 17% maior em ratas OVX em 

comparação às ratas CON que permaneceu elevado (+18%) nas ratas OVX+MEL.  

B) Os níveis médios de estradiol nas CON+MEL diminuíram 53% quando comparados 

às ratas CON. Não foram observadas diferenças significativas entre os quatro grupos de 

ratas nos níveis sanguíneos de FSH, glicose, triglicerídeos, colesterol total e suas 

lipoproteínas. Foi encontrada uma diferença significativa para os marcadores das funções 

hepáticas: as atividades da aspartato aminotransferase (AST) e alanina aminotranferase 

(ALT) foram, respectivamente, 46% e 28% maiores no sangue de ratas OVX quando 

comparadas com ratas CON, e o tratamento com melatonina induziu uma reversão parcial 

nos níveis de ambas as enzimas. Apesar do aumento substancial no peso total de gordura 

inguinal nas ratas OVX, a análise histológica deste tecido revelou que o tamanho dos 

adipócitos era muito semelhante ao das ratas CON. Foi evidenciada prevalência de 

adipócitos com tamanho reduzido em ratas tratadas com melatonina, não apenas no 

OVX+MEL, mas também no CON+MEL. 

C) O conteúdo de GSH na gordura inguinal foi reduzido em 23% nas ratas OVX, efeito 

suprimido pela administração de melatonina (ratas OVX+MEL). Nas ratas CON+MEL, 

a melatonina induziu uma redução de 29% no teor de TBARS na gordura retroperitoneal, 

e na gordura inguinal, verificou-se uma diminuição de 41% no teor de GSH e um aumento 

no teor de tióis (+40%) quando comparado com os respectivos grupos não tratados. As 

atividades GSSG-red e G6PD foram 44% e 41% reduzidas, respectivamente, em OVX 

quando comparadas com os valores das ratas CON. A melatonina aumentou as atividades 

das duas enzimas antioxidantes GSSG-red e G6PD em ratas OVX+MEL para níveis 
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equivalentes aos das ratas CON+MEL. Na gordura inguinal, a melatonina aumentou a 

atividade da CAT nas ratas OVX+MEL (+37% em relação às OVX).  

D) No fígado, o conteúdo de proteína carbonilada aumentou (+39%) e o conteúdo de GSH 

foi menor (-19%) nas ratas OVX quando comparado às CON. Nas ratas OVX+MEL, 

essas alterações foram suprimidas. As atividades da SOD e G6PD foram alteradas nas 

ratas OVX; já a administração de melatonina nas CON+MEL reduziu a atividade de 

G6PD para um valor médio 37% inferior ao das ratas CON.  

E) A quantificação de lipídios mostrou maior teor de gordura no fígado das ratas OVX. 

Triglicerídeos, mas não colesterol, foram os responsáveis pelo acúmulo de lipídios nas 

ratas OVX. O tratamento de ratas OVX+MEL reduziu os teores totais de lipídios e TG a 

valores semelhantes aos das ratas CON. Alterações significativas foram induzidas pelo 

tratamento com melatonina na respiração controlada por ácidos graxos em mitocôndrias 

desacopladas. Apesar das taxas semelhantes de respiração induzida por ácidos graxos nas 

mitocôndrias das ratas CON e OVX, com diversos substratos foi encontrado estímulo em 

ratas tratadas com melatonina, OVX+MEL e CON+MEL. Já no fígado intacto, a 

cetogênese foi aproximadamente 55% maior nas ratas CON+MEL do que nas ratas CON 

durante todo o período de infusão de palmitato. 

CONCLUSÃO PRINCIPAL – Na revisão, encontramos evidências da relação direta 

entre deficiência de T e síndrome metabólica. Programas de rastreamento em pacientes 

mais velhos ou com sobrepeso são importantes para ajudar a entender e detectar 

indivíduos com baixos níveis de T sérico para suplementar adequadamente. Deve-se 

considerar a importância de uma terapia específica para o tratamento da síndrome 

metabólica, que contemple todos os componentes da síndrome, o estágio da vida e o perfil 

hormonal como aspectos-chave para uma intervenção clínica assertiva. Finalmente, 

modificações no estilo de vida e na dieta parecem ser abordagens preventivas eficazes 

para evitar o acúmulo ectópico de gordura no fígado em homens com diagnóstico de 

deficiência de testosterona. Quanto ao artigo original, as ratas OVX, em nossa condição 

experimental, apresentaram características de adiposidade metabolicamente saudáveis, 

uma vez que as ratas não exibiram dislipidemia e sinais de resistência à insulina. A 

hipertrofia da gordura retroperitoneal e a hiperplasia da gordura inguinal na OVX 

provavelmente representam uma adaptação dos tecidos adiposos para armazenar maiores 

quantidades de lipídios e, assim, evitar a deposição ectópica de lipídeos. A administração 

a longo prazo de melatonina foi eficaz na prevenção do desenvolvimento de esteatose 

hepática e estresse oxidativo nas ratas OVX e, embora não tenha reduzido o ganho maior 

de adiposidade, a melatonina foi capaz de alterar a distribuição lipídica e a morfologia 

dos adipócitos em diferentes depósitos de gordura. A supressão da hipertrofia da gordura 

retroperitoneal e a preservação da hiperplasia da gordura inguinal sugeriram que a 

melatonina induziu uma redistribuição de lipídios em diferentes depósitos de gordura, 

reduzindo a sobrecarga lipídica excessiva e, assim, eliminando a possibilidade de células 

progredirem para inflamação e anormalidades relacionadas. Em ratas normoestrogênicas, 

a melatonina reduziu o ganho de peso corporal, reduziu o tamanho de adipócitos da 

gordura inguinal, reduziu a ingestão de alimentos e aumentou a oxidação hepática dos 

ácidos graxos. A melatonina também reduziu os níveis plasmáticos de estradiol em ratas 

controle. Pode-se concluir que a melatonina elimina o risco de desenvolver distúrbios 

metabólicos relacionados à deficiência de estrogênio, principalmente alterando a 

distribuição lipídica nos depósitos de gordura e suprimindo o estresse oxidativo dos 

tecidos. Sob condições normais de estrogênio, a melatonina pode induzir efeitos adversos, 

incluindo perda de peso corporal e distúrbios nas funções reguladas por estrogênio. Como 

a melatonina foi proposta como agente farmacológico no tratamento de muitas doenças, 

sua função em mulheres na pré-menopausa deve ser considerada com cuidado.  
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GENERAL ABSTRACT 

INTRODUCTION – Even though human life expectancy has increased in recent 

centuries, there are still health complications in older population, many related to age-

decline in gonadal hormones. In women, the production of sex steroid hormones by the 

ovaries stops, the serum estradiol (E2) level decreases rapidly, menstruation ceases, 

defining menopause. The main circulating androgen in men is testosterone (T). In contrast 

to women, reproductive function remains intact in older men and not all of them have T 

deficiency. T is highest in the third decade of life declining with advancing age by 

approximately 0.4 to 1% per year. In the elderly population, the incidence of metabolic 

syndrome (MetS) components increases, such as body weight gain, type 2 diabetes, 

insulin resistance, non-alcoholic fatty liver disease (NAFLD), and cardiovascular disease. 

Melatonin has been suggested as an alternative to estrogen replacement therapy for the 

menopause-associated disorders. However, the ability of melatonin to prevent or treat 

excessive body weight gain and related metabolic disorders is still controversial.  

AIMS – In this review, we investigate the relationship between testosterone deficiency, 

hepatic steatosis and metabolic syndrome by a systematic review of the literature. The 

objective of our study was to analyse whether preventive treatment with melatonin is able 

to suppress the metabolic changes induced by estrogen deficiency in OVX rats, with 

emphasis on weight gain and adiposity. Consider the effects of melatonin on 

normoestrogenic animals to provide safety information for use by premenopausal women. 

METHODS – In article I, a systematic search of the PubMed database was performed, 

including the words related to testosterone deficiency, the disturbs related to metabolic 

syndrome, metabolic syndrome and hepatic steatosis. In the article II the rats were divided 

into four groups: untreated control rats, SHAM-operated (CON); control rats treated with 

daily doses of melatonin (CON+MEL); untreated ovariectomized rats (OVX) and OVX 

rats treated with daily doses of melatonin (OVX+MEL). The day after surgery, a dose of 

10 mg/kg of melatonin was daily administered to rats of the groups CON+MEL and 

OVX+MEL by esophageal gavage over a period of 16 weeks. On the days of the 

experiments, the animals were euthanized with thiopental sodium (50 mg/kg i.p) for 

collection of the blood samples, liver, adipose tissues, uterus and carcass. Biometrical 

parameters and food ingestion were measured along the experimental period. The carcass 

was used to determine its composition the adipose tissues were used to determine the 

adiposity index and for histological analysis. Total cholesterol, high-density lipoprotein 

(HDL-cholesterol), triglycerides (TG) and glucose were analysed in serum/plasma by 

standard methods using assay kits. The liver total lipid content was determined using the 

gravimetric method and cholesterol and triglycerides in the livers were determined by 

specific kit assays. Histological changes in the liver were also investigated and the 

percentage of lipid infiltration was measured in histological slices of the liver stained with 

Sudan III. Mitochondria were isolated from livers by differential centrifugation for 

evaluation of respiration linked to -fatty acid oxidation, respiration coupled to ADP 

phosphorylation, activity of enzymes associated to membranes and H2O2 generation. 

Parameters of cellular oxidative stress were evaluated in mitochondria and in liver and 

adipose tissue homogenates. The contents of reduced glutathione (GSH), carbonyl 

proteins and malondialdeyde (MDA) performed by the thiobarbituric acid reactive 

species (TBARS) technique were measured. The activities of the following antioxidant 

enzymes were determined: superoxide dismutase (SOD), catalase (CAT), glutathione 

reductase (GSSG-red), glutathione peroxidase (GSH-Px) and glucose 6-phosphate 

dehydrogenase (G6PD). The intact liver was perfused in another batch of animals, in 

which the fatty acids oxidation and ketogenesis was measured.  
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RESULTS AND DISCUSSION  In the review article, thirty-nine articles were included 

and most of them show that low testosterone levels are positively associated with disturbs 

on glucose homeostasis, lower insulin sensitivity and dyslipidaemia. The fat distribution 

and body composition are also frequently modified under low testosterone condition. 

Some studies verify the causal relationship between NAFLD and total serum T levels and 

have indicated that the liver may be more susceptible to becoming fatty during T 

deficiency. When the effects of T replacement therapy were evaluated, the results showed 

that it can reverse some of the clinical signs of metabolic syndrome, which emphasizes 

the importance of the testosterone for the homeostasis of the energy metabolism in men. 

Screening programs in older or overweight patients are necessary to understand and detect 

individuals with low serum T and supplement accordingly. The importance of a specific 

therapy to treat MetS should be considered, which contemplate every component of the 

syndrome, the stage of life and the hormonal profile as key aspects for an assertive clinical 

intervention. Finally, lifestyle and diet modifications can be adopted as preventive 

approaches to avoid the ectopic accumulation of fat in the liver in men with diagnose of 

testosterone deficiency.  

In the original article, the main results were the following:  

A) The body weight (BW) of rats increased progressively during the 16 weeks of 

treatment. After the 3rd week the body weight of OVX rats was higher than the CON rats 

(+26%). Melatonin administration to OVX+MEL rats did not modify the pattern of body 

weight gain during all periods of treatment when compared with that one of untreated-

OVX rats and reduced the body weight gain of CON+MEL rats which was significant 

after the 7th week of the treatment. The effective body weight gain at the terminus of 

treatment was 21 % lower than the CON rats and 55.5 % relative to OVX+MEL. The 

food consumption was not different among them. The composition of the carcass had 5% 

lower dry matter in OVX rats compared with the CON rats. OVX rats exhibited a 13% 

increase in ethereal extract relative to values of CON rats and this extract remained 

elevated in OVX+MEL rats (+21% relative to CON rats). Melatonin induced a decrease 

of 18 % in the percentage of ethereal extract in CON+MEL rats. The adiposity index was 

17% higher OVX rats compared to CON rats that remained elevated (+18%) in 

OVX+MEL rats.  

B) The mean levels of estradiol in CON+MEL reduced by 53% when compared to CON 

rats. No significant differences were observed among the four groups of rats in the blood 

levels of FSH, glucose, triglycerides, total cholesterol and its lipoproteins. A significant 

difference was found for markers of hepatic functions: the activities of AST and ALT 

were, respectively, 46% and 28% higher in the blood of OVX rats when compared with 

CON rats, and melatonin treatment induced a partial reversion in the levels of both 

enzymes. Despite substantial increase in the total weight of inguinal fat in OVX rats, 

histological analysis of this tissue revealed that the size of adipocytes was very similar to 

that of the CON rats. In the retroperitoneal tissue the analysis of the distribution of 

adipocyte according to their areas revealed hypertrophy of adipocytes in OVX rats, which 

melatonin was able to prevent. 

C) The content of GSH in inguinal fat that was 23% reduced in OVX rats, an effect that 

was suppressed by melatonin administration (OVX+MEL rats). In CON+MEL rats 

melatonin induced a 29% reduction in the TBARS content in retroperitoneal fat and in 

inguinal fat it was found a decrease of 41% in the GSH content and an increased protein 

thiols content (+40%) when compared with their respective untreated groups. The GSSG-

red and G6PD activities were 44% and 41% reduced, respectively, in OVX when 

compared with the values of the CON rats. Melatonin increased the activities of the two 

antioxidant enzymes GSSG-red and G6PD in OVX+MEL rats to equivalent levels of 
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those of CON rats. In inguinal fat, melatonin increased the CAT activity in OVX+MEL 

(+37% than OVX).  

D) In the liver, the protein carbonyl groups content increased (+39%) and the GSH 

content was lower (-19%) in OVX rats when compared to CON. In OVX+MEL rats these 

alterations were suppressed. The activity of SOD and G6PD were altered in OVX and the 

administration of melatonin in CON+MEL rats reduced the activity of G6PD to a mean 

value 37% above of that of CON rats.  

E) The quantification of lipids showed high content of fat in livers from OVX rats. 

Triglycerides and not total cholesterol accounted to lipid accumulation in OVX rats. The 

treatment of OVX rats with melatonin reduced both total lipid and TG contents to values 

very similar to those of CON rats. Significant changes were induced by melatonin 

treatment in the FA-driven respiration in uncoupled mitochondria. Despite the similar 

rates of FA-induced respiration in mitochondria from the CON and OVX rats, irrespective 

of fatty acid oxidized, a stimulus was found in melatonin-treated rats in both 

ovariectomized OVX+MEL and CON+MEL rats. In the intact liver the ketogenesis in 

was approximately 55% higher in CON+MEL rats than in CON rats in the whole period 

of palmitate infusion.  

MAIN CONCLUSION - In the review, we found evidences of the direct relationship 

between T deficiency and metabolic syndrome. Screening programs in older or 

overweight patients are important to help the understanding and detection of individuals 

with low serum T levels to supplement adequately. It should be considered the importance 

of a specific therapy for the treatment of metabolic syndrome, which contemplates all the 

components of the syndrome, the stage of life and the hormonal profile as key aspects for 

an assertive clinical intervention. Finally, changes in lifestyle and diet seem to be effective 

preventive approaches to avoid the ectopic accumulation of fat in the liver in men with a 

diagnosis of testosterone deficiency. Regarding the original article, OVX rats, under our 

experimental condition, exhibit features of metabolically healthy adiposity, since the rats 

did not exhibit dyslipidemia and signs of insulin resistance. Retroperitoneal fat 

hypertrophy and inguinal fat hyperplasia in OVX probably represent an adaptation of 

adipose tissues to store larger amounts of lipids and, thus, to avoid ectopic lipid 

deposition. Long-term administration of melatonin was effective in preventing the 

development of hepatic steatosis and oxidative stress in OVX rats, and although it did not 

reduce increased adiposity, melatonin was able to alter lipid distribution and adipocytes 

morphology in different fat depots. The suppression of retroperitoneal fat hypertrophy 

and preservation of inguinal fat hyperplasia suggested that melatonin induced a 

redistribution of lipid in different fat depots, reducing excessive lipid overload and, thus, 

eliminating the possibility of cells progressing to inflammation and related abnormalities. 

In normoestrogenic rats, melatonin reduced body weight gain, reduced inguinal fat 

adipocyte size, reduced food intake, and increased fatty acid hepatic oxidation. Melatonin 

also reduced plasma estradiol levels in control rats. It can be concluded that melatonin 

eliminates the risk to develop estrogen deficiency-related metabolic disorders, mainly by 

altering the lipid distribution in fat depots and suppressing tissues oxidative stress. Under 

normal estrogen condition, melatonin may induce adverse effects, including body weight 

loss and disturbance in estrogen-regulated functions. Because melatonin has been 

proposed as a pharmacological agent in the treatment of many diseases, its function in 

premenopausal women should be regarded with care. 
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LIST OF ABBREVIATIONS 

 

ACC-1 Acetyl-CoA carboxilase 

ACACA Acetyl-CoA carboxylase alpha 

AMS Aging male symptoms 

AACE American Association of Clinical Endocrinologists 

AHA American Heart Association 

AR Androgen receptor 

BI Blood insulin 

BP Blood pressure 

BFP Body fat percentage 

BMI Body mass index 

BW Body weight 

CVD Cardiovascular diseases 

CPT-1 Carnitine palmitoyltransferase I 

CAT Catalase 

CNS Central nervous system 

CAC Citric acid cycle 

CP Crude protein 

DHT Dihydrotestosterone 

DM Dry matter 

ED Erectile dysfunction 

E2 Estradiol 

ERα Estrogen receptor alpha 

ERβ Estrogen receptor beta 

ERT Estrogen replacement therapy 

HRT Estrogen/progestogen replacement therapy 

EE Ether extract 

EGIR European Group for the Study of Insulin Resistance 

FGB Fasting blood glucose levels 

FAS Fatty acid synthase 

FSH Follicle stimulating hormone 

FT Free testosterone 
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HbA1C Glucated hemoglobin 

G6PD Glucose-6-phosphate dehydrogenase 

GSH-Px Glutathione peroxidase 

GSSG-red Glutathione reductase 

HFD High fat diet 

GnRH Hormone gonadotropin releaser 

HRP Hormone replacement therapy 

SHBG Hormone sex binding globulin 

IR Insulin resistance 

IDF International Diabetes Federation 

LOH Late-onset hypogonadism 

LH Luteinizing hormone 

MDA Malondialdeyde 

MetS Metabolic syndrome 

MTP Microssomal TG transfer protein 

MM Mineral matter 

UCP-2 Mitochondrial uncoupling protein 2 

NCEP National Cholesterol Education Program’s Adult 

CONCEA National Council for Control of Animal Experimentation 

NAFLD Non-alcoholic fatty liver disease 

NAFLD Non-alcoholic steatohepatitis 

PPAR-α Peroxissome proliferator-activated receptor alpha 

SHBG Sex hormone binding globulin 

NASH Steatohepatitis 

SREBP Sterol regulatory element-binding protein 

SAT Subcutaneous white adipose tissue 

SOD Superoxide dismutase 

Tfm Testicular feminized 

T Testosterone 

TDS Testosterone deficiency syndrome 

TRT Testosterone replacement therapy 

TU Testosterone undecanoate 

TBARS Thiobarbituric acid reactive species 
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T2DM Type 2 diabetes mellitus 

VAT Visceral white adipose tissue 

WC Waist circumference 

WHR Waist hip-ratio 

WAT White adipose tissue 

WHO World Health Organization 
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Abstract 

Steroids hormones regulate carbohydrate, fat, and protein metabolism. 

Testosterone is the predominant steroid in men and the lack of it can be a trigger to the 

development of metabolic syndrome. In this review, we investigate the relationship 

between testosterone deficiency, hepatic steatosis and metabolic syndrome by a 

systematic review of the literature. Thirty-nine articles were included and most of them 

show that low testosterone levels are positively associated with disturbs on glucose 

homeostasis, lower insulin sensitivity and dyslipidaemia. The fat distribution and body 

composition are also frequently modified under low testosterone condition. In both men 

with hypoandrogenism and castrated rats, the low testosterone levels lead to higher 

accumulation of visceral fat, while increase in subcutaneous fat is reported by some 

studies with castrated rats. Despite some contradictions, the overall association between 

the components of the metabolic syndrome with low testosterone levels is a common 

point between the studies. The hepatic steatosis was evaluated by some authors by 

ultrasonography and some found association with hypogonadism. Many studies with 

rodents have associated the castration with high fat diet to study metabolic syndrome 
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components. When the effects of testosterone replacement therapy was evaluated, the 

results showed that it can reverse some of the clinical signs of metabolic syndrome, by 

mechanisms that includes the reduction in visceral fat and improving insulin sensitivity, 

which emphasizes the importance of the testosterone for the homeostasis of the energy 

metabolism in men. 

 

Keywords: Andropause, metabolic syndrome, hyperglycaemia, obesity, dyslipidemia, 

insulin resistance, hepatic steatosis.  
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Introduction 

 

Even though human life expectancy has increased in recent centuries, there are 

still health complications in older population, many related to age-decline in gonadal 

hormones. In women, the production of sex steroid hormones by the ovaries stops 

abruptly at approximately 50 years of age. Consequently, the serum estradiol (E2) level 

decreases rapidly, menstruation ceases, defining menopause. Menopause are usually 

associated with climacteric symptoms such as hot flushes, vaginal dryness, decreased 

libido and mood swings [1]. In contrast to women, reproductive function remains 

relatively intact in older men. Some of them, however, have symptoms similar to those 

of climacteric women including hot flushes, decreased libido, erectile dysfunction, 

tiredness and decreased vigour [2]. As a slight decrease in testosterone levels may be 

responsible for some of these symptoms, the term andropause has been suggested for 

men. However, there is no precise definition for this term [3]. Not all elderly men have 

testosterone deficiency and, thus, the analogy between andropause and menopause may 

belong to clinical manifestations, but not the nature of the hormonal changes [4]. 

Therefore, the widespread use of testosterone, in analogy to estrogen/progestogen 

replacement therapy (HRT) or estrogen replacement therapy (ERT) in menopausal and 

postmenopausal women, is questioned [3]. 

The main circulating androgen in men is testosterone (T). Testosterone is 

produced in the testicular Leydig cells and is stimulated by the pituitary secretion of 

luteinizing hormone (LH). In serum, testosterone is bound to albumin (50%), sex 

hormone binding globulin (SHBG) (44%) and cortisol-binding globulin (4%). 

Unbounded or free testosterone (FT) represents 2% of total T [5]. In target cells, 

testosterone is converted to most androgen bioactive dihydrotestosterone (DHT) via 5𝛼-
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reductase, both of which bind to the androgen receptor (AR). Testosterone can also be 

converted to E2 by aromatase, which subsequently activate estrogen receptors ERα and 

ERβ [6]. The concentration of T is highest in the third decade of life (320 ng/dL or 11 

nmol/L) and tends to decline with advancing age by approximately 0.4 to 1% per year [7-

9] resulting in a 20 to 30% decrease from 20 to 80 years [10]. In a group of males aged 

40 to 79 years, 17% had a total testosterone level below the reference level for young 

men, 11 nmol/L [11]. 

The diagnosis of male “andropause” requires the presence of not only low serum 

T levels, but also clinical symptoms, a condition defined as hypogonadism or late-onset 

hypogonadism (LOH). Due to popularization of the term andropause, in this review 

andropause was used as a synonym of hypogonadism or late-onset hypogonadism (LOH). 

Wu et al. define hypogonadism as T serum levels below 11 nmol/L (320 ng/dL), a FT 

below 220 pmol/L (640 pg/dL) and three sexual symptoms [11]. Based on these criteria, 

the overall prevalence of LOH in population was demonstrated to be 2.1% and increase 

with age from 0.1% for men aged 40 to 49, to 0.6% for those aged 50 to 59, to 3.2% for 

those aged 60 to 69, and 5.1% for those 70 to 79 years old [11]. The decrease in 

testosterone levels in LOH syndrome has been suggested to be a decline in Leydig 

testicular cells and pituitary-hypothalamic axis functions, an increase in hepatic 

production of SHBG, with consequent lower free testosterone, and also the presence of 

visceral fat [12]. 

Several lifestyle factors have been shown to alter testosterone levels, including 

alcohol consumption [13], vigorous physical activity [14] and body adiposity. The inverse 

relation between testosterone and body mass index has suggested to be due to inhibition 

of hepatic SHBG synthesis induced by hyperinsulinemia [15,16] or to a higher conversion 

to estrogen by aromatase in adipose tissue [15]. An association of many age-related 
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diseases with low plasma testosterone has been demonstrated, such as heart disease, 

obesity, metabolic syndrome (MetS) and type 2 diabetes, sarcopenia, osteoporosis, 

anemia, mood and cognitive disorders [15,16,17,18]. It seems apparent a close association 

between low testosterone level and components of MetS [19]. It is unclear, however, 

whether partial androgen deficiency is the main cause of most of this age-related decline 

in physiological functioning.  

The MetS includes a range of cardiometabolic risk factors consisting of an 

accumulation of visceral adipose tissue, dyslipidaemia, insulin resistance and/or impaired 

glucose regulation, non-alcoholic fatty liver disease and hypertension [20-21]. The World 

health organization (WHO) defined MetS by the presence of insulin resistance and two 

other factors: triglycerides equal to or greater than 150 mg/dL; HDL cholesterol less than 

39 mg/dL in men and less than 35 mg/dL in women; Elevated blood pressure (BP) 

(≥140/90 mmHg or under drug treatment); diabetes, glucose intolerance [22]. Several 

guidelines to define MetS have been proposed over the years, such as National 

Cholesterol Education Program's Adult (NCEP), WHO, International Diabetes 

Federation (IDF), American Association of Clinical Endocrinologists (AACE) and the 

European Group for the Study of Insulin Resistance (EGIR) [23]. The criteria according 

to several entities guidelines to define MetS are summarized in Suplemmentary Table 1. 

Having three or more of the following characteristics: fasting blood glucose levels (FGB) 

≥ 100 mg/dL, serum triglyceride (TG) ≥ 150 mg/dL, serum high density cholesterol 

(HDL) < 40 mg/dL, hypertension or blood pressure (BP) ≥ 130/85 mmHg and waist girth 

≥ 102 cm, is defined as Mets according to the American Heart Association (AHA) [24]. 

The IDF recognizes that central obesity and insulin resistance are important causal factors 

for the development of MetS, although its pathogenesis and the involvement of each of 

its components are still not well understood. According to this criterion, central obesity 
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is a prerequisite for the diagnosis of the metabolic syndrome and is classified as a waist 

circumference of at least 94 cm for men and equal to or greater than 80 cm for women, 

both European, with values according to the ethnic groups. In addition to central obesity, 

two of the following four factors must be present: triglycerides equal to or greater than 

150 mg/dL (or in specific treatment for this lipid abnormality); HDL cholesterol less than 

40 mg/dL in men and less than 50 mg/dL in women (or in treatment specific for this lipid 

abnormality); Elevated BP (≥130/85 mmHg or in drug treatment); (≥100 mg/dL or 

diagnosis of type 2 diabetes) [25].  

Despite the slight differences on their guidelines, the entities agree that MetS has 

been increasing worldwide, and the higher prevalence is in the elderly population [26,27]. 

Specifically this syndrome is more present in people over 50 years of age, in different 

populations, [28,29] in the United States the prevalence of MetS is 24-42% in this range, 

while, one of the highest worldwide “Iran” the prevalence was 30% in Tehran and 45% 

in Khorasan province [30]. Present in about 25% of the world population, people with 

MetS are twice as likely to die, accounts for 7% of global mortality and 17% of 

cardiovascular diseases-related (CVD-related) deaths [31,32]. 

In general, central obesity and the glucose intolerance are important sings of 

metabolic disturbances that integrates MetS. The increased adipose tissue mass, the main 

characteristic of obesity, is a fact commonly reported in studies evaluating men with 

hypogonadism, which showed significant differences in weight, body mass index (BMI), 

waist circumference (WC) in subjects with low levels of T [33-38] and the insulin 

resistance is also a common observation in studies investigating metabolic alterations 

related to low T levels in men [33,34,36,38,39]. In experimental models, testosterone 

deficiency causes metabolic changes in young and adult animals. Besides changes in body 

weight, adiposity index and insulin resistance, the low T levels affect also other metabolic 
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organs [40-42]. In the case of the liver, in young mice, the surgical induction of T 

deficiency favoured hepatic steatosis induced by a hyperlipidic diet [41,43]. In adult rats, 

castration induced increased TG content in the liver [43,44]. Despite of these studies, 

some authors emphasize that parameters such as body weight, food intake, insulin 

resistance and fasting glycemia in animal models of T deficiency, mainly caused by 

gonadectomy, are still controversial and require more investigations and very careful 

extrapolation of the results found in rodents to humans [42]. 

The main hypothesis for the mechanism that link low levels of T with obesity are 

shown in Figure 1. The low T condition can be a consequence of a direct inhibition of T 

production or the decrease of gonadotropins. The hormone Gonadotropin releaser 

(GnRH) stimulates a pituitary to release the hormone luteinizing hormone (LH), which 

stimulates Leyding cells to produce T, and follicle stimulating hormone (FSH). Obesity 

and increased visceral fat can accentuate the condition of low T levels due to the increased 

activity of the enzyme aromatase, which converts T into estradiol, and due to the release 

of proinflammatory cytokines. Estradiol, for its part, acts by negative feedback on the 

pituitary and hypothalamus, increasing the secretion of leptin. The leptin has inhibitory 

effects on the testicles, reducing even more T production [45,46]. The higher prevalence 

of metabolic complications [47] in the older men [48] highlights the importance of 

conducting studies that seek to improve the health aspects of men in this life period.  

In this review, we explore the literature about the MetS on the context of T 

deficiency and the hypogonadism syndrome aiming to better understand their relationship 

and summarize the new findings to help provide a complete base for more assertive 

therapeutic interventions. Particular emphasis was given to the hepatic manifestation of 

the metabolic syndrome, non-alcoholic fatty liver disease (NAFLD) [49] which is defined 

as excessive liver lipid accumulation (steatosis) in the absence of significant alcohol 
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consumption. This is a component of MetS that is oftentimes neglected by researchers 

and clinicians as NAFLD may remain a benign condition, qualified only as reversible 

steatosis [50]. However, the steatotic liver may become vulnerable to secondary insults, 

contributing to the progression of NAFLD to more severe liver disease, leading to an 

infiltrative inflammatory process known as NASH (non-alcoholic steatohepatitis), with 

the development of hepatic fibrosis that may progressively progress to cirrhosis and even 

hepatocellular carcinoma [51,52]. 

 

Literature search 

 

A systematic search of the PubMed database was performed including the 

following words: “androgen deficiency aging men”, “androgen deficiency and MetS”, 

“hypogonadism (LOH), androgen deficiency and Mets”, “hypogonadism (LOH) and 

MetS”, “inflammation and androgen deficiency”, “testosterone deficiency and hepatic 

steatosis”, “testosterone and NAFLD” “testosterone deficiency and NAFLD”, 

“testosterone deficiency and dyslipidaemia”, “testosterone deficiency and obesity”, 

“testosterone deficiency and type 2 diabetes”, “testosterone deficiency and 

hyperglycaemia”, “testosterone deficiency and hypertension” and “testosterone 

deficiency and insulin resistance”. All the studies investigating the relationship between 

testosterone deficiency and the components of MetS were considered and the 

identification of the relevant studies was performed by two of the authors. 

 

Study selection 
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We included all originals studies that evaluated MetS, no limit about year of 

publication has been set, searches started in July 2018 and the final search is updated to 

June 2019. Only articles in English and Portuguese were included in the analysis and 

excluded review articles. An initial evaluation was carried out, based on the titles and the 

summary of the articles. Articles showing the relationship between testosterone 

deficiency and MS components were selected, the full text was analysed secondarily. 

Following this procedure, we found 2932 publications and, after applying the selection 

criteria, and excluded 40 review articles, the total number of relevant publications was 

reduced to 38. In figure 2 are shown the steps for the search in PubMed data base. 
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Findings from human studies 

 

Out of 2932 retrieved articles, 39 were included in the study. The characteristics 

of the retrieved trials and type of outcomes considered are reported in Tables 1 and 2. 

Over the time, many research groups have tried to better understand the possible 

relationship between T deficiency and metabolic disturbances in diverse populations of 

men, of different age, in different regions of the world. Most of these studies with humans 

focused on metabolic changes that are detectable by easily measurable anthropometric 

dimensions and biochemical blood tests. Considering that erectile dysfunction can predict 

T deficiency, many of the studies also investigated the association with sexual symptoms 

trough specific surveys. 

In Australia, a longitudinal study of aging conducted over 8 years with 195 men 

aged 70 years and over, Chen et al. [33] aimed to investigate the relationship between 

metabolic status, obesity and the plasma T levels. The percentage of subjects diagnosed 

with MetS, according to the NCEP (ATPIII) criteria, with the cutoff point for WC set as 

˃102cm, was 17.9%. Among these subjects, 43% had type 2 diabetes mellitus (T2DM) 

at the beginning of the study and this number raised to 57% at the end their results 

indicated the risk of incident T2DM in men with MetS is 11.67 times higher when 

compared to men without MetS and indicated an association between low total T levels 

and less favorable metabolic profile (higher TG, BMI, WC) particularly in men with age 

over 70 years [33]. The WC was considered a better indicator of central obesity than BMI 

and was related to the risk of T2DM and cardiovascular diseases (CVD). These 

relationships were not observed in men with T2DM and the difference was attributed to 

the fact that diabetes per se prevails all other factors. The logistic regression analysis 

revealed that FGB is the only factor that independently can predict the risk of incident 
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diabetes [33]. Even though the metabolic profile of men with relative T deficiency was 

less favorable, the subjects with T2DM had similar levels of total T to those who were 

healthy. The authors indicate that T deficiency is a consequence rather than the cause of 

poor metabolic status and WC was significantly related to variations of total T, indicating 

the link between the hypogonadism and visceral adiposity, a feature commonly evidenced 

by other later studies. The authors conclude that even though total T could not be a large 

predictive to the future development to T2DM, it is certainly linked to poor metabolic 

status [33]. 

In another population of men aged 70 years and over, a cross-sectional analysis 

made by Tang et al. [53] evaluated in Asian men in a veterans´ nursing home the 

relationship between MetS and T levels by measuring serum free and total T levels. The 

authors also analysed the correlation of T deficiency with clinical characteristics, 

metabolic disturbs and chronic diseases. According to the criteria of NECP (ATPIII), 26% 

of the subjects were classified with MetS carried out with a modification of WC for 

Asians (˃90 cm). The elevated percentage of MetS was attributed to the high incidence 

of hypertension and hyperglycemia, more than obesity, among that population of elderly 

men. The total T levels were inversely correlated with the MetS and among the subjects 

with low total T (0.2-3.5 ng/mL) the percentage of MetS was 35.3%, against 14.4% in the 

group with high total T levels (over 5 ng/mL). The same correlation failed to be 

reproduced with the results for free T levels, which were calculated according to Nanjee-

Wheeler´s equation, based on the measured levels of total T and Hormone Sex Binding 

Globulin (SHBG). The authors showed by correlation analysis that the lower T levels 

were associated to markers of central obesity (BMI, waist hip-ratio (WHR), body fat 

percentage (BFP)), insulin resistance (FBG, blood insulin (BI), glucated hemoglobin 

(HbA1C)) and risk for cardiovascular disease (TG and low HDL-c), but multiple linear 
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regression only showed significantly independent association with serum total T for the 

variables BMI and FBG. The authors conclude that total T is a better predictor than free 

T to estimate the risk of the development of MetS in elderly men. 

Interestingly, in the population-based observational cohort study of Kupelian et 

al. [34] 950 randomly selected men aging from 40 to 70 years and they were observed at 

three time points over a period of 15 years. The study aimed to determine the association 

between T deficiency and the subsequent development of MetS. It was found that total T 

levels, as well as SHGB levels are inversely associated with the risk of MetS and this 

association was dependent on BMI, since stronger association was observed for men with 

BMI below 25 mg/Kg2. The authors suggested that elevated adiposity is a dominant risk 

factor for developing MetS, although non-obese men with low SHGB or low T had 2-to 

4-fold increased risk of developing MetS. This study also found that age at baseline was 

not associated with the incidence of MetS, while a worse self-report health was a good 

predictive of MetS development.  

In Germany, Haring et al. [54] performed a populational-based prospective cohort 

study with 1004 adults men aged from 20 to 79 years over a follow-up time of 5 years. 

The aim was to investigate the association between serum T and dehydroepiandrosterone 

sulphate (an adrenal androgen) levels with the components of the MetS, by assessing 

sociodemographic and behavioral characteristics by computer-assisted personal 

interviews and measurements of biometrical and biochemical parameters. In agreement 

with the previously mentioned studies, these authors found that 47.8% of the men 

included in the study developed MetS and low T was predictive for MetS, even after 

adjustment for sociodemographic and behavioral variables, especially among young men 

aged 20-39 years. On the other hand, the dehydroepiandrosterone sulphate was not related 

with the prediction of MetS in this study. 
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In the study of Rotter et al. [55] the dehydroepiandrosterone sulfate showed a 

negative correlation only with WC among all measured variables. The authors 

investigated which indicator of accumulation of adipose tissue correlated with low T 

levels in 455 Poland men aged between 50 and 75 years (mean age 62.83 ± 6.57) and 

found that 40% of the subjects had T deficiency. Different from dehydroepiandrosterone 

sulfate, all biometrical and biochemical studied parameters correlated negatively with 

total T levels with special emphasis to the visceral adiposity index, which was the 

strongest predictor of T deficiency among these population of non-diabetic aging men. 

This relevance of visceral adiposity was also evidenced by a cross-sectional study 

of Blaya et al. [36] with 143 men older than 40 years in Brazil. The authors investigated 

the correlation between total T levels and the components of the MetS also in non-diabetic 

subjects and the analysis have shown that men with low total T has more prevalence of 

MetS components than men with normal total T levels. The WC, indicator of visceral 

adiposity, was the individual component that showed strong correlation with low T levels, 

indicating the complex net linking androgens, abdominal obesity and MetS. 

Aiming to better understand the association between hypogonadism and MetS or 

insulin resistance, Katabami et al. [56] made a cross-sectional survey with 274 Japanese 

adult males with mean age of 49.0 ± 11 years. They found that 25.5% of the subjects had 

MetS, among which significant decreased free T levels were detected. The authors 

concluded that among Japanese males free T levels were associated with MetS, 

independently of other variables, including age, BMI and WC. The higher incidence of 

low T levels among the subjects with MetS was partially attributed to a vicious cycle in 

which serum T levels may be further reduced by MetS and insulin resistance via primary 

hypogonadism and/or hypogonadotrophic hypogonadism. 
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An epidemiological study by Jiann et al. [57] focused on the links between T levels 

and lipid profiles by analyzing blood samples from a total of 856 Taiwanese men with 

mean age of 40 years. The authors pointed out that T has beneficial effects on 

cardiovascular system due to its effect on postprandial TGs and HDL-c, despite of its 

effect increasing LDL-c, independently of other factors investigated, as age, BMI, SHBG, 

hypertension and T2DM. 

Ho et al. [58] made a cross sectional study in Taiwan with men diagnosed with 

T2DM, including 105 men aged 61.2 ± 6.8 years that were newly diagnosed and 81 men 

aged 57.8 ± 8.8 years that already had T2DM diagnose for more than 24 months to 

investigate the prevalence and the risk factors of T deficiency and found that MetS 

(ATPIII criteria for Asian men), obesity, hypertriglycemia and other risk factors were 

common among individuals with newly diagnosed or previously known T2DM. 

Ugwu et al. [59] made a cross-sectional survey and performed clinical and 

biochemical analysis in 200 men with age between 32 and 69 years in Nigeria to 

determine the prevalence the hypogonadism in men with T2DM and its clinical 

manifestations. They have found that 29.5% of the subjects had hypogonadism, 

accompanied by clinical manifestations like erectile dysfunction (ED). Older age and 

higher WC were predictors for the hypogonadism, while LH and FSH levels were 

significantly lower in the subjects with hypogonadism, which directly relates to the 

dysfunction of the pituitary gland, the hypothalamus, or both, leading to low gonadotropin 

secretion and hypogonadism-associated T2DM. 

In a cross-sectional study made by Agarwal et al. [60] with 900 Indian males with 

T2DM aged between 30 to 59 years the prevalence of hypogonadism was investigated by 

surveys and biochemical measurements. In 20.7% of the individuals had hypogonadism 

and the prevalence was higher among older subjects (50-59 years old), with significant 
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correlation between age, IMC and hypogonadism. The authors conclude that the 

diagnosis for hypogonadism and the supplementation accordingly is crucial for adequate 

management of diabetes. 

In the retrospective cross-sectional study of Souteiro et al. [38] with 150 obese 

men with mean age of 4.65 ±10.9 years the impact of hyperglycemia, insulin resistance 

and SHBG on the T levels were investigated. The T deficiency was found in 52% of the 

subjects when total T was considered and when free T was the criteria the T deficiency 

was found in only 17.6% of the subjects. This variation was attributed to the low SHBG 

levels in obese patients as shown by the fact that SHBG levels were negatively correlated 

with IMC. Total T levels were also negatively correlated with IMC, weight, WC, HOMA-

IR, TG and SHBG levels. The insulin resistance was a main determinant of T deficiency 

and SHBG levels were associated with free T levels independently of insulin resistance. 

Regarding the sexual symptoms, Tan et al. [61] made a cross sectional 

community-based study with 1046 multi-ethnic Asian men aged 40 years and above. By 

interviewing the subjects and measuring biochemical parameters, the authors aimed to 

examine the complex association between erectile disfunction, T deficiency syndrome 

and MetS. The study showed that 31% of the subjects had MetS and the prevalence of 

moderate to severe ED was significantly higher among them. These findings lead the 

authors to conclude that there is a strong association between ED, T deficiency and MetS. 

Besides the implications of the ethnicity on the risk to develop these conditions, most of 

the components of the MetS were independently associated with T deficiency and some 

components such as high blood pressure and elevated fasting plasma glucose were found 

to be good predictors for ED. 

A longitudinal study conducted over 5 years with 167 men aged from 42 to 78 

years with abdominal obesity in Slovakia by Fillo et al. [62] assessed the incidence of 
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ED, T deficiency, MetS and the prevalence of morbidity at different levels of circulating 

T. The authors collected anthropometric, hormonal and urological parameters and the 

MetS was found in 61.7% of the subjects according to Berlin modification of NCEP-ATP 

III criteria, while 73.1% had ED and 46.7% had T deficiency syndrome. There was a 

significantly higher prevalence of T2DM, hypertension, elevated HDL-c and TG levels 

among the subjects with T levels below 10 nmol/l when compared with those with T 

levels over 14 nmol/l, suggesting that the level of 14 nmol/l is the minimum required for 

proper metabolism in men. Among the comorbidities investigated, the three major risk 

factors for the development of MetS and cardiovascular disease were elevated TG, low 

HDL-c and obesity. 

In a cross-sectional study with men aged 40-79 years Tajar et al. [63] investigated 

the association between T deficiency and sexual symptoms with pertinent metabolic and 

physiological alterations. Among the 2966 subjects included in the study 2.1% had T 

deficiency associated with sexual symptoms. These subjects were among the oldest ones 

and had the highest BMI, WC, TG and HOMA-IR levels and lowest HDL-c when 

compared with the eugonadal population. A considerable part of the of men with LOH 

also had T2DM, cardiovascular disease and MetS. The comparison between the subjects 

with low T levels with or without the sexual symptoms revealled the importance of the 

sexual symptoms for the LOH and its relations with metabolic alterations that favors the 

development of the MetS. 

In a multicenter cross-sectional study conducted in Spain by García-Cruz et al. 

[64] with 999 men (61.2 ± 8.1 years old), anthropometric and biochemical measurements 

allowed to investigate the association between the presence and the severity of T 

deficiency symptoms and the MetS. The prevalence of MetS was 69.6% and even higher 

(75.3%) among the subjects with moderate and severe aging male symptoms (AMS). The 



33 
 

 

ED was found in 97.4% of the subjects and about half defined it as moderate or severe, 

while the central obesity was found in 35.5% of the subjects. The AMS were reported by 

94.8% of the men, who mainly referred to sexual symptoms. The authors revealed that 

even though the three factors are strongly associated with the higher likelihood of MetS, 

after adjusting for the severity of AMS, the central obesity was defined as the main 

determinant risk factor for MetS, more predictive than severe and moderate ED. 

 

Testosterone replacement therapy (TRT) 

In a study done by Saad et al. [65] with 21 subjects aged 54-76 years with low T 

levels and the diagnose of MetS the authors observed that men with sexual disfunction 

often suffer from MetS. The authors explored the effects of 12 months administration of 

testosterone undecanoate (TU) over metabolic parameters and found that despite of the 

modest decline on body weight, there was positive effects over WC, blood pressure, 

plasma cholesterol and TGs. Interestingly, the levels of SHBG felt over the first six 

months of the treatment and raised after, when the hyperinsulinemia was reduced, 

supporting the SHBG levels as indicator of the degree of hyperinsulinism and of the 

severity of the MetS. All the effects observed in this study were attributed to the TU 

treatment and the subjects had no changes on diet or exercise routine. 

Some studies have also provided important evidences by investigating the effects 

of T replacement therapy (TRT). Jeong et al. [35] performed an investigation on the effect 

of TRT in 200 patients who were diagnosed with testosterone deficiency syndrome (TDS) 

and were undergoing TRT between August 2006 and August 2009. In this research, 71 

patients were diagnosed with MetS and 129 without Mets. The criteria for identified the 

MetS in these men was NCEP III criteria for Asians. TRT promotes beneficial effects 

over WC and fasting blood glucose for both groups of patients, while reduction on total 
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cholesterol and LDL-c were significantly reduced only in the group without MetS, despite 

of a trend of reduction in the other group as well. The authors conclude that TRT in 

patients without MetS can improve fewer more serum variables than TRT in patients with 

MetS, suggesting that the correction of complications as diabetes, obesity and 

hypertension might be important during TRT. 

The study of Singh et al. [66] investigated the blood pressure, anthropometrical, 

biochemical and hormonal parameters in Indian men. 32 health males with mean age of 

34 ± 6.7 years as controls and 63 patients with MetS with mean age of 35.2 ± 8.1 years 

(according to the classifications of the IDF 2005 for south Asian Indian ethnicity) were 

included in the study. The authors found that in the patients with MetS parameters as 

IMC, WC, blood pressure, fasting plasma glucose, insulinemia, HOMA-IR were 

significantly higher in comparison with the subjects without MetS. Only HDL-c was 

significantly lower in the subjects with MetS in comparison with those without. Besides, 

the levels of serum T, free T, bioavailable T and SHGB were all significantly lower in the 

subjects with MetS. The multiple regression analysis revealed that free T strongly and 

directly correlated with T levels and inversely correlated with age, HOMA-IR and SHBG 

levels. The authors also investigated the effects of TRT with oral Testosterone 40 mg 

twice a day for 3 months on the patients with MetS. For this purpose, the 63 subjects with 

MetS were subdivided in eugonadal (n=44, 70%) and hypogonadal (n=19, 30%) groups. 

The comparison of the anthropometrical and hormonal parameters between these groups 

revealed that besides T, there was differences among the groups for insulin, HOMA-IR 

and SHBG, which were higher in the eugonadal group. TU was administered for 13 of 

the subjects in the hypogonadal group twice a day for 3 months and led to beneficial 

effects, including significant reduction on WC, blood pressure, HOMA-IR, SHBG and 

TG levels and the authors conclude that restoring T levels to normal by hormonal 
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replacement can ameliorate some of the alterations that favors insulin resistance with the 

potential to reverse MetS, especially in hypogonadal males. 

Another study that reported beneficial effects of TRT on the components of the 

MetS was performed by Traish et al. [67] with 255 men with mean age of 58 ± 6.3 years 

who sought urological consultation due to symptoms of T deficiency. Only 11 patients 

did not fulfill 3 or more MetS criteria (‘reconciled’ definition by IDF and AHA). All 255 

subjects were followed up for at least 1 year and 116 for 5 years. In this study, the authors 

found that TRT was able to increase HDL-c, while reduced total and LDL-c, TG, blood 

glucose, blood pressure, lowering the risk of cardiovascular diseases. Interestingly, the 

reduction of the TG (-69%) was remarkable on the first year of the treatment and remained 

low after 60 months. This finding is in accordance with the reports that TRT leads to 

reduction in body weight and WC as the visceral fat storage is determined by the TG 

availability for accumulation. Also, the TRT led to a sustained reduction on blood 

glucose, probably due to improved insulin sensitivity and glucose utilization. The authors 

concluded suggesting that long-term treatment of T produces important clinical benefits 

and ameliorates MetS. On the other hand, in a randomized-controlled trial Huang et al. 

[68] studied the effect of TRT on subjects that were chronically using opioid for pain and 

who had a morning total T lower than 12nmol/l, characterizing the opioid-induced 

hypogonadism. In these subjects, the TRT was not associated with worsening or 

improvements of metabolic and inflammatory markers with the 14 weeks therapy.  

Groti et al. [39] focused on the effects of TRT on glycemic control and 

components of MetS, including IR, visceral obesity in obese hypogonadal men with 

T2DM. They performed a one-year, double-blind, randomized, placebo-controlled 

clinical study with a total of 55 men (60 ± 7.23 years) who had hypogonadism (total T 

below 11nmol/l associated with 3 or more sexual symptoms) and IMC above 30 Kg/m2 
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and who were treated with oral antidiabetic medication. Surprisingly, both placebo and 

treated groups showed significant reduction on body weight and WC, which the authors 

attributed to a possible general positive effect on lifestyle by the subjects upon the 

participation on the study. The group that received T showed clinical benefits including 

improved glycemic control, insulin resistance and endothelial function after one year of 

TRT. 

Besides T replacement, other compounds have been tested as alternatives to treat 

metabolic disturbances, as the aromatase inhibitor (anastrozole) investigated by Dias et 

al. [69] in a randomized double-blind, placebo-controlled, parallel-group, proof-of-

concept trial with 29 male with low total T levels (˂ 350ng/dL) older than 65 years (mean 

71 ± 3 years). The variables were assed at baseline and after 12 months of treatment. The 

results showed that while the therapy with T reduced subcutaneous fat, the treatment with 

aromatase inhibitor reduced subcutaneous and visceral fat compared with placebo, but 

neither T nor aromatase inhibitor were able to affect fasting glucose and insulin levels 

after 12 months of treatment. The authors conclude that more trials are required before 

the aromatase inhibitor is considered as a treatment option for low T levels in older men. 

 

Studies that investigated the influence of T levels on NAFLD in humans 

 

The NAFLD is considered as the hepatic component of the metabolic syndrome. 

The studies that have focused on the NAFLD in the context of T deficiency in humans 

were mainly focused on indirect measurements of the liver lipid content to diagnose 

NAFLD.  

The transversal study of Barbonetti et al. [70] was done with 55 Italian male 

patients, aged 46.6 ± 17.3 years, with chronic spinal cord injury. A total of 49.1% of the 
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patients had NAFLD, diagnosed by ultrasonography. The patients with NAFLD were 

older and exhibited higher BMI, insulin, HOMA-IR, TG and gamma-glutamyl 

transpeptidase and lower levels of total and free T when compared with the patients 

without fatty liver. Logistical regression analysis have indicated that NAFLD was 

independently associated with low and free T levels and the authors suggested a direct 

link between T levels and NAFLD, which persisted even after statistical adjustment for 

the effect of BMI, insulin resistance and inflammatory status, indicating a direct link 

between T deficiency and liver fat deposition. A limitation of this work was that although 

the method for identifying the fat infiltration in the liver the non-invasive, the 

ultrasonography is not the gold standard for detecting hepatic steatosis [70].  

In the study by Hasanain et al. [71] the NAFLD was also diagnosed through 

ultrasonography, associated with no history of alcohol consumption, exposure to 

steatogenic medications and no evidence of viral hepatitis B or C. This study was 

conducted at the Assiut University Hospital in Egypt with 192 male patients with 

diagnose for NAFLD and the aim was to investigate the association between ED and 

NAFLD. Low serum T was a predictor to the development of ED, which was found in 

45.8% of the patients. The authors pointed the small sample size and the lack of estradiol 

level estimation to be considered as a draw-back as the main limitations of this study. 

Seo et al. [72] also used the ultrasonography to analyse NAFLD and investigate 

its relationship with T levels. The results revealed that low levels of T is found in patients 

with NAFLD in cross-sectional analyses, but the baseline level of T did not independently 

influence the development or regression of fatty liver at the median 4.2 years follow-up. 

In Korea, ultrasonography associated with computed tomography was also used to 

analyse the NAFLD in the retrospective observational cross-sectional study of Kim et al. 

[73]. The study included 495 Korean men who were at least 20 years of age and aimed to 
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investigate the association between serum total T levels and the NAFLD. After adjusting 

for the influence of visceral adiposity and insulin resistance, the results showed an 

elevated risk for NAFLD in men in the low serum T than men with the highest serum T. 

 

Evidences found in studies with rodents 

 

The studies with rodents have provided important insights on the molecular 

mechanisms related to the changes observed in humans with T deficiency and it also allow 

to better differentiate between the direct effects of the lack of T and those related with 

other factors like age and diet. Nevertheless, many of the studies with castrated animals 

have associated the T deficiency with other challenges, mainly the high fat diet (HFD).  

Sprague-Dawley rats with 16 weeks of age and fed either a standard or a high 

energy diet-induced obesity Christoffersen et al. [42] have shown that the castration 

affects many biometrical and metabolic parameters. By using computed tomography, the 

authors demonstrated that subcutaneous fat area increased in the castrated rats but 

remained unchanged in the sham-operated rats. The total abdominal and the visceral fat 

areas, on the other hand, were not affected by the castration and increased equally in 

sham-operated and castrated rats after nine weeks after the surgical procedure. The fasting 

glucose was also higher in castrated rats, but other biometrical and metabolic parameters 

were not affected by the castration. Attempting to relate this findings to observations in 

studies with humans, the authors discuss that if T deficiency or the castration had the 

same metabolic effects in rats as in humans one would expect increases in visceral fat 

mass, decreased glucose tolerance and insulin sensitivity, among other typical features of 

human MetS and the authors conclude that rats are not the ideal model to study the 

influence of T deficiency on body fat distribution and other components of MetS. 
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Xia et al. [40] used advanced-age castrated Sprague-Dawley rats to investigate if 

T deficiency affects metabolism, body weight and glucose kinetic metabolism. The body 

weight decreased after castration, probably due to the loss of muscle and bone mass. The 

authors also found that ten weeks after castration the blood glucose and insulin levels 

were higher in T deficient animals, which also enhanced hepatic gluconeogenesis and 

decreased extra-hepatic insulin sensitivity.  

Dubois et al. [41] used high fat diet and T deficiency models to investigate the 

combined effects on glucose homeostasis in C57BL/6J male mice. The authors used two 

models of androgen deficiency, orchidectomy and androgen receptor knockout mice. The 

findings showed increased adiposity and serum leptin in both models of T deficient mice. 

The fat accumulation in the orchidectomy accompanied by sedentary behavior, which 

also showed white adipocyte hypertrophy, decreased mitochondrial content but not 

function increased lypogenesis and decreases lypolisis. Both models also exacerbated 

high fat diet induced glucose intolerance impairing hepatic and extra-hepatic insulin 

sensitivity. The authors concluded that T deficiency in combination with high fat diet, 

exacerbated adiposity insulin resistance and T, but not dihydrotestosterone 

supplementation, restored the castration effects on body composition and glucose 

homeostasis. Despite the fact that T deficiency per se had no deleterious effects on 

metabolic parameters, it was shown the metabolic alterations induced by high fat diet was 

exacerbated. When translated to humans these findings reinforce that untreated T 

deficiency may accelerate the development of MetS in men, although this may be avoided 

with a healthy diet. 

The relation between the higher susceptibly of T deficient animals to the metabolic 

effects of HFD Harada et al. [74] have shown that castration leads to abdominal obesity 

in high-fat diet-fed C57BL/6J mice, but not when the animals were treated with 
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antibiotics that disrupt the intestinal microflora. The castration induced an increase of 

visceral fat mass only in the absence of antibiotics in HFD-fed mice, whereas 

subcutaneous fat mass was increased by castration irrespective of antibiotics. The finding 

that elevated fasting blood glucose levels and increased liver TG levels are only seen in 

castrated animals fed a HFD lead to the conclusion that T deficiency can alter the 

intestinal microbiome and induce abdominal obesity, but it depends on the diet. 

Borbélyova et al. [44] investigated the metabolic effects of long-term androgen 

deficiency starting before puberty in middle-aged male rats. The authors found that 

androgen deficiency does not induce MetS but may affect the liver by increasing the liver 

triacylglycerol content, which correlated with higher plasma AST and ALT, suggesting 

partial liver damage. Liver cholesterol content was not affected.  

Jia et al. [43] reported that T deficiency enhances high-fat/low carbohydrate diet-

induced hepatic steatosis in castrated male rats by modulating the endoplasmic reticulum 

stress, independently of insulin resistance. Besides, the replacement therapy reduced 

hepatic macrovesicular steatosis and inflammation. The propose mechanism to explain 

the T’s protective effect on high-fat diet-induced hepatic steatosis, seems to involve the 

expression of lipid export proteins ApoB100 and microsomal TG transfer protein (MTP), 

which are suppressed by high-fat diet in castrated and sham operated rats and restored by 

T replacement. Besides, proteins that are associated with macrovesicular steatosis 

(perilipin 1 and fat-specific protein 27 FSP27) where also increase by high fat-diet in 

castrated rats and suppressed by the therapy with T. Also, it was found a higher activation 

of ER proteins (CHOP, NF-κB, IRE-1α, PERK, JNK) in castrated rats fed high fat-diet 

and the T replacement therapy suppressed these changes. The authors concludes that high 

fat-diet reduces lipid export by the suppression of ApoB100/MTP while the castration 

promotes impairment of hepatic steatosis through the activation of the ER stress and 
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enhancement or increasement of the expression of proteins related to macrovesicular 

steatosis, and all these undesirable effects where reverted or by the treatment with T. 

 

Animal studies with focus on steatosis 

 

An imbalance of lipid production and turnover is responsible to hepatic lipid 

accumulation, in this way many studies in animals revealed this condition associated with 

low T levels, in this context, Sakr et al. [75] used Sprague Dawley male rats to investigate 

the effects of T deficiency and the replacement therapy on the development of hepatic 

steatosis associated with peripheral insulin resistance. Data revealed increasing final body 

weight, visceral and subcutaneous fat, and liver weight. Besides, it was observed 

increases in fasting plasma glucose and insulin levels and HOMA-IR. Different from 

Borbélyova et al. [44] in which hepatic cholesterol content was not affected, in the study 

of Sakr et al. [75] the castration increased not only the hepatic TG content, but also, the 

cholesterol content and both were restored to normal levels after treatment of T. In the 

source of mechanisms, the authors found increases in the transcript levels of Sterol 

regulatory element-binding protein (SREBP) - Srebp-1, Srepb-2, acetyl-CoA carboxylase 

(Acc-1), fatty acid synthase (Fas), and also increases in the protein levels of SREBP-1, 

SREBP-2, Peroxisome proliferator-activated receptor alpha (PPAR-α), p-PPAR-α, 

Carnitine palmitoyltransferase I (CPT-1), Mitochondrial uncoupling protein 2 (UCP-2), 

as well as lower protein levels of phospho-AMP-Activated Protein Kinase (p-AMPK) and 

p-ACC-1 in the livers of T deficiency rats. Interesting, T administration to the castrated 

rats improved all the biochemical parameters that were affected by T deficiency, also on 

mRNA and protein levels leading to the conclusion that T deficiency could be an 
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independent risk factor for the development of fatty liver, while the T therapy is a 

protective strategy. 

Kelly et al. [19] reported the role of T against hepatic steatosis suppressing the 

expression of regulatory enzymes of fatty acid synthesis in cholesterol-fed androgen 

deficient mice. The authors found that T reduces the expression of key regulatory 

lipogenic enzymes to protect against hepatic steatosis in two animal models of severe T 

deficiency (Testicular feminised (Tfm) mice, which have a non-functional androgen 

receptor (AR) (Tfm) and orchidectomised XY littermate). The authors observed strongly 

suggest that allow T state promotes the development hepatic steatosis and potentially 

progression to NAFLD. Furthermore, T replacement decreased the amount of hepatic 

lipid deposition beyond the levels seen in T replacement Tfm mice and placebo-treated 

wild-types. In the present study, T acts with independent mechanism of the claasic AR, 

changing the hepatic lipid deposition in this model of cholesterol-fed mice. T exert 

protective effects through the increased expression of fatty acid synthase (FAS) and 

acetyl-CoA carboxylase alpha (ACACA) in Tfm mice this actin influencing de novo 

lipogenesis and decrease hepatic steatosis. The authors concluded that T deficiency could 

be a risk factor for the development and progression of hepatic steatosis. 

Another study of Nikolaenko et al. [76] performed an investigation in castrated 

Young male Sprague Dawley rats with NAFLD (8 weeks) about the effects of T 

replacement. The results show the NAFLD is caused by high-fat, low-carbohydrate liquid 

in androgen deficient adult male rats. T replacement improved pathological changes in 

the liver and hepatocyte apoptosis also lowered percentage body fat in castrated rats. The 

authors supposed a hypothesis that T protects development of NAFLD and provides 

evidence that androgen deficiency could be a risk factor for increasing the severity of 

hepatic steatosis and inflammation.  



43 
 

 

Jia et al. [43] showed in castrated male rats with a high-fat/low-carbohydrate diet-

induced NAFLD that T is able to reduce the hepatic macrovesicular fat accumulation and 

inflammation. After 15 weeks of treatment, the castration does not changes the de novo 

synthesis and fatty acid β-oxidation, on the other hand the expression of lipid export 

proteins ApoB100 and microssomal TG transfer protein (MTP) was supressed in intact 

and castrated rats, T replacement was able to restore. The progression to steatohepatitis 

through activation of the ER stress pathway happened due to castration procedure, such 

as an enhancement of macrovesicular droplet protein expression. T replacement has been 

shown to be a suppressing agent to endoplasmic reticulum stress (ER), promotes lipid 

export, inhibits the formation of macrovesicular lipid droplets, ameliorates steatohepatitis 

induced by HFD and castration. The authors concluded that T replacement it’s a good 

agent to protect the hepatic tissue against hepatic steatosis induced by HFD with androgen 

deficiency, reversing a series of actions, resulting in subsequent amelioration in lipid 

accumulation and consequently the inflammation and apoptosis.  

 

Conclusion 

 

In conclusion, MetS is associated with low T in men and animals (figure 3). T 

itself seems modulated the body fat distribution and the lipid metabolism in men and 

animals, thus, a link between fat distribution, MetS and androgens. Our literature review 

shows that older age and insulin resistance are important factor associated with lower T 

levels. Several indicators of impairment of metabolic function can be detected as loss of 

lean body mass, increase in visceral fatt, WC, dyslipidemia, insulin resistance and 

obesity. Considering the proven relationships between adiposity and hypogonadism, it is 

crucial to suspect and investigate T deficiency in aging men at any sign of important 
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changes on body composition and weight. Significant correlation was found between age, 

BMI, and hypogonadism and many studies indicate that there is an inverse relationship 

between WC and serum T levels in men with T2DM. 

The MetS is a complex mixture of symptoms and usually the criteria for diagnose 

requires that the patient present 3 or more of those symptoms. Few studies have 

investigated the role of T deficiency on the development of the NAFLD. The studies that 

have investigated this question did not use gold standard methods for diagnosing NAFLD. 

This may be related to the fact that biopsies are invasive and only recommended for 

patients with signs of severe liver diseases. Many studies verify the causal relationship 

between NAFLD and total serum T levels, and well-designed randomized clinical trials 

could define whether T replacement therapy can improve NAFLD and reported indicate 

that indeed the liver may be more susceptible to becoming fatty during T deficiency. 

This was also pointed by the studies made with rodents, which have shown 

evidences that the androgen deficiency per se has some deleterious effects on metabolic 

parameters, but it can potentiate the HFD-induced metabolic alterations, including 

increased adiposity, impaired glucose tolerance, and decreased insulin secretion and 

sensitivity. Castration-induced T deficiency primarily affects fasting blood glucose and 

leads to decrease extra-hepatic insulin sensitivity and can lead to higher TG accumulation 

in liver. 

Conversely, studies have consistently shown that long-term T treatment can lead 

to significant weight loss and improvements in other metabolic outcomes [77,78]. This 

underlines the importance of the treatment with T for a normalization of a metabolic 

disease state. This is of special concern among middle and late age subjects and it is 

important to spread the evidences that low total T can be a significant marker to predict 

the development of MetS. Therefore, a more assertive therapeutic approach should 
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always include the assessment of the male hormone profile to serve as an (early) indicator 

for future metabolic risk. The maintenance of physiological levels of T has the potential 

improve the quality of life and prolong the life. Gaining a clear understanding of the 

interlinked pathways that mediate the high prevalence of T deficiency in patients with 

obesity could help us to develop effective strategies in the management of hypogonadism. 

Hence, implementation of screening programs in older or overweight patients is necessary 

to understand and detect individuals with low serum total T at any early stage and to 

supplement T accordingly. In this way, we emphasize the importance of a specific 

medicine to treat MetS, which contemplate every component of the syndrome, the stage 

of life and the hormonal profile as key aspects for an assertive clinical intervention. 

Finally, for those with diagnose of T deficiency, the NAFDL should be a concern and 

adaptations on the diet and lifestyle may represent important preventive approaches to 

avoid the ectopic accumulation of fat in the liver. 
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Supplementary Table 1 – Criteria for the clinical diagnosis of the MetS according to 

different entities. 

Entitie IR Obesity FBG 

(mg/dL) 

TG 

(mg/dL) 

HDL-C 

(mg/dL) 

BP 

(mm/Hg) 

Others 

WHO + 2 or 

more 

criteria  

BMC > 

30 or 

WC > 90  

DM or 

altered 

FBG 

>150  < 35  <140/90  MA (>20 

mcg/min) 

NCEP/ 

ATP 

III 

Did not 

evaluate – 

2 or more 

criteria 

WC > 

102  

>110 >150  < 40  <130/85  

IDF  WC > 94  >100 >150  < 40  <130/85  

EGIR Insulin 

>75% + 2 

criteria 

WC > 94  Altered 

FBG 

>150  < 39  <140/90  

AACE Altered 

glycemia 

more 1 

criterion 

BMC > 

25 

 >150  < 40  <130/85 IR 

evidence 

WHO: World Health Organization; NCEP/ATP III: National Cholesterol Education Program - 

Adult Treatment Panel III; IDF: International Diabetes Federation; EGIR: Group for the Study of 

Insulin Resistance; AACE: American Association of Clinical Endocrinologists; IR: Insulin 

Resistance; FBG: Fasting Blood Glucose; TG: TGs; HDL-C: High Cholesterol Density; BP: 

Blood Pressure; BMC: Body Mass Composition; WC: Waist Circunference; DM: Diabetes 

Mellitus; MA: Microalbominuria 
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Figures  

 

 

Fig. 1. Metabolic pathways of T. Luteinizing hormone (LH) released by the pituitary gland 

stimulates Leyding cells to produce testosterone and follicle stimulating hormone (FSH). Obesity 

and increased visceral fat may accentuate the condition of low testosterone levels due to increased 

aromatase enzyme activity, which converts testosterone to estradiol, and due to the release of 

proinflammatory cytokines. Estradiol, in turn, acts by negative feedback in the pituitary and 

hypothalamus, increasing leptin secretion. Leptin has inhibitory effects on the testes, further 

reducing the production of T.  
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Fig 2. Trial flow diagram. n = number.  

n= 78 articles selected 

Records removed for the analysis 

Review articles n= 40 

Studies included in analysis n= 38 

Records identified on PubMed search n= 2932 

Androgen deficiency aging men –n=711 found – n= 31 selected (12 review, 19 original) 

Androgen deficiency and MetS n= 384 found – n= 20 selected (11 review, 9 original) 

Hypogonadism (LOH), androgen deficiency and MetS n= 14 found – 0 selected (4 duplicated already selected) 

Hypogonadism (LOH) and MetS n= 29 found – 3 selected (1 review, 2 original) 

Inflammation and androgen deficiency– n= 137 found – 1 selected (1 original) 

Testosterone deficiency and hepatic steatosis n= 44 found – n= 4 selected (2 original and 1 duplicated) 

Testosterone and NAFLD n= 82 found – n= 7 selected (1 duplicated) 

Testosterone deficiency and NAFLD n= 15 found – n= 1 selected (6 duplicated) 

Testosterone deficiency and dyslipidemia n= 88 found – n= 0 selected (6 duplicated) 

Testosterone deficiency and obesity n=415 found – n=5 selected (4 review, 14 duplicated already selected) 

Testosterone deficiency and T2D n= 219 found – n= 3 selected (2 review, 1 original, 14 duplicated already 

selected) 

Testosterone deficiency and hyperglycaemia -n= 33 found – n= 1 selected (1 review, 4 duplicated already 

selected) 

Testosterone deficiency and hypertension n= 192 found – n= 1 selected (16 duplicated already selected) 

Testosterone deficiency and insulin resistance n= 366 found –n= 1 selected (39 duplicated already selected) 
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Tables 

Table 1 

Reference (y) 

Group 

Charactheristcs T Levels T Treatment MainOutcomes 

Katabami et 

al. (2010) 

Japanese men (n=274, 

mean age: 46.0 ± 11 y) 

14.0 ± 4.6 

pg/mL 
NA 

↓FT, ↑MetS 

components. MetS, IR 

may ↓serum T via 

induction of HH, ↓T 

can cause obesity and 

IR. 

García-Cruz 

et al. (2014) 

Spanish men (n=999, 

mean age: 61.2.0 ± 8.2 

y) 

6.6 ± 2.2 

nmol/L 
NA 

↓TT is associated with 

MetS and ED. 

Severity of TDS 

symptoms may 

indicate ↑CVD risk in 

men with ↓TT. 

Fillo et al. 

(2012) 

Men with AO 

Fhar(n=167, mean age: 

58.4 ± 6.6 y) 

<10 e 10-14 

nmol/L 
NA 

TT ↓10 nmol/l was 

associated with MetS, 

morbidity and 

difference in 

circulating HDL-C-C 

and TG. 

Ugwu et al. 

(2018) 

Men with T2DM 

(n=200, mean age: 

57.99 ± 8.76 y). 

Low < 8; 

Borderline: 

8-12 and 

Normal > 12 

nmol/L 

NA 

↑WC and ED in 

hypogonadal subjects. 

↓TT, ↑VA. Negative 

correlation between 

WC and serum TT.  

Ho et al. 

(2015) 

Men with T2DM 

(n=105, mean age=61.2 

± 6.8 y) 

<300 and 

free < 6 

ng/dL 

NA 

↑DBP, FBG, the 

glycemic control 

HbA1c was associated 

with a ↑TT and a ↓risk 

of ↓TT. A risk factors 

of ↓T how high 

HbA1c, ↓SHGB, 

obesity, HU, ↑TG, 

MetS. 

Kupelian et 

al. (2006) 

Men without MetS, TT, 

SHBG were predictive 

of MetS (n=950, 

age=40-70 y) 

T1 17.9; 

MetS at T1 

15.6 and 

analytic 

sample 1.4 

nmol/L. 

NA 

↓SHBG, ↓T and AD 

were associated with 

↑risk of developing 

MetS. 

Souteiro et al. 

(2018) 

Obese men (n=150, 

mean age: 41.5 ± 10.9 

y) 

3.07 ± 1.29 

ng/mL 
NA 

↓TT was associated 

with obesity. The 

main determinant of 

↓TT in obese males 

was IR and weight. 

SHBG levels were 

correlated with ↓FT 

even after HOMA-IR 

adjustment.  
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Blaya et al. 

(2016) 

Non-diabetic men 

(n=143, mean age: 

61.49 ± 8.61y) 

<300ng/dL 

or 

<11nmol/L 

NA 

Moderated correlation 

between TT and MetS 

components, 

especially the central 

feature of WC in TT.  

Chen et al. 

(2006) 

Men followed up for 8 y 

(n=195, mean age: 76.2 

± 0.3 y) 

Whole 

cohort: 13.8 

± 0.4; in 

diabetic 

men: 12.1 ± 

0.7; in non-

diabetic 

men: 14.2 ± 

0.4 nmol/L 

NA 

↓T was associated 

with T2DM, ↑BMI, 

↑TG, ↑LDL-C-C, 

↑BP, ↑FGP, ↑WC and 

MetS. T levels were 

inversely related to 

VA. 

Jiann et al. 

(2011) 

Midlle-aged Taiwanese 

men (n=856, mean age: 

60.6 ± 11.8 y) 

FG: 552.8; 

NFG: 471.1 

ng/dL 

NA 

↑TT levels were 

associated with 

↓postprandial TGs, 

↑postprandial HDL-

C-C and ↑LDL-C-C 

independently of age, 

BMI, SHBG and DM. 

Tajar et al. 

(2012) 

European male aging 

(n=2966, men age: 60 ± 

11y) 

All: 16.60 ± 

5.91; EG: 

16.78 ± 5.83; 

LOH-M: 

9.63 ± 0.79, 

LOH-S: 5.90 

± 2.02 

nmol/L 

NA 

LOH was associated 

with ↓TT and the 

reduced androgen 

action promoting, 

LOH ↓muscle mass, 

BMD, ↓Hb. LOH-S 

↑WC, IR and MetS. 

Tan et al. 

(2011) 

Malaysian’s Men 

(n=1046, mean age 55.8 

± 8.4 y) 

<10.4 

nmol/L (300 

ng/dL). 

NA 

MetS ↑age and is 

associated with ↓TT. 

TDS was associated 

moderate to severe 

ED. ED associated 

with MetS, ↑WC, 

↑BP, ↑FBG, ↓HDL-C-

C. 

Tang et al. 

(2007) 

Eldery men (n=381, 

mean age: 78.8 ± 4.1 y) 

All: 4.49 ± 

1.91; MetS: 

3.84 ± 0.17, 

no MetS 

4.67 ± 0.11 

ng/dL 

NA 

TT is inversely 

associated with BMI, 

WC, BP, insulin, 

HbA1c, TG, AI, FBG, 

and positively related 

to Hb concentration 

and HDL-C-C. ↓T 

may be a indicator for 

development of MetS. 

Haring et al. 

(2009) 

Adults (n=1004, mean 

age: 51.3 ± 16.6 y) 

Without 

MetS: 17.7; 

Incident 

MetS: 15.5 

nmol/L 

NA 

After a median follow-

up time of 5 y, 47,8% 

of men developed 

MetS and MetS 

components were 

associated with ↓TT. 
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Huang et al. 

(2016) 

Nondiabetic men using 

opioid analgesics for 

noncancer pain 

T group: 7.7 

± 3.0; 

placebo 

group: 8.2 ± 

3.4 nmol/L 

T gel or 

placebo gel < 

12 nmol/l for 

14 w, 

transdermal 

TRT in men under the 

effect of opioids also 

contributes to 

attenuate CVD risk 

due to improvement in 

body composition. 

Groti et al. 

(2018) 

Obese hypogonadal 

diabetic men on oral 

hypoglycaemic 

treatment (n=55, mean 

age 60.15 ± 7.23 y) 

Placebo 

group: 7.96 

± 1.34, after 

1 y 9.83 ± 

1.51; T 

group: 7.24 

± 1.97, after 

1 y 17.04 ± 

3.07 nmol/L 

TU 

(1000mg) 

every 10 w, 

i.m. 

TRT ↓HOMA-IR, 

HbA1c. TRT 

normalized serum TT, 

improved glycaemic 

control and 

endothelial function. 

Saad et al. 

(2007) 

Men with sexual 

dysfunction (n=28, 

age= 54-76 y) 

0 m: 2.2 ± 

0.6, 3 m 3.8 

± 0.9, 6 m: 

4.9 ± 1.0, 9 

m: 5.3 ± 0.7 

and 12 m: 

5.6 ± 0.7 

ng/mL 

TU 

(1000mg) for 

6w 

TRT improve MetS, 

with ↑in plasma 

SHBG, and BP. 

Dias et al. 

(2017) 

Aged men wih low TT 

(n=29, aged=71 ± 3 y) 

Placebo 

group: 10.5 

± 3.3; 

Transdermal 

T gel group: 

10.4 ± 2.9; 

Anastrozole 

and placebo 

gel group 

10.6 ± 2.9 

nmol/L 

T gel (5g/d), 

for 1 y, 

transdermal 

All outcomes were 

assessed at baseline 

and 12 m. After 12 m, 

absolute changes in 

HOMA-IR, CRP and 

fasting lipid levels. 

Adiponectin levels 

significantly ↓with T 

treatment and 

abdominal 

subcutaneous fat. 

Jeong et al. 

(2011) 

Men with TDS and 

were undergoing TRT 

(n=200, mean age=57.7 

± 9.85 y) 

TDS patients 

with MetS 

2.31 ± 0.82; 

TDS patients 

without 

MetS: 2.52 ± 

1.12 ng/mL 

TU 

(1000mg) for 

10-14 w, i.m. 

In patients with MetS 

it was observed ↑TT 

levels and ↓WC, 

↓FPG and ↓Hb. In 

patients without MetS 

was observed ↑TT 

levels, ↓WC, ↓BMI, 

↓TC, ↓LDL-C, ↓FPG 

and ↑Hb. 

Singh et al. 

(2010) 

Healthy men as controls 

(n=32, mean age= 

34.645 ± 7.46 y) 

Case group 

9.77 ± 2.19, 

Control 

group 16.06 

± 4.77; 

Hypogonadal 

7.87 ± 1.35, 

Eugonadal 

10.59 ± 2. 

TU (40mg) 

twice a day 

for 3m, oral 

Hypogonadism was 

seen in 30% of the 

subjects with MetS 

and associated with 

↑HOMA-IR than 

eugonadal subjects. T 

treatment led to 

improvement of 

HOMA-IR. 

Traish et al. 

(2014) 

Hypogonadal men 

(n=255, mean age: 

58.02 ± 6.30 y) 

9.93 ± 1.38; 

range: 5.89 - 

TU 

(1000mg), at 

baseline, at 

TU therapy restored 

physiological T levels 

and resulted in 
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12.13 

nmol/L. 

6w and every 

12w for up to 

60m, 

parenteral 

reductions in TC, 

LDL-C, TG and ↑d 

HDL-C, ↓the HbA1c, 

C-reactive protein, 

AST and ALT. 

Agarwal et al. 

(2017) 

Indian men with T2DM 

(n=900, mean age=45.2 

± 8.14 y) 

<0.255 

nmol/L 
NA 

↑age, there is more 

chance of getting 

hypogonadism in 

T2DM patients as 

compared to T2DM 

patients not suffering 

from hypogonadism. 

↑BMI.  

Rotter et al. 

(2018) 

Non-diabetic aging men 

(n=455, mean age= 

62.83 ± 6.57) 

4.05 ± 1.71 

ng/mL 
NA 

↑Fat, TT negatively 

correlated with blood 

serum, VAI, BMI, 

WC and LAP 

Barbonetti et 

al. (2016) 

 

Italian male patients 

(n=55, mean age 46.6 ± 

17.3 y), with chronic 

spinal cord injury 

261.6 ± 

159.5 ng/dL 
NA 

The patients with 

NAFLD were older 

and exhibited higher 

BMI, insulin, HOMA-

IR, TG and gamma-

glutamyl 

transpeptidase and 

lower levels of total 

and free testosterone. 

Hasanain et 

al. (2017) 

Male patients with 

NAFLD at the Assiut 

University Hospital in 

Egypt (n=192, mean 

age = 42.4 ± 7.7y) 

3.17 ± 1.94 

ng/mL 
NA 

Low serum 

testosterone as a 

predictor to 

development of ED 

and ED is a common 

disturb in male 

patients with NAFLD, 

in this search the 

patients with NAFLD 

that had ED were 

45.8%. 

Kim et al. 

(2012) 

Men who were at least 

20 years of age (n=495) 

No NAFLD 

4.83 ng/mL 

and NAFLD 

3.94 ng/mL 

 

Healthy Korean men 

inverse association 

between T and 

NAFLD persisted 

even after controlling 

for the effect of VAT, 

insulin resistance (as 

HOMA-IR), and low-

grade inflammation 

(as hs-CRP). After the 
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adjusting for VAT and 

HOMA-IR, the 

authors show the 

attenuation of the 

association between 

NAFLD and serum 

testosterone.  

Seo et al. 

(2015) 

Korean men (n=1944, 

mean age:44y) normal 

and with NAFLD 

Normal 17.2 

nmol/L and 

NAFLD 14.5 

nmol/L 

NA 

Low levels of 

testosterone in 

patients with NAFLD. 

Baseline level of 

testosterone did not 

independently 

influence the 

development or 

regression of fatty 

liver at the median 4.2 

years follow-up. 

AO: Abdominal obesity; d: day; DBP: Diastolic blood pressure; ED: Erectile dysfunction; EG: 

eugonadal group; FT: free testosterone; HC: hip circumference; HH: Hypogonadal 

hypogonadism; HTG: Hypertriglycemia; HU: hyperuricemia; LAP: lipid accumulation product; 

LOH-M: Low moderate hypogonadism; TU: testosterone undecanoate; TST: testosterone 

supplementation therapy; TT: Testeosterone levels; VA: visceral adiposity; VAI: Visceral 

adiposity index; VLED: very low diet; w: weeks; WHR: waist to hip-ratio; y: years 
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Table 2 

Reference (y) Animal Model T Levels T treatment MainFindings  

Dubois et al. 

(2016) 

Male mice with 

androgen 

deficiency ORX 

and androgen 

receptor k.o. 

mice (n=13-15 

per group, age: 

3w, 10-20 w and 

20 w) 

NA NA 

↓TT, ↑adiposity, 

leptin,↑lipogeneses

, the glucose 

intolerance was 

exacerbated with a 

HFD. TG ↑and 

↓glycogen content. 

↑serum IL-1β 

levels. TRT 

restored the 

castration effects 

on body 

composition and 

glucose 

homeostasis.  

Xia et al. (2016) 

Castration-

induced T 

deficiency in 

Sprague-Dawley 

rats (n=30, age10 

w old) 

Control group: 

2.96 ± 0.55; T 

deficiency 

group: 1.45 ± 

0.26; castrated 

rats + T 2.07 ± 

0.53 ng/mL. 

T propionate 

(25 mg/kg/d) 

to supplement 

androgen 

(TD+TP) 

group, for 

10w, via 

intraperitoneal 

injection 

↑hepatic 

gluconeogenesis, 

extra-hepatic IR, 

BW and 

subcutaneous fat in 

advanced-aged 

male rats. The 

glucose and HbA1c 

↑, revealed a clear 

IR both at the 

hepatic and extra-

hepatic levels  

Christoffersen et 

al. (2006) 

Male Sprague-

Dawley rats 

castrated, or 

sham operated 

(n=10-12, age:16 

w) 

Sham-operated: 

2.2 ± 1.5 and 

castrated: < 0.1 

ng/mL (10 w) 

NA 

The castration lead 

to ↓BW, 

↑subcutaneous fat, 

↑FBG, ↑HbA1c, 

↓FFA, ↓glycerol.  
 

Borbélyová et al. 

(2017) 

Lewis rats, 

control, GDX 

(n=64, 18 m) 

 
LET, 1 mg/kg, 

for 14 d, i.m. 

↓TT levels, ↑liver 

enzymes in plasma 

and ↑TG in liver.  

Donner et al. 

(2015) 

Wistar rats fed 

standard chow 

(control) or a 

high fat/high 

sugar/low 

protein 

"obesogenic" 

diet (OGD) sub-

divided into 

sham-operated or 

ORX, with and 

without diet-

induced obesity 

(n=24, age:28w) 

Control:168 ± 

18; OGD: 136 ± 

14; ORX: 24 ± 

5 and OGD + 

ORX: 10 ± 1 

ng/dL 

NA 

OGD-fed animals 

had ↑in fat mass, 

TC, TG and FPG 

compared to 

controls. The ORX 

animals had 

reduced serum T. 
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Jia et al. (2017) 

Adult male rats: 

intact rats on 

regular chow diet 

or HFD, and 

castrated rats on 

HFD with or 

without T 

replacement 

(n=28, age:15 w) 

NA 

T Silastic 

implants with 

release rate 

estimated to be 

30 µg.cm-1 

day-1 and 

lasted for at 

least 6 m. 

ApoB100 and MTP 

were suppressed by 

HFD in both intact 

and castrated rats 

and restored by T 

replacement. 

Macrovesicular 

lipid droplet-

related PLIN1 and 

FSP-27 were ↑ by 

HFD in castrated 

rats and suppressed 

by T replacement.   

Sakr et al. (2018) 

Male Sprague-

Dawley rats were 

divided into 3 

groups as 

follows: 1-sham-

operated group 

(n=11), 2- ORX-

induced group 

(n=9) exposed to 

ORX and 3-

ORX+T treated 

group (n=10) 

(n=30, age:9 w) 

Sham: 7.1 ± 

1.3; ORX: 1.1 ± 

0.21; ORX + T: 

6.2 ± 2.1 ng/mL 

T propionate 

(11ng/mL) for 

3x/ w i.m. 

↑BW, ↑hepatic fat, 

↑visceral fat, 

↑subcutaneous fats, 

↑FPG, ↑insulin 

levels, ↑glucose 

and insulin levels 

during OGTT, 

↑glucose during 

ITT, ↑serum and 

hepatic TG, ↑ 

serum TC and 

LDL-C-C. The T 

treatment was able 

to revert all these 

features.  

Harada et al. 

(2016) 

 

C57BL/6J mice 

(7 weeks old) are 

sensitive to high-

fat diet-induced 

obesity and have 

glucose 

intolerance. 

NA NA 

↑visceral fat mass 

by castration only 

in the absence of 

antibiotics in HFD-

fed mice, 

↑subcutaneous fat 

mass by castration 

irrespective of 

antibiotics. ↑fasting 

blood glucose 

levels, ↑liver 

triglyceride levels 

in a HFD-

dependent, 

testosterone 

deficiency can alter 

the intestinal 

microbiome and 

induce abdominal 

obesity, but it 

depends on the diet.  

Jia et al. (2019) 

Adult castrated 

male rats with a 

high-fat/low-

carbohydrate 

T levels in 

castrated 

animals were 

undetectable 

T from the 

Silastic 

implants was 

estimated to be 

~30 μg·cm 

T reduced hepatic 

macrovesicular fat 

accumulation and 

inflammation, do 

not changes the de 

novo synthesis and  
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diet-induced 

NAFLD 

·day and lasted 

for at 

least 6 mo 

fatty acid β-

oxidation, the 

expression of lipid 

export proteins 

ApoB100 and 

microssomal 

triglyceride transfer 

protein (MTP) was 

supressed in intact 

and castrated rats, T 

replacement 

restored and 

suppressed agent to 

endoplasmic 

reticulum stress 

(ER), promotes 

lipid export, 

inhibits the 

formation of 

macrovesicular 

lipid droplets, 

ameliorates 

steatohepatitis 

induced by HFD 

and castration.  

Kelly et al. 

(2014) 

Androgen 

deficient mice in 

two animal 

models of severe 

testosterone 

deficiency(Testic

ular feminised 

(Tfm – n=32) 

mice, which 

have a non-

functional 

androgen 

receptor (AR) 

(Tfm) and 

orchidectomised 

XY littermate – 

n= 16). (8 

weeks) 

Tfm mice (2.2 ± 

1.2 nM) and 

orchidectomise

d littermates 

(2.5 ± 0.6 nM 

Tfm 

intramuscular 

injection of 10 

μl of 100 

mg/ml 

testosterone 

(Sustanon100

®  

Cambridge, 

UK)  

Tfm mice 

receiving once 

fortnightly 

intramuscular 

injection of 10 

μl 250 mg/ml 

testosterone 

(Sustanon 

250®)  

Low T promotes 

hepatic steatosis. T 

replacement 

decreased the 

amount of hepatic 

lipid deposition 

beyond the levels 

seen in testosterone 

replacement Tfm 

mice and placebo-

treated wild-types.  

Testosterone exert 

protective effects 

through the 

increased 

expression of fatty 

acid 

synthase(FASN) 

and acetyl-CoA 

carboxylase alpha 

(ACACA) in Tfm 

mice this actin 

influencing de novo 

lipogenesis and 

decrease hepatic 

steatosis.   

Nikolaenko et al. 

(2014) 

Castrated Young 

male Sprague 

Dawley rats with 

1.49 ± 0.26 

ng/mL and 1.40 

± 0.23 ng/mL 

Castrated rats 

T SILASTIC 

implants (Dow 

Corning) 

NAFLD is caused 

by high-fat, low-

carbohydrate liquid 

in androgen  
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NAFLD (8 

weeks) 

had 

undetectable 

serum T. 

Castrated rats 

with T pellets 

implanted 

had 

significantly 

higher levels 

(2.49 ± 0.24 

ng/mL 

deficient adult male 

rats. T replacement 

improved 

pathological 

changes in the liver 

and hepatocyte 

apoptosis also 

lowered percentage 

body fat in 

castrated rats. The 

authors supposed 

an hypothesis that 

T protects 

development of 

NAFLD and 

provides evidence 

that androgen 

deficiency could be 

a risk factor for 

increasing the 

severity of hepatic 

steatosis and 

inflammation. 

AI: Adiposity index; BW: Body weight; BP: Body pressure; CTRL: Rats chow; CT: total 

cholesterol; FBG: Fasting blood glucose; FFA: Free fat acid; HbA1c: glycated haemoglobin; 

HFD: High fat diet; IR: Insulin resistance; LET: Letrozole; MetS: Metabolic Syndrome; MTP: 

microssomal triglyceride transfer protein; mo:months; ORCD: exposed to orchidectomy; ORX: 

Orchidectomy; TP: Testosterone propionate; TT: total testosterone; y:year; w:weeks. 
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Fig 3. Main findings from human and animal studies. The main findings made in studies that 

used human and rodents as subjects of studies on the effects of testosterone deficiency on 

Metabolic Syndrome.  
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Differential melatonin-induced effects on body weight gain, adipocytes morphology 

and liver lipid metabolism in female rats under normoestrogenic or deficient 

conditions 
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Abstract 

 

Melatonin has been suggested as alternative to estrogen replacement therapy for some 

menopause-associated disorders. The melatonin effectiveness in reducing body adiposity 

in estrogen deficiency conditions is still unclear. Regardless of body mass, regional fat 

deposition and adipocytes morphology seems to be important predictors for the risk of 

obesity-related metabolic disturbances. Here, this issue was investigated by measuring 

the melatonin effects on various parameters related to body weight gain, including body 

protein, minerals and lipids, contribution of white and brown adipose fats, adipocytes 

morphology, hepatic and adipose tissue antioxidant systems and liver lipid metabolism. 

10 mg/kg/day of melatonin were administered orally over a period of 16 weeks in 

ovariectomized (OVX) and control (CON) rats. Melatonin did not suppress body 

adiposity in OVX rats, but prevented retroperitoneal and inguinal fat hypertrophy, and 

hepatic oxidative stress and hepatic steatosis. In CON rats, melatonin reduced body 

weight gain, inguinal adipocyte size, food intake and plasma estradiol. It can be concluded 

that melatonin reduces the risk to develop estrogen deficiency-related metabolic 

disorders, mainly by altering the lipid distribution in fat depots and suppressing tissues 

oxidative stress. Under normal estrogen condition, melatonin can induce adverse effects, 

including body weight loss and disturbance in estrogen regulated functions. 

 

Key words: melatonin, liver oxidative status, steatosis, adipose tissue. 
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Introduction 

 

Melatonin (N-acetyl-5-methoxytryptamine) is an indolic compound derived from 

L-tryptophan, first discovered in 1958 as a product of the bovine pineal gland [1]. Its 

secretion by the pineal glands is regulated by circadian cycle, modulating functions of 

target cells as a hormone [2]. Melatonin has been shown to be synthesized by other cells 

and organs, including the ovaries, placenta, gastrointestinal tract, immune system cells, 

and retina [3-8]. In these organs, melatonin synthesis is not regulated by circadian cycle, 

but respond to other signals, exerting paracrine or autocrine effect [9].  

The physiological functions of melatonin include regulation of the neuroendocrine 

reproductive axis, sexual behavior, mood, body temperature, immune responses, food 

intake, energy balance, and aging [10-16]. Most of the known actions of melatonin are 

mediated by specific high affinity receptors, namely MT1/MT2/MT3, coupled to G 

proteins on the plasma membrane [13,17].  

Melatonin is a potent antioxidant, acting directly by eliminating different free 

radicals [18] and indirectly by stimulating antioxidant defense enzymes [19-21]. 

Melatonin crosses the blood – brain barrier [22] and is therefore designed as a 

pharmacological agent to treat neurological, psychiatric and neurodegenerative disorders, 

including Alzheimer, Parkinson and Huntington diseases [23-26]. The beneficial effect 

of melatonin on other diseases in which the generation of free radicals plays a pivotal role 

in their pathogenesis, such as atherosclerosis, hypertension, ischemia, obesity, NAFLD, 

diabetes, cancer and aging, has also been demonstrated in human clinical trials or studies 

in animal [27-37,16]. 

The estrogen deficiency in the postmenopause condition is associated with several 

manifestations of metabolic syndrome (MetS), such as body weight gain, diabetes type 2, 

insulin resistance, NAFLD and cardiovascular diseases [38,39]. Melatonin has been 

suggested to play a role in the pathogenesis of these estrogen deficiency-related metabolic 

disorders, as the levels of melatonin or its metabolite decrease in perimenopausal women 

and estrogen-deficient experimental animals [40-42]. Melatonin involvement is further 

corroborated by the observation that pinealectomized rats develop increased resistance to 

insulin, glucose intolerance and weight gain [43].  

Melatonin supplementation therefore emerges as a potential therapeutic method 

for the treatment of menopause-related disorders, especially in women for whom 
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hormone replacement therapy (HRP) is not indicated due to potential to increase the 

formation of blood clots and embolism, strokes or tumors [44-47]. In fact, administration 

of melatonin in women has been shown to have positive effects on climacteric symptoms 

in perimenopausal and postmenopausal women [40,48,49].  

The therapeutic potential of melatonin in suppressing the consequences of an 

estrogen deficiency has been intensively studied in ovariectomized (OVX) rodent [50-

53]. However, it is still controversial the evidences on the ability of melatonin to prevent 

or treat excessive body weight gain and related metabolic disorders in OVX rats. Baxi et 

al. (2010) [51] reported that rats submitted to ovariectomy exhibit, after 6 weeks, 

increased body weight gain, insulin resistance, glucose intolerance and higher serum and 

tissue lipid content. The administration of melatonin for a period of 15 days (i.p) 

beginning 20 days after ovariectomy surgery reverses all ovariectomy-induced changes. 

Sanchez-Mateos et al., (2007) [54] did not observe significant changes in the blood levels 

of glucose, LDL, HDL, triglycerides and leptin in OVX rats, and only partial prevention 

of body weight gain and serum level of cholesterol was observed after the melatonin 

administration in drinking solution (20µg/ml) for 7 weeks.  

In our previous study with OVX rats, we demonstrated, after 13 weeks of 

ovariectomy surgery, increased body weight gain, increased adiposity, liver steatosis, 

hyperglycemia, but not dyslipidaemia [55]. Subsequent oral administration of 10 mg/kg 

per day of melatonin for 3 weeks reverses liver steatosis and also liver damage induced 

by oxidative stress. However, there was not suppression of body weight gain, abdominal 

fat accumulation and hyperglycemia [55]. 

Several factors could have contributed to different responses of OVX rats to 

melatonin treatment, including age of rats, dose and duration of treatment, and mode of 

melatonin administration. In our previous study [55] melatonin was administered to OVX 

rats after the development of metabolic disturbances, similar to the protocol used by Baxi 

et al. (2010), [51] and melatonin was administered orally, rather by intraperitoneal 

injection or in beverage solution as used in other studies [50,54]. 

The most intriguing result revealed in our previous work is the ability of melatonin 

reduces liver steatosis and oxidative stress without reducing the body weight gain and 

adiposity. Regardless of body mass, it has been proposed that regional depositions of 

adipose tissue (visceral and/or subcutaneous) and adipocyte morphology (cell size; 

hypertrophy and/or hyperplasia) are the most important predictors of the risks for 

metabolic disturbances associated with obesity [56-59]. Another question arises as to 
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whether preventive administration of melatonin could be more effective in preventing the 

metabolic disturbances resulting from loss of estrogen. 

Therefore, there are still many questions to be clarified in order to support the 

effectiveness of melatonin in replace the HRP, with regard to the ability of melatonin to 

correct or protect estrogen deficiency-related metabolic disorders, particularly the 

apparent lack of beneficial effects on body adiposity. 

Thus, in the present work we extended our investigation on the protective effects 

of melatonin in OVX rats, by administering melatonin in a preventive manner, i.e., 

starting on the day of ovariectomy surgery and measuring several other factors related to 

body weight gain, including the contribution of total protein, mineral and lipids to body 

weight gain, the relative contribution of white and brown adipose tissues to body 

adiposity, the morphology of adipose tissues, hepatic and adipose tissue antioxidant 

system parameters, and liver lipid metabolism. Melatonin was administered orally at a 

dose of 10 mg/kg/day over a period of 16 weeks in OVX rats and also in SHAM-operated 

(CON rats). The study in CON rats will provide more information on the safety of 

melatonin for premenopausal women, considering the propositions of the utilization of 

melatonin for many therapeutic purposes.  

 

Material and Methods  

Material 

 

Melatonin, adenosine diphosphate (ADP), 2,4-dinitrophenol (2,4-DNP), 

phenylmethylsulfonylfluoride (PMSF), reduced glutathione (GSH), sodium dodecyl 

sulfate (SDS), o-phthalaldehyde (OPT), 2',7 '-diclorofluorescein diacetate (DCFH-DA), 

2',7'-dichlorofluorescein (DCF), 5,5-dithiobis 2-nitrobenzoic acid (DTNB), succinate, L-

malate, N,N,N′,N′-Tetramethyl-p-phenylenediamine (TMPD), β-Nicotinamide adenine 

dinucleotide (phosphate), reduced dipotassium salt (NAD[P]H) were purchased from 

Sigma Chemical Co. (St. Louis, USA). Kits from Gold Analisa® (Belo Horizonte, Brazil) 

were used to measure blood lipids and glucose levels. Sodium heparin was obtained from 

Roche (São Paulo, Brazil). RNAHolder® (BioAgency Biotechnology, Brazil). The liver 

perfusion apparatus and the rapid sampling apparatus for multiple-indicator dilution 

(MID) experiments were built in the workshops of the University of Maringá. Enzymes 

and coenzymes were purchased from the Sigma Chemical Company (St. Louis, MO, 

USA) as reagent-grade chemicals, salts, buffers, and substrates. [1-14C] palmitate acid 
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(25 mCi/mmol) was purchased from New England Nuclear (Boston, MA, USA). The 

biodegradable counting scintillant solution (BCS®) were purchased from Amersham 

Pharmacia Biotech (Buckinghamshire, UK). 

 

Animals 

 

Three hundred and twelve female Wistar rats, weighing 130–160 g, were provided 

by the Central Biotery of the University of Maringa and were randomly assigned to one 

of two surgical procedures: sham-operated (CON) or bilateral ovariectomy (OVX). 

Animals undergoing OVX were anaesthetised with 10 mg xylazine + ketamine 50 mg/kg 

i.p. [55,60-62]. Thiopental injection was performed in combination with lidocaine (4 

mg/kg) [63,64] to minimize local discomfort. After confirmation of general anesthesia 

through the absence of movement in response to a standardized tail-tightening stimulus, 

surgery was initiated. A trichotomy was performed followed by asepsis (10% 

iodopolividone) of the abdominal region for subsequent incision of 1 to 1.5 cm in the skin 

between the last rib and thigh, 1 cm from the midline, followed by an incision in the 

muscle layer, opening the peritoneal cavity for later removal of the ovaries, and ligation 

of the uterine tube. After removal of the ovaries, suture of the musculature and skin will 

be performed. The same process were performed on the opposite side. The CON and 

CON+MEL rats were undergo the same procedures; their ovaries were exposed but not 

removed. Immediately after completion of the surgical procedure, a single dose of 

Pentabiotic® (6000 IU/kg Benzylpenicillin Procaine, 12000 IU/kg Benzylpenicillin 

Benzatin, 6000 IU/kg Potassium Benzylpenicillin, 5 mg/kg Streptomycin Sulphate and 

5mg/kg Dihydrostreptomycin) was administrated. The use of broad spectrum 

antibacterial soon after surgery is necessary as a prophylactic measure, since bacterial 

infections cause temperature changes that could directly interfere with our research data. 

We used an injection volume of 0.1 mL/kg. The corresponding doses of each of the active 

ingredients are listed above. Also administered as a single dose (im) is the injectable drug 

Banamine® (2.5 mg/kg), a non-steroidal anti-inflammatory drug that also has analgesic 

and antipyretic actions [65,66]. The animals were kept in clean boxes and observed until 

they are fully awake and able to return to the maintenance vivarium (2 hours of 

observation). The CON rats were subjected to the same procedures, but their ovaries were 

only exposed without removal. Throughout the experimental period (16 weeks), rats were 

housed in polypropylene cages (maximum of four animals per cage), fed a standard diet 
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and water ad libitum, and were kept in a sectorial biotery at a controlled temperature (25 

°C) and 12 h light/dark cycle. All experiments were conducted in strict adherence to the 

guidelines of the Ethics Committee for Animal Experimentation of the University of 

Maringá (CEUA no. 6631250815).  

 

Treatment of the animals and collection of tissues and blood 

 

The rats were divided into four groups: untreated, sham-operated rats (CON); 

sham-operated rats treated with daily doses of melatonin (CON+MEL); untreated, OVX 

rats (OVX); and OVX rats treated with daily doses of melatonin (OVX+MEL). The day 

after surgery, a dose of 10 mg/kg of melatonin dissolved in 0.9% saline solution was 

administered daily to CON+MEL and OVX+MEL rats by oesophageal gavage (final 

volume of 400 µL), over a period of 16 weeks. The rats in the CON and OVX groups 

received the same volume of 0.9% saline solution. Food intake and body weight (BW) 

were recorded throughout the trial period. On the day of the experiments, the animals 

were anaesthetised for euthanasia procedure for blood collection and removal of the liver, 

adipose tissues and uterus. In part of the experiments, the animals were euthanized by 

methods approved by CONCEA - National Council for Control of Animal 

Experimentation – [64]. According to these guidelines, barbiturates such as thiopental are 

one of the classes of injectable agents recommended for such procedure as they have the 

following advantages: fast, mild effect and minimal discomfort for animals. They are 

potent central nervous system (CNS) depressants whose effects are widely known and 

predictable. These characteristics reinforce the recommendation of barbiturates to be the 

best option for euthanizing terrestrial life animals, including rodents and small mammals. 

Thus, the animals were received an intraperitoneal dose of thiopental starting from three 

times the required dose (150 mg/kg) for anesthesia in rats (50 mg/kg), increasing the dose 

if necessary until death observation [55, 60-62,64]. Thiopental injection was performed 

in combination with lidocaine (4 mg/kg) [63,64] to minimize local discomfort. All 

animals were fasted for 12 hours prior to avoid regurgitation and aspiration of gastric 

contents. After euthanasia of the animals, the liver, uterus and adipose tissues will be 

collected for further experimental analysis. 

In other experiments, animals were previously anesthetized with thiopental (50 

mg/kg) associated with lidocaine (4 mg/kg) [55, 60-64] After confirmation of general 

anesthesia through the absence of movement in response to a standardized tail-tightening 
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stimulus, they were undergo cardiac puncture exsanguination [64]. Cardiac puncture is 

used to obtain large volumes of blood. After anesthesia, the animal should be placed on 

a flat surface in the right lateral position and the needle inserted at an angle of 10 to 30° 

above the abdomen, lateral to the xiphoid process [67]. It is a final collection because the 

animal is usually sacrificed after this type of procedure (hypovolemic shock). Thus, after 

this procedure, the liver, uterus and adipose tissues will be collected for further 

experimental analysis. The retroperitoneal, uterine, mesenteric and inguinal fat depots 

were weighed and expressed in g per 100 g of BW. The adiposity index was defined as 

the ratio of the sum of the weights of these fat depots per 100 g of BW [68]. To confirm 

the success of OVX, the uterus was also collected, weighed and expressed in g per 100 g 

of BW. Blood was collected from fasted rats by cardiac puncture to obtain serum and 

plasma. After blood collection, liver samples were removed, clamped in liquid nitrogen 

and then stored at -80 °C for subsequent measurements of the lipid content.  

 

Carcass composition 

 

Body composition was determined in the samples, included the content of the dry 

matter (DM), crude protein (CP), ether extract (EE) and mineral matter (MM) [69]. The 

frozen carcasses (n = 6 / treatment) were milled in an industrial meat mill with feathers, 

viscera, feet and head. The samples were homogenized and an average aliquot of 60g was 

weighed and taken to the lyophilizer for 36 hours for the determination of DM. 

Afterwards, they were ground in a ball 28 mill, to perform the analyzes of MM, CP and 

EE.  

For determination of MM, aliquots of lyophilized samples were weighed in 

porcelain crucibles and oven-dried at 105 °C for 24 hours, and then taken to the muffle at 

550 °C for hours, and by incineration the value of ashes were obtained. CP was obtained 

using the Kjeldahl nitrogen method (crude protein = nitrogen x 6.25). EE was obtained 

by extraction in Soxhlet extractor. The methodologies used for the analyzes were 

described in detail by [70].  

 

Serum and plasma biochemical analysis 

 

Estradiol and FSH were determined by chemiluminescence and 

electrochemiluminescence methods respectively in Laboratório Veterinário São Camilo, 
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Maringá PR, Brazil. For the procedure, the estrous cycle of the rats was evaluated in the 

period before the collection of the blood samples and on the day of collection. If the phase 

of the estral cycle identified was the right one the day before, blood was collected the 

next day (proestrus phase). The vaginal smear technique was performed to evaluate the 

estrous cycle by instilling 0.3 ml of saline (0.9% NaCl) and then the vaginal aspirate was 

collected. The fresh, uncolored slides were read for the differentiation of the cell types 

(epithelial cells, cornified and leucocytes) and, according to the proposition of each of the 

cell types, the phase of the cycle was determined, "Proestrus" is the one with the highest 

prevalence of epithelial cells [71], as well as the stage in which the highest secretion of 

sex steroid hormones occurs [72]. Glucose, triglycerides (TG), total cholesterol and high-

density lipoprotein (HDL-cholesterol), were analysed in serum and was analysed in 

plasma by standard methods using assay kits (Gold Analisa®). Very-low-density 

lipoprotein (VLDL-cholesterol) levels were calculated using the Friedewald’s equation 

[73], and low-density lipoprotein (LDL-cholesterol) levels were determined by 

subtracting HDL- and VLDL-cholesterol from total cholesterol. Plasma samples were 

assayed for the hepatic marker enzymes aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT). The results were expressed as international units (U) per liter, 

we used diagnostic kits from Gold Analisa Diagnóstica Ltda.  

 

Adipose tissue histological analysis 

 

Fed rats were euthanized and adipose tissue morphometric analyses samples from 

retroperitoneal, brown and inguinal adipose tissue were removed and fixed in Carnoy’s 

solution (60% absolute ethanol, 30% chloroform and 10% acetic acid) and embedded in 

histological paraffin (BIOTEC® Pinhais, PR, Brazil). Nonserial histological sections (5 

µm thick) were obtained by using a Leica RM2145 semimotorized rotary microtome 

(Leica Biosystems, Richmond, USA) and stained with hematoxylin and eosin (H&E). 

The morphometric analyses were performed using digital images (TIFF 24-bit color, 

2560x 1920 pixels) obtained with light microscopy (Olympus BX41, Tokyo, Japan) and 

a QColor 3 Olympus camera with a 20X objective. An adipocyte area of 1200 cells per 

group from 6 rats for each experimental group in retroperitoneal and inguinal fat was 

measured and analysed with the Image-Pro Plus 4.5 software (Media Cybernetics, Silver 

Spring, MD, USA). Also, the areas of the adipocytes are determined, a frequency 

distribution is calculated removing any objects that fall below an area of 350 μm2, as 
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these cells may be a mixture of stromal vascular cells and adipocytes. Using the frequency 

function in Excel for calculate the frequency (=frequency (data_array, bins_array)),the 

distribution from 0 to 15,000 μm2 in 500 increments is appropriate for most WAT depots, 

the size of the array bins may vary depending on the animal model. The number of total 

adipocytes within the distribution is subsequently calculated and used to convert the 

frequency to a percentage of total adipocytes counted. A comparison between two 

frequencies is made using a two-way ANOVA followed by a Bonferroni post hoc 

analysis. Frequency distribution in brown adipose tissue cannot be determined because 

there were many smaller cells than 350 μm2. The images after the capture was analysed 

in the Image-Pro-Plus 4.5 to determine the area occupied by the lipid in the stained with 

hematoxylin and eosin (H&E) tissue sections which is related to the total area (area of 

lipid droplets in % of μm × 100−1 × total area of the image−1). 

 

Determination of GSH contents in the liver homogenate and isolated mitochondria, 

retroperitoneal, inguinal and brown adipose tissue 

 

GSH contents in liver and freeze-thaw disrupted mitochondria, retroperitoneal, 

inguinal and brown adipose tissue homogenates were measured fluorimetrically using 

OPT [74]. The samples were added in a medium containing 0.1 M phosphate buffer and 

5.0 mM EDTA (pH 8.0). The reaction was started by adding 100 µL of OPT solution (1 

mg/mL, in methanol). The fluorescent product GSH-OPT was measured fluorometrically 

(350 nm excitation and 420 nm emission) after an incubation period of 15 min at room 

temperature. The results were expressed as µg GSH/mg protein present in the homogenate 

or mitochondrial suspension. 

 

Determination of TBARS and protein thiols groups in liver, retroperitoneal, inguinal and 

brown adipose tissue 

 

The lipid peroxidation level was evaluated in the liver, retroperitoneal, inguinal 

and brown adipose tissue homogenates by thiobarbituric acid reactive substances 

(TBARS detection), predominantly malondialdehyde (MDA). Aliquots of liver and 

adipose tissues homogenates (1 mg protein) were added to 4 mL of a solution containing 

0.4% SDS (sodium dodecyl sulfate), 7.5% acetic acid and 0.25% TBA (thiobarbituric 

acid). After 1h of incubation at 95 °C, the MDA-TBA complex was extracted with 4 mL 
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n-butanol/pyridine 15:1 (v/v) and the absorbance was determined at 532 nm (ε= 1.56 × 

105 M-1 cm-1). The amount of lipoperoxides was calculated from the standard curve 

prepared with 1,1’,3,3’-tetraethoxypropane, and the values were expressed as nmol/mg 

protein [75] Thiol content was measured spectrophotometrically (412 nm) using DTNB 

(5’5’-dithiobis 2-nitrobenzoic acid) as previously described [76] and the contents were 

calculated using the ε value of 1.36104 M-1. cm-1 and expressed as nmol (mg protein)-1. 

 

Liver histological and histochemical analysis 

 

Fed rats were euthanized and samples of the left liver lobe (n = 6-8) were fixed in 

Bouin solution (saturated solution of picric acid, 30% formalin and glacial acetic acid) 

for 24 hours and transferres to 70% ethanol. After dehydration with solutions of 

successively higher ethanol proportions (80%, 90%, 100%) and an additional 12 hours in 

xylol, the samples were embedded in histological paraffin (Biotec®, Pinhais, PR, Brazil). 

These preparations were cut into 5-µm-thick semiserial sections and stained with 

hematoxylin-eosin (HE) [77]. The semiserial sections were obtained by using a Leica 

RM2145 semi-motorized rotary microtome (Leica Biosystems, Wetzlar, Germany) and 

stained with H&E. Images were captured with 20× and 40× objectives (25 images/animal) 

with an Olympus BX41 light microscope (Olympus, Tokyo, Japan) equipped with an 

Olympus Q-Color 3 camera coupled to a microcomputer (Q-Capture software). The 

NAFLD activity score (NAS) based on the extent of steatosis, the number of 

inflammatory loci per 200× field and the presence of ballooned cells [78]. For 

histochemical identification of lipid vesicles, Sudan III was prepared according to a 

standard method [77]. For Sudan III, liver samples were rapidly frozen in liquid nitrogen, 

stored at −80 °C and cut into 10-μmthick semi-serial histological sections using the Leica 

CM1850 cryostat (Leica Biosystems, Wetzlar, Germany). Images were captured with a 

20× objective (50 images/animal) with the same equipment described for H&E and the 

Image-Pro-Plus 4.5 software was used to determine the area occupied by the lipid 

inclusions in the Sudan-stained tissue sections which is related to the total area (area of 

lipid inclusions in μm × 100−1 × total area of the image−1). 
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Determination of hepatic lipid content 

 

The liver total lipid content was determined using the gravimetric method [79]. 

Lipids were extracted from homogenized liver samples (approximately 1.0 g) in a 

chloroform-methanol mixture (2:1). The results were expressed as g of total fat per 100 g 

of liver wet weight. The cholesterol and TG in the liver were determined after the 

suspension of fat in 200 µL of 2% Triton, followed by vortexing and heating at 55 °C. 

Cholesterol and TG contents in the suspension were measured by specific assay kits from 

Gold Analisa®.  

 

Carbonylated protein contents in liver homogenates and disrupted mitochondria 

 

The carbonylated protein content was determined by the method described by 

Guarnier et al. (2010), with modifications [80,81]. Liver samples (0.95 g) were 

homogenized in a medium containing 50 mM phosphate butter and 1 mM EDTA (pH 

7.4), vortexed and centrifuged at 10.000×g for 15 min at 4 °C. The supernatant (5 mg 

protein/mL) was transferred to tubes with 1% streptomycin sulfate in 50 mM HEPES (9:1 

v/v; pH 7.2), incubated for 15 min at room temperature and centrifuged at 6,000×g for 10 

min. Next, 500 μL of the supernatant was transferred to Eppendorf tubes with 2,4-

dinitrophenylhydrazine in 2 M HCl (1:1 v/v) and incubated in the dark for 1 h at room 

temperature with vortexing every 15 min. Blanks with supernatant and 2 M HCl were 

performed in parallel. Then, 500 μL of 20% trichlorocetic acid was added and centrifuged 

at 11.000×g for 10 min.The supernatant was discarded and the pellets were washed with 

1.0 mL ethanol-ethyl acetate (1:1, v/v) and centrifuged 3 times at 10.000×g for 10 min to 

remove free reagent. The precipitated protein was dissolved in 1.0 mL of 6 M guanidine 

hydrochloride under vortexing, incubated for 15 min at 37 °C, and centrifuged at 

10.000×g for 10 min without cooling. The carbonyl group content was calculated using 

the molar absorption coefficient for aliphatic hydrazones at 370 nm of 22.000 M-1cm-1 

and expressed as nmol/mg protein in the homogenate. 
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Isolation of liver fractions for measurements parameters of cellular oxidative stress and 

activities of enzymes and determination of antioxidant enzymes in adipose tissues 

fractions 

 

Liver mitochondria were isolated by differential centrifugation [82]. The livers 

were homogenized in a medium containing 200 mM mannitol, 76 mM sucrose, 0.2 mM 

EGTA, 0.1 mM PMSF, 1.0 mM Tris (pH 7.4) and 50 mg/100 mL fatty acid-free bovine 

serum albumin (BSA, w/v). The homogenate was fractionated via sequential 

centrifugation at 536×g and 7.080×g for 10 min each. The sediment of the last 

centrifugation was washed twice by suspension and centrifugation at 6.392×g and the 

final, mitochondrial pellet was suspended in isolation medium to yield a protein 

concentration of 60–90 mg/mL. Intact mitochondria were used to reactive oxygen species 

(ROS) generation. Freeze-thaw disrupted mitochondria were used for reduced glutathione 

(GSH) content measurements described early.  

Mitochondria disrupted by sonication were used to measure the activities of the 

mitochondrial antioxidant enzymes, superoxide dismutase (SOD), catalase (CAT), 

glutathione peroxidase 1 (GSH-Px), glutathione reductase (GSSG-red), in mitochondrial 

suspensions (50 mg of protein/mL) were diluted 1:10 (v/v) with 0.1 M KCI and 20 mM 

Tris-HCI (pH 7.4) and sonicated for 60s at maximum power. Aliquots of these fractions 

were centrifuged at 6,000g for 10 min, to sediment intact mitochondria. The CAT 

activity was estimated in liver, retroperitoneal, inguinal and brown adipose tissue by 

measuring the change in absorbance at 240 nm using H2O2 as a substrate. The enzyme 

activity was expressed as H2O2 consumed/minmg protein, using the molar extinction 

coefficient of H2O2 of 33.33 M-1cm-1 [83] 

The supernatants were utilized as enzyme sources. The superoxide dismutase 

(SOD) activity was estimated in liver, retroperitoneal, inguinal and brown adipose tissue 

by its capacity to inhibit the pyrogallol autoxidation in alkaline medium at 420 nm [84]. 

The amount sufficient to inhibit the enzyme reaction by 50% (IC50) was defined as 1 unit 

of SOD, and the results were expressed as U/mg protein. In liver and adipose tissues, 

GSH-Px3 was determined using H2O2 as a substrate in the presence of NADPH and GSH, 

by monitoring the decrease in absorbance due to NADPH oxidation at 340 nm over a 

period of 90s [85]. 
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Total liver homogenates and adipose tissues (retroperitoneal, inguinal and brown) 

homogenates obtained from freeze-clamped liver or adipose tissues of overnight fasted 

rats were used to measure the soluble antioxidant enzyme activities catalase activity 

(CAT) described early, activity of glutathione peroxidase (GSH-Px) in the cytosolic 

fraction, the enzyme activity was expressed as nmol of NADPH oxidized/min mg 

protein (ε, 6.220 M-1cm-1) described above, and glutathione reductase (GR) was 

determined in cytosolic fractions in liver, retroperitoneal, inguinal and brown adipose 

tissue by monitoring the decrease in absorbance at 340 nm due to the oxidation of 

NADPH [86]. The samples were homogenized in ice-cold medium containing 200 mM 

mannitol, 75 mM sucrose, 2.0 mM Tris, 0.2 mM EGTA, 100 µM PMSF and 50 mg% 

fatty acid-free BSA (pH 7.4), using a Dounce homogenizer (20 mL of the homogenization 

buffer per 2.5 g of tissue).  

To measure the glucose-6 phosphate dehydrogenase (G6PD) activity, livers and 

adipose tissues from fed animals were used and the samples were homogenized in a 

medium containing 0.1 M Tris/HCl buffer (pH 7.6) and 1 mM EDTA. The homogenate 

was centrifuged at 30.000×g for 15 min and the activity of G6PD was determined in the 

supernatant. The G6PD activity was estimated by the rate of increase in absorbance at 

340 nm due to the conversion of NADP+ to NADPH in the presence of glucose-6-

phosphate, [87]. For the calculation, the molar extinction coefficient of NADPH (ε, 6.220 

M-1cm-1) was used and the enzyme activity was expressed as nmol of reduced 

NADPH/minmg protein.  

 

Measurement of mitochondrial ROS generation 

 

The mitochondrial ROS generation was monitored by the oxidation of DCFH-DA 

into a fluorescent compound, DCF. Intact mitochondria (1 mg protein/mL) were 

incubated with 5 mM glutamate, 5 mM malate and 150 μM DCFH-DA. After 3 min, 600 

mmol/L ADP was added and fluorescence was recorded for 5 min (503 nm excitation, 

529 nm emission). Mitochondrial ROS generation was expressed as ρmol DCF 

produced/minmg mitochondrial protein [88]. 
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Isolation of liver fractions for measurements of respiratory activities 

 

Liver mitochondria were isolated by differential centrifugation [82]. Intact 

mitochondria were used to measure fatty acid β-oxidation capacity, respiration driven by 

oxidation of β-hydroxybutyrate and succinate. Freeze-thaw disrupted mitochondria were 

used for respiration driven by oxidation of NADH (NADH oxidase) and succinate 

(succinate oxidase).  

 

Determination of the respiratory activity of isolated mitochondria 

 

The oxygen consumption by the isolated liver mitochondria was determined by 

polarography, using a Clark-type electrode (Yellow Springs Instruments, Yellow Springs, 

OH, USA). For measurements of respiration driven by oxidation of Pyruvate, citrate,, β-

hydroxybutyrate, α-ketoglutarate, succinate, fumarate and malate, intact mitochondria 

(0.6 to 1.0 mg/mL) were incubated in 2.0 mL of a reaction medium containing 0.25 M 

mannitol, 10 mM KCl, 5 mM potassium phosphate monobasic, 10 mM TRIS-HCl (pH 

7.4), 0.2 mM EDTA and 50 mg% fatty-acid-free BSA (w/v) [82]. The reaction was 

initiated by the addition of α-ketoglutarate (12.5 mM), or β-hydroxybutyrate (12.5 mM), 

or citrate (12.5 mM), or fumarate (12.5 mM), or malate (12.5 mM), or pyruvate (12.5 

mM) or succinate (12.5 mM). The rates of oxygen uptake were measured after the 

addition of 125 µM ADP (state III respiration), [89]. For measurement of NADH oxidase 

and succinate oxidase, freeze-thaw disrupted mitochondria (0.2 to 0.5 mg protein/mL) 

were incubated in 2.0 mL of a medium containing 20 mM Tris-HCL buffer (pH 7.4) at 

37 °C [90]. The reaction was by addition of 1.0 mM NADH or 10 mM succinate. The rate 

of oxygen consumption was expressed initiated as nmol O2 consumed per min per mg of 

mitochondrial protein (nmol/minmg).For fatty acid -oxidation, mitochondria (0.6 to 

1.0 mg/mL) were incubated in a closed plexiglass chamber maintained under agitation 

and warmed at 37 ºC. The incubation medium (2.0 mL) contained 2.0 mM potassium 

phosphate monobasic, 0.1 mM EGTA, 130 mM potassium chloride, 5 mM magnesium 

chloride, 0.1 mM 2,4-dinitrophenol (DNP), 2.5 mM L-malate, 10 mM HEPES (pH 7.2) 

and 50 mg% fatty acid-free BSA [91]. The reactions were initiated by the addition of (a) 

20 mM octanoyl-CoA + 2.0 mM L-carnitine, (b) 20 mM octanoyl-L-carnitine; (c) 20 mM 

palmitoyl-CoA + 2.0 mM L-carnitine, or (d) 20 mM palmitoyl-L-carnitine. 
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Liver Perfusion Experiments 

 

The experiments were performed at the end of treatment (16 weeks). For the 

surgical procedure, animals were anesthetized with a mixture of sodium thiopental-

lidocaine injection (50–4 mg/kg, intraperitoneally). To perform the hemoglobin-free, 

non-recirculating perfusion [92], the livers of overnight (12 h) fasted rats were used in all 

perfusion experiments. After cannulating the portal and cava veins, the liver was 

positioned in a plexiglass chamber. A constant flow was maintained by a peristaltic pump 

(Minipuls 3, Gilson, France) and adjusted to 34–36 mL/min, depending on liver weight. 

The perfusion fluid was the fatty acid (FA)-free bovine serum albumin Krebs/Henseleit-

bicarbonate buffer (pH 7.4) saturated with a mixture of oxygen and carbon dioxide (95:5) 

using a membrane oxygenator with simultaneous temperature adjustment to 37 ◦C. The 

Krebs/Henseleit-bicarbonate buffer composition was as follows: 115 mM NaCl, 25 mM 

NaHCO3, 5.8 mM KCl, 1.2 mM Na2SO4, 1.18 mM MgCl2, 1.2 mM NaH2PO4, and 2.5 

mM CaCl2. Substrates were added to the perfusion fluid according to the experimental 

protocol. In experiments, the [1-14C] palmitate (0.1 mM) mixture was infused sodium 

salt complexed with FA-free bovine serum albumin (0.00375 mM). The use of [1-14C]-

labelled FAs is effective at measuring the citric acid cycle (CAC) flux via acetyl-CoA 

labelling [93]. Consequently, 14CO2 production can be regarded as a CAC activity 

indicator. The following exogenous substrates were also infused and solubilized in 

Krebs/Henseleit-bicarbonate perfusion fluid (pH 7.4) At the end of the perfusion 

experiments, the livers were removed and weighted to allow precise metabolic 

calculation. 

 

Analytical Assays of Liver Perfusion Experiments 

 

After stabilization of oxygen consumption, experiments were initiated and the 

effluent fluid samples were collected at 2 min intervals and analysed for their metabolic 

contents. Acetoacetate, and β-hydroxybutyrate were assayed by means of standard 

enzymatic procedures [94]. The oxygen concentration in the outflowing perfusate was 

continuously monitored by a teflon-shielded platinum electrode adequately positioned in 

a plexiglass chamber at the perfusate output [93,95]. The carbon dioxide production from 

[1-14C] palmitate was measured by trapping 14CO2 in phenylethylamine [96]. 

Radioactivity was measured by liquid scintillation spectroscopy. The following 
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scintillation solution was used: toluene/ethanol (2/1) containing 5 g/L, 2,5-

diphenyloxazole and 0.15 g/L 2,2-p-phenylenebis(5-phenyloxazole). The metabolic rates 

were calculated from the input and output difference and the total flow rate and analysed 

in reference to the liver wet weight. All metabolic fluxes rat livers were expressed as 

µmol × (min × g wet liver)−1.  

 

Protein content 

 

The protein contents of the liver fractions were determined using the method of 

[97] using BSA as standard, the protein content was assayed in all fractions with the Folin 

phenol reagent and determined spectrophotometrically at 700 nm. 

 

Statistical analysis  

 

The data in the figures and tables are expressed as the mean  standard error (SE). 

The statistical differences between the four experimental groups were evaluated by a two-

way analysis of variance. Significant differences between the means were identified using 

Newman-Keuls test. The results are expressed as probability values (P). P 0.05 was 

adopted as a criterion of significance. Statistical analysis was conducted using the 

GraphPAD Software programs.  

 

Results 

Biometrical parameters  

 

The body weight (BW) of rats of four groups of animals increased progressively 

during the 16 weeks of treatment as shown in Figure 1 A. After the 3rd week the body 

weight of OVX rats was higher than the CON rats, which reached at the end of treatment 

a 26% higher body weight gain (Fig. 1A, inserted graph). Melatonin administration to 

OVX rats (OVX+MEL) did not modify the pattern of body weight gain during all periods 

of treatment when compared with that one of untreated-OVX rats, so that the body weight 

gain remained (22.8%) higher than the CON rats at the 16th week. Contrasting with this 

lack of effect on OVX rats (OVX+MEL), melatonin reduced the body weight gain of 

control rats (CON+MEL) which was significant after the 7th week of the treatment. The 

effective body weight gain at the terminus of treatment was 21 % lower than the CON 
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rats and 55.5 % relative to OVX+MEL rats (Fig. 1A, inserted graph). Fig. 1B revealed 

that despite OVX and OVX+MEL rats had a higher body weight gain than the CON rats, 

the cumulative and mean daily food consumption were not different among them. A 

correlation was found, however, in the CON+MEL rats with a 13% reduction in the mean 

daily food consumption compared to CON rats. 
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Fig. 01. Biometrical parameters of sham-operated (CON) rats, ovariectomized (OVX) rats, melatonin-

treated control rats (CON+MEL) and melatonin-treated OVX rats (OVX+MEL). (A) Body weight of the 

four groups of rats along the experimental period expressed in g (n = 8). The inserted graph in (A) represents 

the body weight gain over the entire experimental period (16 weeks). (B) Cumulative food consumption 

expressed in g (n = 8). The inserted graph in (B) represents the mean daily consumption of food over the 

(16 weeks). The vertical bars represent the standard errors (SE). The asterisks indicate significant 

differences between the values as revealed by two-way ANOVA following by Newman Keuls post-test (P 

< 0.05): aCON vs. OVX; bCON vs. CON+MEL; cCON vs. OVX+MEL; dCON+MEL vs.OVX+MEL and 

eCON+MEL vs. OVX. 

 

Carcass composition 

 

Figure 2 shows the composition of the whole body carcass of the rats relatives to 

their content of the dry matter (DM, panel A), mineral matter (MM, panel B), crude 

protein (CP, panel C), ether extract (EE, panel D) and the total humidity (water content) 

expressed as the percentage of the dry matter, which was 5% lower in OVX rats compared 

with the CON rats. Melatonin treatment did not modify this parameter in both CON+MEL 

rats and in OVX+MEL rats, the latter ones exhibiting 7% lower values than the CON rats. 

No significant differences were found in the percentage of mineral matter, among the four 

groups (B). The percentage of crude protein was also not different in CON and OVX rats 
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(C), and melatonin treatment increased by 5% the CP in control rats (CON+MEL) 

compared to the CON group, but without changes in ovariectomized rats (OVX+MEL).  
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Fig. 02. Carcass composition of sham-operated (CON) rats, ovariectomized (OVX) rats, melatonin-treated 

control rats (CON+MEL) and melatonin-treated OVX rats (OVX+MEL). The results represent the means 

for the (A) Total humidity % of dry matter (n = 6), (B) The mineral matter expressed in % (n = 6), (C) The 

crude protein expressed in % (n = 6), (D) The ethereal extract expressed in % (n = 6). The vertical bars 

represent the standard errors (SE). The asterisks indicate significant differences between the values as 

revealed by two-way ANOVA following by Newman Keuls post-test. * P < 0.05; ** P < 0.01 and *** P< 

0.001. All parameters were measured at the end of treatment (16 weeks). 

 

The most significant differences among the groups were found in the percentage 

of ethereal extract (EE). OVX rats exhibited a 13% increase in EE relative to values of 

CON rats (D) and this extract remained elevated in OVX+MEL rats (+21% relative to 

CON rats). Melatonin induced, however, a decrease of 18 % in the percentage of ethereal 

extract (EE) in CON+MEL rats. These results in EE suggested that the corporal lipid 
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contents may account for most of the differences found among the groups in the body 

weight gain (Figure 1A). Therefore, we have examined separately the adipose tissues 

located in different regions of the body: the uterine, mesenteric, retroperitoneal and 

inguinal fat (Figure 3).  

The adiposity index calculated as the sum of the retroperitoneal, uterine, 

mesenteric, and inguinal fat weights relative to 100 g of body weight (Fig 3A) indicated 

a 17% higher index in OVX rats compared to CON rats that remained elevated (+18%) 

in melatonin treated rats (OVX+MEL). These results are in accordance with those found 

in the percentage of corporal EE (Fig. 2D). Such correlation was not found, however, in 

the CON+MEL rats, as the adiposity index was not reduced by melatonin treatment. The 

analysis of each adipose tissue, however, revealed that ovariectomy and/or MEL 

treatment exerted distinct influence on specific adipose tissues. Whereas the weight of 

uterine (B) and retroperitoneal (C) adipose tissues were not affected by both ovariectomy 

or MEL treatment, significant modifications were found in the mesenteric (D) and 

inguinal fat (E).  

The weight of mesenteric fat of OVX rats was similar to that of CON rats and 

melatonin treatment induced a 25% reduction only in the control condition (CON+MEL). 

The weight of inguinal fat was substantially increased by ovariectomy, with a 86% higher 

weight in comparison with the CON rats. Melatonin administration did not suppress this 

increase in inguinal fat in OVX+MEL rats, not affecting also the inguinal fat in 

CON+MEL rats, which remained in a similar weight of the CON rats.  

Figure 3 also shows the influence of ovariectomy and MEL treatment on the uterus 

weight (F). As expected, a pronounced uterine atrophy was observed in OVX rats, as 

indicated by a reduction of 85% in uterus weight in comparison with the CON rats. 

Melatonin also reduced by 17% the weight of uterus in CON+MEL rats when compared 

with CON rats.  
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Fig. 03. General features of sham-operated (CON) rats, ovariectomized (OVX) rats, melatonin-treated 

control rats (CON+MEL) and melatonin-treated OVX rats (OVX+MEL). The results represent the means 

for the (A) The adiposity index was calculated from the sum of the retroperitoneal, uterine, mesenteric, and 

inguinal fat weights, which was related to g/100 g BW (n = 6 – 10), (B) The uterine fat was expressed in 

g/100 g of body weight (BW) (n = 6 – 9), (C) The mesenteric fat was expressed in g/100 g of body weight 

(BW) (n = 6 – 9), (D) The retroperitoneal fat was expressed in g/100 g of body weight (BW) (n = 8 – 11), 

(E) The inguinal fat depots was expressed in g/100 g of body weight (BW) (n = 6 – 9), (F) Uterus was 

expressed in g/100 body weight (BW) (n = 8 – 10). The vertical bars represent the standard errors (SE). 

The asterisks indicate significant differences between the values as revealed by two-way ANOVA using 

the Newman-Keuls post-test: * P < 0.05; ** P < 0.01 and *** P< 0.001. All parameters were measured at 

the end of treatment (16 weeks). 

 

Serum and plasma biochemical analyses 

 

The biochemical analysis of several blood parameters are presented in table 01. 

The success of the ovariectomy surgery was confirmed by a decrease of 75% in the serum 

estradiol level compared to CON rats. Melatonin administration did not change 

significantly the estradiol level in OVX+MEL rats when compared with OVX rats, but a 

strong reduction was observed in the control rats: the mean levels of estradiol in 

CON+MEL reduced by 53% when compared to CON rats.  
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No significant differences were observed among the four groups of rats in the 

blood levels of FSH, glucose, triglycerides, total cholesterol and its lipoproteins. A 

significant difference was found for markers of hepatic functions: the activities of AST 

and ALT were, respectively, 46% and 28% higher in the blood of OVX rats when 

compared with CON rats, and melatonin treatment induced a partial reversion in the levels 

of both enzymes. Melatonin did not change the levels of AST and ALT in CON+MEL 

rats.  

 

Table. 01. Biochemical analysis of blood from sham-operated (CON), ovariectomized 

(OVX), melatonin-treated control (CON+MEL) and melatonin-treated OVX rats 

(OVX+MEL). Estradiol (pg/mL), FSH (µUI/mL), plasma glucose, serum triglyceride, 

total cholesterol, HDL-cholesterol, LDL-cholesterol, VLDL-cholesterol expressed as 

mg/dL, AST and ALT expressed as U/L were measured in blood samples obtained from 

rats fasted overnight, analysed by standard methods.  

 CON OVX CON+MEL OVX+MEL 

Estradiol 32.67 ± 7.53 8.000 ± 1.15a 14.00 ± 1.53b 15.33 ± 3.48c 

FSH 0.140 ± 0.04 0.140 ± 0.02 0.120 ± 0.02 0.140 ± 0.04 

Glucose 90.99 ± 4.39 90.49 ± 3.81 76.65 ± 4.57 87.06 ± 5.78 

Triglyceride  31.73 ± .290 33.70 ± 2.57 31.73 ± 4.88 34.36 ± 2.77 

Total cholesterol  66.94 ± 4.42 70.66 ± 2.21 64.84 ± 6.09 63.83 ± 5.53 

HDL-cholesterol  31.78 ± 2.53 30.66 ± 2.23 22.63 ± 2.82 26.13 ± 3.35 

LDL-cholesterol  31.27 ± 2.32 33.30 ± 2.21 37.98 ± 2.96 32.45 ± 2.39 

VLDL-cholesterol  5.908 ± 0.42 6.383 ± 0.40 5.738 ± 0.37 6.440 ± 0.42 

AST 59.45 ± 3.22 86.68 ± 4.52a 69.63 ± 3.94 72.92 ± 4.10d 

ALT 28.79 ± 2.20 36.76 ± 2.42a 32.21 ± 2.86 26.04 ± 1.10d 

Values are expressed as the mean ± SE of 6-10 animals per group. The letters indicate the statistical 

significance as revealed by two-way ANOVA following by Newman Keuls post-test (P < 0.05): aOVX vs. 

CON; bCON vs. CON+MEL; cCON vs. OVX+MEL; dOVX vs. OVX+MEL. 

 

Adipose tissue morphometric analysis 

 

The finding that the accumulation of adipose tissues situated in different regions 

of the body responded differently to ovariectomy and/or melatonin treatment led us to 

examine in details the morphology of adipocytes, the redox oxidative status and the 
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antioxidant enzymes in three representative adipose tissues: a visceral white adipose 

tissue (VAT): the retroperitoneal fat; a subcutaneous white adipose tissues (SAT): 

inguinal fat, and a brown adipose tissue (BAT): a interscapular fat.  

Figure 4 (panels A to J) shows representative histological images of 

retroperitoneal and inguinal fat from the four groups of animals. Despite lack of alteration 

in retroperitoneal fat mass by ovariectomy or melatonin treatment, as revealed in Figure 

3C, the images of the retroperitoneal fat show an increase in the size of adipocytes in 

OVX rats (Fig. 4B) compared to those in the CON rats (Fig. 4A). Melatonin 

administration in these rats (OVX+MEL) and also in CON rats (CON+MEL) led to 

histological images very similar to those in the CON rats. The analysis of the distribution 

of adipocyte according to their areas (Fig. 4E) confirmed the hypertrophy of the 

retroperitoneal fat in OVX rats and the beneficial effect of melatonin. The curve of 

frequency of adipocytes in OVX rats was shifted toward the higher area values relative 

to the curve of the CON rats. The curve of OVX+MEL rats approached to the CON curve. 

Melatonin did not modify the distribution of adipocyte according with their area in 

CON+MEL rats when compared with CON rats. The comparison of the mean area of 

adipocytes in retroperitoneal fat (Fig. 4F) revealed a 26 % increase in OVX rats, which 

was totally suppressed by melatonin (OVX+MEL rats). 

Despite substantial increase in the total weight of inguinal fat in OVX rats (Fig. 

3E), the histological image of this tissue (Fig. 4H) revealed that the size of adipocytes 

was very similar to that of the CON rats (Fig. 4G). A prevalence of the adipocytes with 

reduced size was evidenced in rats treated with melatonin, not only in OVX+MEL (Fig. 

4J) but also in CON+MEL (Fig. 4I), as confirmed by the curves of distribution of the 

adipocytes according with their areas (Fig. 4K). The curves of distribution of frequency 

of CON and OVX rats were not significantly different, but the administration of 

melatonin in both OVX+MEL and CON+MEL rats induced a significant shift of the 

curves toward the left side of the diagram, a change that was more accentuated in 

CON+MEL rats. The increase in the frequency of adipocytes with lower areas was 

confirmed by a reduction of 19% in the mean area of the adipocytes in OVX+MEL and 

40% in CON+MEL when compared with their respective untreated controls (Fig. 4L).  

The representative histological images of brown adipose tissues (BAT) by using 

the soluble dye HE (Fig. 5) revealed that OVX (B), CON+MEL (C) and OVX+MEL (D) 

groups had apparently more lipid inclusions than in the BAT of CON rats (A). The 

average lipid droplet size shown in Figure 5E revealed a 35% higher lipid inclusion in 
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OVX rats than in CON rats, but in the groups treated with melatonin (OVX+MEL or 

CON+MEL) the mean values were not statistically different when compared with their 

respective untreated controls. 

 

Fig. 04. Representative photomicrography images showing adipose tissue stained with hematoxylin-eosin. 

Retroperitoneal adipose tissue of CON (A) OVX (B), CON+MEL (C) and OVX+MEL (D) rats and inguinal 

adipose tissue of CON (G), OVX (H) CON+MEL, (I) and OVX+MEL, (J) rats. (E) Frequency distribution 

of retroperitoneal adipocyte sizes in percentage of total cells; (F) mean retroperitoneal adipocyte area, 

expressed as µm2.  Frequency distribution of inguinal adipocyte sizes; (L) inguinal adipocyte area (L) of 

four groups of rats. All data are expressed as the means SEM from 4-5 rats from each experimental group. 

The asterisks indicate significant differences between the values as revealed by two-way ANOVA using 

Newman-Keuls post-test: * P < 0.05; ** P < 0.01 and *** P< 0.001.  
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Fig. 05. Photomicrography images of brown adipose tissue stained with hematoxylin-eosin. Adipose tissue 

morphometric analysis in brown fat of sham-operated (CON), ovariectomized (OVX), melatonin-treated 

control (CON+MEL) and melatonin-treated OVX (OVX+MEL) rats. Quantitative analyses of adipocyte 

areas are shown in sequence. All data are expressed as the means SE from 3-4 rats from each experimental 

group. The asterisks indicate significant differences between the values as revealed by two-way ANOVA 

using Newman-Keuls post-test: * P < 0.05.  
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Parameters of oxidative stress in retroperitoneal, inguinal and brown fat tissues 

 

The redox status of the adipose tissues was evaluated by measurement the levels 

of TBARS, GSH and thiol content in the soluble fraction of the cytosol of total 

homogenate. Figure 06 reveals that the ovariectomy did not induce significant 

modifications in any of these parameters in retroperitoneal, inguinal or brown fat, as the 

means values of OVX rats were very similar from those of CON rats. The only exception 

was the content of GSH in inguinal fat that was 23% reduced in OVX rats (Fig. 6E), an 

effect that was suppressed by melatonin administration (OVX+MEL rats). No other 

parameter in the three adipose tissues was modified by melatonin administration in OVX 

rats (OVX+MEL). 

In control rats (CON+MEL), however, melatonin induced a 29% reduction in the 

TBARS content in retroperitoneal fat (Fig. 6A) and in inguinal fat it was found a decrease 

of 41% in the GSH content (Fig. 6E) and an increase of 40% in protein thiols content 

(Fig. 6H) when compared with the values of their respective untreated groups. None of 

the biomarkers of oxidative stress in the brown adipose tissue was altered neither by 

ovariectomy nor by melatonin treatment in both CON and OVX rats (Fig. 6 C, F, I). 

The activities of antioxidant enzymes in retroperitoneal, inguinal and brown fat 

tissues are shown in Figure 7. Similar to what was found for oxidative stress indicators, 

in the ovariectomized rats (OVX) had significant changes only in the inguinal fat: the GR 

and G6PD activities were 44% (Fig. 7K) and 41% reduced (Fig. 7N), respectively,  when 

compared with the values of the CON rats. These results were in accordance with the 

reduced content of GSH found in this tissue (Fig. 6E). Also, in agreement with the 

restoration of the GSH content melatonin increased the activities of the two antioxidant 

enzymes GR and G6PD in OVX+MEL rats (Figs. 7K, N) to equivalent levels of those of 

CON rats. In inguinal fat, melatonin increased the CAT activity in OVX+MEL rats to a 

value 37% higher than that of OVX untreated rats (Fig. 7 E).  

Although the activities of GSH-Px (panel G) and GSSG-red (panel J) were not 

modified by ovariectomy, the administration of melatonin in these rats (OVX+MEL) 

induced an increment in the activity of both enzymes in approximately 36% (OVX versus 

OVX+MEL). Melatonin administration in the control rats (CON+MEL) did not exert 

significant changes in any of the assayed enzymes in the three adipose tissues. Again, 

none of the assayed enzymes in the brown adipose tissue was affected by ovariectomy or 

melatonin treatment (panels C, F, I, L, O). 
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Fig. 06. Effects of melatonin on parameters of adipose tissue oxidative stress condition. Adipose tissue 

homogenates or cytosolic fractions were prepared as described in the Material and Methods section for the 

measurements of: TBARS contents in retroperitoneal, inguinal and brown fat; the reduced glutathione 

content (GSH) in retroperitoneal fat; inguinal and brown fat, and protein thiols content in retroperitoneal, 

inguinal and brown fat. of 5 to 8 individual experiments. Panels A, D and G show the TBARS content, 

GSH content and protein thiols content in retroperitoneal fat, panels B, E and H indicated the TBARS 

content, GSH content and protein thiols content in inguinal fat and panels C, F and I indicated the TBARS 

content, GSH content and protein thiols content in brown fat. The values are expressed as the mean and the 

vertical bars represent the SE. The asterisks indicate significant differences between the values as revealed 

by two-way ANOVA using Newman-Keuls post-test : * P< 0.05, ** P< 0.01, *** P< 0.01. 
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Fig. 07. Effects of melatonin on oxidative stress parameters in retroperitoneal, inguinal and brown fat 

cytosolic fractions. Panels A, D, G, J and M are respectively the activities of SOD, CAT, GSH-Px1, GSSG-

red and G6PD in retroperitoneal fat. Panels B, E, H, K and N are the SOD, CAT, GPx1, GR and G6PD 

activities in inguinal fat and panels C, F, I, L and O shows the SOD, CAT, GSH-Px1, GSSG-red and G6PD 

activities in brown adipose tissue. The values are expressed as the means of 4 to 7 individual experiments. 
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The vertical bars represent the SE. The asterisks indicate significant differences between the values as 

revealed by two-way ANOVA using Newman Keuls post-test: * P< 0.05; ** P< 0.01 and *** P< 0.001. 

 

Liver histological analysis, hepatic lipid content and total cholesterol and triglycerides 

in liver 

 

H&E staining of liver section from CON (Fig. 8A), OVX (Fig. 8B), CON+MEL 

(Fig. 8C) and OVX+MEL (Fig. 8D) groups revealed preserved cell organization and 

shape on, with chords of hepatocytes and size and shape apparently intact in all groups. 

The livers of OVX rats had areas containing hepatocytes with varying degrees of 

cytoplasmic vacuolation, and in few sections one loci of cellular infiltrate was observed. 

The hepatocytes of CON, CON+MEL and OVX+MEL groups had rare cytoplasmic 

vacuolation. Both, the ovariectomy and treatment with melatonin induced a slightly 

higher prevalence of ballooned cells on the OVX, CON+MEL and OVX+MEL groups, 

when compared with CON. As a result of these observations, the value for NAS based on 

Kleiner et al. [78] was 0.92 for CON group and a few higher value on CON+MEL (1.28) 

OVX (1.31) and OVX+MEL (1.14) groups. According to NAS score that ranges from 0 

to 8 and sum occurrence of steatosis, lobular inflammation and hepatocellular ballooning, 

none of the groups has features of NASH (NAS>or=5).  

The supposition that the vacuoles in H&E images were lipid vesicles was 

confirmed by histological analyses using the fat-soluble dye Sudan III, which were used 

for calculation of the mean value of the area occupied by lipid inclusions (Fig. 8E).  The 

livers of OVX rats had a lipid area approximately four-fold higher than CON rats. 

Melatonin treatment suppressed this lipid accumulation, as the area of lipid droplets 

approached that of CON rats. Melatonin did not modify this parameter in CON+MEL 

rats.  

The quantification of lipids confirmed the high content of fat in livers from OVX 

rats (Fig. 8F). Among the total lipids, triglycerides and not total cholesterol accounted to 

lipid accumulation in OVX rats, as indicated by Figs 8G and 8H. The total lipid and TG 

content was 26 and 35% higher in OVX than in CON rats, respectively, and the treatment 

of OVX rats with melatonin reduced both total lipid (Fig. 8F) and TG (Fig. 8G) contents 

to values very similar to those of CON rats. The cholesterol levels were not modified by 

ovariectomy or melatonin treatment (Fig. 8H). 
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Fig. 08. HE staining of CON (A), OVX (B), CON+MEL (C) and OVX+MEL rats (D), Sudan III (E), total 

area of the lipid inclusions of CON, CON+MEL, OVX and OVX+MEL rats (F), Contents of total lipids, () 

cholesterol content, and triacylglycerol (I) in the livers of the four groups of the animals. The results 

represent the means of 7-The vertical bars represent the standard errors (SE). The asterisks indicate 

significant differences between the values as revealed by two-way ANOVA using Neuman Keuls post-test. 

* P< 0.05. In the right, images are displayed with 200x magnification. Each value is mean ± SE of 5-6 

independent animals. The arrows indicate lipid inclusions (       ), hepatocellular balloonin (        ) and 

lobular infiltration (         ). 

E 

F 
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Parameters of oxidative stress and antioxidant enzyme activity in liver homogenates and 

cytosolic fractions 

 

In the liver homogenates or cytosolic fractions of OVX rats, the biomarkers of 

oxidative stress TBARS (Fig. 9A) and protein thiols (Fig. 9D) were not modified, but the 

protein carbonyl groups content (Fig. 9B) was 39% increased and the GSH content (Fig. 

9C) was 19% lower when compared to CON rats. In rats treated with melatonin 

(OVX+MEL) these alterations were suppressed and the values of both parameters were 

restored to similar values of those found for CON rats. Despite ovariectomy has not 

altered the livers TBARS content, the administration of melatonin in these rats 

(OVX+MEL) increase the TBARS content by 47% when compared with the livers of 

CON rats (Fig. 9A).  

Among the assayed antioxidant enzymes, only the activities of SOD (Fig. 9E) and 

G6PD (Fig. 9I) were altered in OVX rats with a decrease of 25% and 35%, respectively 

compared to CON rats. Melatonin was not able to suppress the inhibition of both enzymes 

as demonstrated to values found in OVX+MEL rats with remained above the values of 

the CON rats and similar to those of OVX rats.  

The administration of melatonin in control rats (CON+MEL) reduced the activity 

of G6PD to a mean value 37% above of that of CON rats (Fig. 9I) 
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Fig. 09. Effects of melatonin on parameters of liver oxidative status. Liver homogenates or cytosolic 

fractions were prepared as described in the Material and Methods section for the measurements of: (A) 

TBARS contents 5 to 7 individual experiments. (B) the protein carbonyl content 5 to 8 individual 

experiments; (C) the reduced glutathione content 7 to 12 individual experiments and (D) Liver protein thiols 

content 4 to 6 individual experiments (E) SOD activity; (F) CAT activity; (G) GSH-Px1 activity; (H) 

GSSG-red activity; (I) G6PD activity 5-8 individual experiments. The values are expressed as the mean 

and the vertical bars represent the SE. The asterisks indicate significant differences between the values as 

revealed by two-way ANOVA using Newman Keuls post-test: * P< 0.05, ** P< 0.01. 

 

Parameters of oxidative stress and antioxidant enzyme activity in isolated mitochondria 

 

Mitochondria isolated from OVX rats did not exhibit alterations in the ROS 

generation (Fig. 10A) and on the GSH content (Fig. 10C) when compared with 

mitochondria from CON rats. However, similar to that was found in the liver 

homogenates, the content of carbonylated protein was 56% higher in mitochondria from 

OVX rats (Fig. 10B). This alteration was completely suppressed by melatonin treatment 

as mitochondria from OVX+MEL rats had similar values of those of CON rats. The 

administration of melatonin in control rats (CON+MEL) did not alter the total amount of 

ROS (Fig. 10A), carbonylated protein (Fig. 10A) or the content of GSH (Fig. 10C). 
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Differently from cytosolic SOD, the activity of mitochondrial SOD was not 

altered in OVX rats (Fig. 10D). No change was also found in the activities of 

mitochondrial CAT (Fig. 10E), GR (Fig. 10F) and GSH-Px (Fig. 10G) when compared 

to results found in the mitochondria from CON rats.  

The treatment with melatonin did not induce changes in enzyme activities in 

mitochondria from both control (CON+MEL) or ovariectomized rats (OVX+MEL) when 

compared with their respective control groups. The only exception was a decrease of 22% 

in the CAT activity in OVX+MEL compared to CON, but without statistical significance 

compared to OVX rat (Fig. 10E). 

 

Respiratory activity in isolated mitochondria 

 

The dysfunction of mitochondria may play a pivotal role in the liver steatosis as 

they are involved in β-oxidation of free fatty acids and in the cellular redox homeostasis.  

To evaluate whether melatonin exerts beneficial effect of mitochondrial functions, several 

parameters of energy transduction and fatty acid oxidation were evaluated in liver 

mitochondria isolated from the four groups. Table 1 shows the rate of respiration of intact 

coupled mitochondria driven by different substrates and in the presence of ADP (state III 

respiration), the maximal activities of three segments of respiratory chain measured in 

disrupted mitochondria, and the fatty acid oxidation-driven respiration measured in 

uncoupled mitochondria using FAs as an acyl-CoA-derivatives (octanoyl-CoA and 

palmitoyl-CoA) in the presence of carnitine, and also the octanoyl L-carnitina and 

palmitoyl-L-Carnitine.  
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Fig.10. Effects of melatonin on parameters of oxidative stress in isolated mitochondria. Mitochondrial 

fractions were prepared as described in the section of Material and Methods for the measurements of: (A) 

mitochondrial H2O2 generation, (B) the protein carbonyl content 5 to 11 individual experiments; (C) the 

reduced glutathione content of 7 to 12 individual experiments, (D) SOD activity; (E) CAT activity; (F) 

GSH-GPx1 activity; (G) GSSG-red activity. The values are expressed as the mean and the vertical bars 

represent the SE. The asterisks indicate significant differences between the values as revealed by two-way 

ANOVA using Newman Keuls post-test: * P< 0.05. 

 

The rates of oxygen consumption coupled to ADP phosphorylation (state III 

respiration)  were not different among the mitochondria isolated from the four groups of 

rats irrespective on the substrate oxidized: citrate, -hydroxybutyrate, -cetoglutarate, 

succinate, fumarate and malate. The activities of NADH oxidase, succinate-oxidase and 

the respiration coupled to TMPD-ascorbate in freeze-thawing disrupted mitochondria 

were also not different among the groups.  

Significant changes were induced, however, by melatonin treatment in the FA-

driven respiration in uncoupled mitochondria. Despite the similar rates of FA-induced 

respiration in mitochondria from the CON and OVX rats, irrespective of fatty acid 

oxidized, a stimulus was found in melatonin-treated rats in both ovariectomized 

(OVX+MEL) and control (CON+MEL) rats. When compared to mitochondria from OVX 

rats, the rates of fatty acid driven respiration were stimulated in OVX+MEL as follows: 

Octanoyl-CoA +34%; Octanoyl-L-Carnitine +34%; Palmitoyl-CoA +24%, and 

Palmitoyl-L-Carnitine +43%. In mitochondria from CON+MEL rats, a significant 

increase was found in the oxidation of Octanoyl-CoA +21% Octanoyl-L-Carnitine + 21% 

and Palmitoyl-L-Carnitine +34% relative to rates of CON rats.  
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Table. 02. Rates of oxygen consumption driven by different substrates in the 

mitochondria isolated from livers of control (CON), ovariectomized (OVX), melatonin-

treated control (CON+MEL) and melatonin-treated OVX (OVX+MEL) rats. Oxygen 

consumption was measured using a Clark-type oxygen electrode as described in the 

Materials and Methods section. The rates of fatty acid oxidation, state III, the activities 

of NADH-oxidase and succinate oxidase, rates of mitochondrial respiration with the 

Octanoyl-CoA + L-carnitine, the liver Octanoyl lcarnitine, the Palmytoyl-CoA + L-

carnitine and the Palmytoylcarnitinewere expressed as nmol O2 /min mg protein.  

  Intact Mitochondria   

  State III   

 CON OVX CON+MEL OVX+MEL 

Pyruvate 11.8 ± 0.78 11.1± 0.57 11.1 ± 0.49 11.5 ± 0.84 

Citrate 11.4 ± 0.32 13.1 ± 0.59 13.3 ± 0.97 14.4 ± 0.89b 

β-hydroxybutyrate 29.9 ± 0.56 27.6 ± 1.92 27.5 ± 2.51 31.1 ± 2.13 

α-ketoglutarate 20.6 ± 0.63 20.9 ± 0.64 19.9 ± 0.76 20.5 ± 1.55 

Succinate 88.0 ± 3.81 80.2 ± 5.03 82.5 ± 5.54 94.6 ± 7.93 

Fumarate 6.73 ± 0.19 6.30 ± 0.13 6.70 ± 0.34 7.00 ± 0.41 

Malate 9.08 ± 0.19 9.88 ± 0.29 10.1 ± 0.19 9.90 ± 0.63 

 Freeze-thawing disrupted mitochondria 

NADH-oxidase 27.2 ± 3.05 30.5 ± 3.10 29.2 ± 3.25 30.9 ± 2.78 

Succinate-oxidase 39.5 ± 3.75 40.0 ± 2.23 36.3 ± 4.87 43.8 ± 3.13 

TMPD ascorbate 71.1 ± 3.46 73.0 ± 5.79 73.6 ± 5.29 80.5 ± 5.30 

 Uncoupled mitochondria 

Octanoyl-CoA+L-carnitine 31.2 ± 1.83 30.7 ± 1.87 43.2 ± 2.59a 39.6 ± 1.18bc 

Octanoyllcarnitine 37.0 ± 1.32 33.3 ± 2.49 44.9 ± 1.49a 44.7 ± 1.11bc 

Palmytoyl-CoA+L-carnitine 37.5 ± 1.56 38.3 ± 2.16 38.5 ± 0.65a 47.7 ± 0.63bc 

Palmytoyllcarnitine 34.3 ± 1.96 33.6 ± 2.34 46.2 ± 3.24a 48.0 ± 2.71bc 

Values are expressed as the mean ± SEM of 5-8 animals per group. The letters indicate the statistical 

significances as revealed by two-way ANOVA using Newman-Keuls post-test (P < 0.05): aCON vs. 

CON+MEL; b.CON vs. OVX+MEL; c.OVX vs. OVX+MEL. 

 

Oxygen consumption, 14CO2 production and ketogenesis in intact livers  

 

The rates of fatty acid-driven respiration in isolated mitochondria shown in table 

2 reflect the maximal activities of all enzymatic complexes involved in fatty acids 

oxidation as mitochondria were uncoupled and thus, the rate of reoxidation of NADH and 

FADH2 generated by fatty acids β-oxidation and cycle of citric acid were not under 
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control of electrochemical gradient.  Since melatonin stimulated this parameter in both 

CON and OVX rats we performed a series of experiments by using intact perfused rat 

livers, an experimental model that allow the evaluation of exogenous fatty acid oxidation 

under the steady-state conditions. The results were shown in Figures 11. A perfusion fluid 

containing palmitate plus traces of palmitate labeled with the 14C isotope was infused in 

the livers from fasted rats and the effluent perfusates were collected by measurements of 

the ketone bodies: acetoacetate and β-hydroxybutyrate, the oxygen consumption and the 

CO2 production. The release of 14CO2 in the effluent liquid reflects the fraction of fatty 

acid oxidized by β-oxidation pathway and citric acid cycle; the production of acetoacetate 

and β-hydroxybutyrate sum indicates the ketogenic activity, and the β-

hydroxybutyrate/acetoacetate ratio indicates the mitochondrial redox state [82]. 

The infusion of the exogenous palmitate (0.1 mM) plus traces of [1-14C[palmitate) 

in perfused rats livers caused an increment in ketone bodies, β-

hydroxybutyrate/acetoacetate ratio, CO2 production and oxygen consumption in the four 

groups of animals (Fig. 11). Significant differences among the groups during the whole 

period of experimental series were observed only in the steady-state rates of ketone bodies 

production in the control rats. The ketogenesis in livers from CON+MEL (Figure 11B) 

was approximately 55% higher than in CON rats (Fig. 11 A) in the whole period of 

palmitate infusion.  
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Fig. 11. Time courses of the changes in CO2 and ketone bodies production: sum, the ratio betweenβ-

hydroxybutyrate and acetoacetate and oxygen consumption in the presence of exogenously added substrates 

in livers of CON and CON+MEL (A,B) and OVX and OVX+MEL (C,D) rats. Livers of overnight (12-h) 

fasted rats were perfused as described in Materials and methods. Exogenous substrates were infused at the 

time intervals indicated by horizontal bars. Each experimental point is the mean ± standard error of 4–5 
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experiments. All parameters were measured at the terminus of treatment (16 weeks). The vertical bars 

represent the standard errors (SE). The letters indicate significant differences between the values as revealed 

by two-way ANOVA using Newman-Keuls post-test (P < 0.05): aCON vs. OVX; bCON vs.CON+MEL; 

cCON vs.OVX+MEL. 

 

Discussion 

 

The ovariectomy surgery in 45- day-old rats induced after 16 weeks, as expected, 

reduction in the serum levels of estradiol, uterus atrophy and some components of the 

metabolic syndrome (MetS) [98], including increased body weight gain, increased 

adiposity, hepatic and adipose tissues oxidative stress and hepatic steatosis. OVX rats did 

not develop dyslipidaemia, hyperglycemia and insulin resistance, found by other authors 

in OVX rats [51,53,99]. Clinical trials in humans has demonstrated that nearly 20% to 

50% of women in menopause and pos-menopause period developed one or more 

components of MetS including obesity, insulin resistance, NAFLD, diabetes type 2, 

hypertension or cardiovascular diseases. The other ones remain healthy despite loss of 

estrogen protection and ageing [100-102]. The apparent resistance of OVX in developing 

severe metabolic disturbances suggested that OVX rats, under our experimental 

conditions, can be reproducing the metabolic status of post-menopausal women whom 

does not develop most of METS components. Alternatively, the OVX rats could be in an 

early phase of progression to more severe metabolic disturbances. The characterization 

of the metabolic status of these OVX rats emerge, thus, as a valuable model to understand 

the pathogenesis of estrogen deficiency-induced diseases and the protective effect of 

melatonin under this specific metabolic status.  

We had previously demonstrated that melatonin administered after 13 weeks of 

ovariectomy surgery and over a period of 3 weeks suppress liver steatosis but does not 

protect OVX rats against body weight gain and adiposity [55]. In this study, we have 

found that even this long-term and preventive treatment, the body weight gain and 

adiposity index were not suppressed by melatonin, despite preventing liver steatosis. The 

composition of body carcass relatives to their content of the dry matter, crude protein, 

ether extract and mineral matter confirmed that the higher body weight gain of OVX rats 

was due to lipid accumulation, as ether extract percentage was increased in both OVX 

and OVX+MEL rats compared with CON rats. However, the detailed analysis of the mass 

and the adipocytes morphology of adipose tissues located in different regions of the body, 
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among visceral and subcutaneous fat, shown that ovariectomy affected differently these 

adipose tissues and that melatonin treatment, despite not reducing the whole adiposity 

induced beneficial effects in adipocytes morphology. 

The histological images demonstrated a significant hypertrophy of retroperitoneal 

adipocytes in OVX rats. There was not increase in retroperitoneal total mass, indicating 

lack of tissue expansion. The number of cells was probably reduced to accommodate the 

hypertrophic cells. A distinct phenomenon occurred in inguinal fat. The amount of 

inguinal fat was substantially increased in OVX rats with adipocytes exhibiting similar 

size to those of the control rats, thus evidencing tissues hyperplasia. The hypertrophy of 

retroperitoneal fat and hyperplasia of inguinal fat probably represent an adaptation of 

adipose tissues to store larger amounts of lipids generated in OVX rats.  

Increased adiposity is linked to increased risk of metabolic diseases including insulin 

resistance, diabetes type 2 and cardiovascular diseases [58,103,104]. Several studies have 

reported, however, that a subgroup of overweigh individuals are classified as 

“metabolically healthy obese”, as they remain insulin-sensitive and exhibit normal 

physiology [105,106]. Such healthy overweigh individuals have  increased subcutaneous 

adiposity but reduced expansion of visceral adipose tissue [107]. It has been suggested 

that the expansion of adipose tissue by enhanced adipogenesis not only distributes excess 

fat between newly differentiated adipocytes, but also reduces the number of hypertrophic 

adipocytes that secrete inflammatory cytokines, and thus, the metabolic disturbances 

initiated by adipose tissues inflammation are minimized [108,109]. Therefore, humans 

with hyperplastic subcutaneous fat have better blood glucose, insulin and lipid profiles 

than subjects with hypertrophic fat [56].  

OVX rats under our experimental exhibit, thus, features of metabolically healthy 

adiposity. The finding that adipose tissues redistributed the lipids among different fat 

depots, avoiding release of fatty acids to circulation was supported by the lack of 

alterations in the plasmatic levels of triacylglycerol and lipoproteins in OVX rats.  Under 

these conditions, ectopic accumulation of lipid is unlikely. Hence, the hepatic lipid 

accumulation seen in OVX rats seem not to be consequence of increased lipid supply to 

liver derived from lipolysis in adipose tissues, neither from the diet, as food intake of 

OVX rats was not increased. 

Liver steatosis in OVX rats was confirmed by histological analysis and the 

quantifications revealed that lipid into vesicles was mainly triacylglicerides. The H&E 

images of the livers showed that despite steatosis there was no extensive hepatocyte 
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ballooning or cell infiltrations and fibrosis was absent in the livers of OVX rats, resulting 

in a NAS score above 1.0 in OVX rats. Considering that the progression of steatosis to 

steatohepatitis (NASH) is associated to NAS score above 5.0 [78] the steatosis in OVX 

rats can be considered benign.  

Hepatic steatosis in OVX rats was probably a direct consequence of oestrogen 

deficiency. The liver is one of the most responsive organs to circulating estrogens effects 

are mediated by the classic mechanism involving the binding of E2 to steroid nuclear 

hormone receptors, Estrogen Receptor alpha (ERα) or Estrogen Receptor beta (ERβ) 

[110]. The most important estrogen-regulated genes in the liver are involved in TG, 

cholesterol and fatty acid metabolism [111]. Estrogens reduce the expression lipogenic 

enzymes, such as acetyl-CoA carboxylase 1 (ACC-1) and fatty acid synthase (FAS), by 

negatively controlling the sterol response element-binding protein-1 (SREBP-1) 

[112,113]. Regulation of lipogenesis has been shown to be mediated by ERα, since its 

suppression increases the expression of lipid synthesis genes [114]. Estrogen also 

promotes the oxidation of FA in the liver by activating peroxisome proliferator-activated 

receptor-α (PPAR-α) which increases the genes necessary for fatty acid absorption and 

β-fatty acid oxidation [111,115]. An increased oxygen uptake and ATP production in the 

liver associated with changes in liver UCP2 expression has also been proposed [116]. 

However, in our study, we found no changes in fatty acid oxidation or respiratory activity 

in OVX rats. The maximum respiratory chain activity and the maximum fatty acid 

oxidation measured in isolated mitochondria were not altered in OVX rats. In addition, 

under steady-state condition of perfusion livers, oxygen uptake associated with fatty acid 

oxidation in OVX rats was also no different from CON rats. These findings indicate that 

the main factor contributing to the accumulation of TG in OVX rats under our 

experimental conditions was an increase in lipogenesis without a significant contribution 

of a reduction in fatty acid oxidation. 

Estrogens also act as an antioxidant hormone [50,117] positively modulating the 

activities of antioxidant enzymes [118,119] and also by their direct antioxidant reaction 

linked to ring A hydroxyl group of the molecule. Our data confirmed that estrogen 

deficiency due to ovariectomy results in increased oxidative stress in the liver and adipose 

tissues. Livers from OVX rats exhibited a reduced content of glutathione, a non-

enzymatic reducing agent that protects and prevents oxidative stress, an also an increased 

content of carbonylated protein in both liver homogenate and isolated mitochondria. The 

non-enzymatic addition of carbonyl groups in proteins is a consequence of the excess of 
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ROS which causes irreversible damage to proteins [120]. We have not found in our 

current study an increase in the levels of ROS in mitochondria from OVX rats. The 

generation of ROS, however, can also occur in microsomes or associated to other pro-

oxidant enzymatic pathways [121] and an imbalance between ROS production and 

antioxidant defense systems can lead to oxidative damage to cellular macromolecules. 

The main antioxidant enzymes are the cytosolic and mitochondrial SOD which catalyses 

the dismutation of superoxide (O2
-) into hydrogen peroxide (H2O2), thereby maintaining 

a low concentration of (O2
-), while CAT and GPx remove the H2O2 generated from the 

SOD reaction [122]. GSH-Px catalyses both the reductive detoxification of peroxides and, 

in some situations, the catalytic transfer of oxidation equivalents to another protein. GSH-

Px requires reduced GSH for activity [123] and GSSG-red reduces the oxidised GSSG 

using the reductive force of NADPH to restore GSH levels [124]. NADPH is mainly 

generated by the pentose phosphate pathway in the first step catalized by G6PD. Among 

these enzymes, it was found a decreased in the activities of cytosolic SOD and G6PD in 

OVX rats when compared to livers from CON rats. Both alterations have contributed to 

higher content of carbonylated protein and the lower GSH content in the livers of OVX 

rats.  

The evaluation on oxidative stress parameters in adipose tissues, revealed that 

inguinal fat was more sensitive to estrogen loss than retroperitoneal and brown adipose 

tissues, as the latter ones showed no signs of cellular oxidative stress.The reduced GSH 

content found in inguinal fat was probably consequence of reduction in the GSSG-red 

and G6PD activities [124]. The change in GSH metabolism was not associated with 

increased TBARS or carbonyl protein content, indicating no extensive oxidative damage.  

Oxidative stress in hypertrophic adipocytes plays a key role in the pathogenesis 

of the inflammatory process, which leads to metabolic complications, especially insulin 

resistance [125]. The finding that retroperitoneal fat, despite having hypertrophic 

adipocytes, did not exhibit oxidative stress is in line with our earlier assumption that OVX 

mice in our experimental condition have a "metabolically healthy obesity”. We cannot 

rule out, however, that the metabolic status of adipose tissues and liver from OVX rats 

may be a transient phase for the onset of more severe metabolic complications, as 

mentioned earlier. In the liver, particularly, have been widely demonstrated that oxidative 

stress and lipid peroxidation are implicated in the pathophysiological mechanisms by 

which NAFLD can progress to more severe liver diseases, including steatohepatitis 

(NASH), cirrhosis, and hepatocellular carcinoma [121,126].  
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In our search for the elucidation of the mechanisms by which melatonin can 

protect the postmenopausal women against the development of metabolic diseases, we 

have found that the preventive administration of melatonin in ovariectomized rats 

(OVX+MEL) rats did not reduce the body weight gain or adiposity index but modified 

the morphology of the adipocytes. The hypertrophy of retroperitoneal adipocytes seen in 

OVX rats was totally suppressed by melatonin. Curiously, melatonin treatment did not 

modify the inguinal fat mass in OVX + MEL but the frequency of adipocytes with smaller 

size was increased and the oxidative stress seen in OVX rats was totally suppressed, as 

indicated by restoration of GSH levels and GSSG-red and G6PD activities. Both effects, 

suppression of retroperitoneal fat hypertrophy and the preservation of inguinal fat 

hyperplasia without alteration in total adipose tissues mass indicated that in the presence 

of melatonin occurred a redistribution of lipid in different fat depots, reducing excessive 

lipid overload and, thus, eliminating the possibility of cells progressing to inflammation 

and related abnormalities [58,103,104].  

In women during and after menopause, the transition from lower subcutaneous 

adipose tissues to increased visceral adiposity [127] is known to increase the incidence of 

overweight, obesity, and related metabolic disorders, including insulin resistance [128]. 

Our results suggested that these risks are minimized by melatonin treatment, which, 

demonstrated the ability to reduce visceral adipose tissue hypertrophy and preserve 

subcutaneous fat hyperplasia. 

Beneficial effects of melatonin were also found in livers with complete 

suppression of steatosis and oxidative stress in OVX+MEL rats. Melatonin was able to 

suppress ROS-induced protein attack in both liver and mitochondria homogenates as 

there was a reduction in carbonylated protein. However, melatonin did not prevent 

inhibition of SOD and G6PD activity observed in OVX rats, clearly contrasting with 

restoration of GSSG-red and G6PD activities in inguinal fat by melatonin treatment. 

Probably, melatonin acted by different mechanisms in the liver and inguinal fat. 

Melatonin has been shown to directly eliminate free radicals (by neutralizing 

hydroxyl radicals (•OH) or indirectly, by activating glutathione synthesis and antioxidant 

enzyme activity [19,129]. In the livers, the direct antioxidant effect of melatonin seems 

to predominate since there was no restoration of SOD and G6PD activities.  

To exert direct antioxidant effect, it seems essential that melatonin has access to 

intracellular compartments. The highest concentration of melatonin after exogenous 

administration has reported to be in serum, liver and bile, and due its amphiphilic 
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characteristic, most melatonin accumulates in cell membranes, mitochondria, nucleus and 

cytosol [6,130,131,132]. Direct free radical detoxification by melatonin is not receptor-

dependent, a finding that explains the ability of melatonin to protect different organisms 

and tissues from oxidative stress, regardless of factors leading to excess of ROS 

generation, such as drugs, aging, ischemia-reperfusion injury, lipotoxicity [133]. The 

beneficial effects of melatonin in OVX mice, especially in the liver, were probably due 

to the replacement of antioxidant action of estrogen. 

In adipose tissues, however, melatonin actions appear to be receptor-mediated, as 

indicated by the modification of GSSG-red and G6PD activities in inguinal fat in 

OVX+MEL rats and also increased GSH-Px and GSSG-red activities in retroperitoneal 

fat induced by melatonin in both OVX+MEL and CON+MEL rats, even in absence of 

cellular oxidative damage.   

Peripherical tissues respond to melatonin by interacting with one or more of its receptors, 

that is MT1, MT2 and MT3, [13,17], nuclear retinoid Z receptors (RZR) [134] and 

intracellular calmodulin [135]. Alternatively, by acting on MT1 receptors in the 

suprachiasmatic nucleus neurons, melatonin can activate sympathetic drive in various 

peripheral tissues, including WAT, BA, liver and adrenal medulla [136]. 

Song et al. (2017) reported that melatonin inhibits NaF-induced mitochondrial 

ROS production by increasing the activity of manganese superoxide dismutase (SOD2) 

through a Sirt3-mediated deacetylation and also increases SOD2 expression by promoting 

the transcriptional activity of forkhead box O3 (FoxO3a).  The authors demonstrated that 

melatonin activates MT1-PI3K/AKT-PGC-1α signaling, which is required for ERRα-

dependent Sirt3 transcription. It is unlikely that the antioxidant effect of melatonin in 

OVX rats involved similar signalling responses because mitochondrial SOD activity was 

not enhanced by melatonin [137]. 

Melatonin has also been reported to decrease body weight and reduce 

inflammation in HFD-induced obese mice by modulating the MAPK-JNK/P38 signaling 

pathway (Sun et al.,2016) [16]. MAPKs are a group of protein serine/threonine kinases 

that play important roles in cellular programs.  The MAPK signaling pathway is involved 

in the regulation of inflammation and fatty acid metabolism [138] and is sensitive to 

oxidative stress [139].  

In OVX rats, in fact, we found a higher rate of fatty acid oxidation in the 

mitochondria isolated from both OVX+MEL and CON+MEL rats. However, under the 

steady-state condition in perfused livers from OVX+MEL rats there were no differences 
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in the exogenous palmitate when compared with the livers from CON rats. The receptor-

mediated signalling by which melatonin can suppress the metabolic disturbances under 

estrogen deficiency conditions is so far unknown and remains to be elucidated.  

Our work has shown that melatonin exerts direct actions on healthy control rats. 

A decrease in the body weight gain was related to lower gain of corporal lipids as the 

percentage of body ethereal extract in CON+MEL rats was reduced. Among the adipose 

tissues measured in the present work, only a decrease in mesenteric fat mass was found 

in CON+MEL rats when compared with CON rats.  We did not evaluate the morphology 

of mesenteric fat in CON+MEL rats, but inguinal fat adipocytes exhibited a reduced area. 

A reduction in body weight by melatonin in healthy animals has been previously reported 

by [28,33,140]. In these studies, melatonin was administered in a beverage solution 

(25μg/ml) for 9 to 15 weeks, and body weight gain reduction has demonstrated not be 

related to reduction in food intake. The involvement of leptin in the metabolic effects of 

melatonin is unclear since a decrease of plasma leptin [33,141] or lack of changes [142] 

has been reported.  

Different from these authors, in our experimental protocol, melatonin induced a 

reduction in food consumption. Although low energy intake can explain the lower body 

weight gain in CON rats, we cannot exclude that melatonin affected energy expenditure 

of the animals by increasing physical activity and/or increasing oxidation of triglyceride 

and fatty acid. Literature data on the effects of melatonin on locomotor activity are 

contradictory, with reports of increase [140,143], decrease [144] and no effects [145].  

An increase in energy expenditure due to increase brown adipose tissue activity 

[146,147,148] (BAT) or browning of inguinal white adipose tissue (WAT) has been also 

suggested as a melatonin mode of action to reduce adiposity [148]. These effects has been 

attributed to the central and/or peripheral activities of melatonin, mediated by their 

receptors on SCN neurons [136] and brown adipocytes [149]. In our work, the 

involvement of BAT in the regulation of energy balance in OVX rats was suggested by 

higher lipid inclusions than in CON rats, an effect that was prevented by melatonin 

administration.  In CON+MEL rats, however, no significant difference was found in the 

lipid content of BAT. 

It was remarkable that melatonin activated the maximal capacity of fatty acid 

oxidation in mitochondria isolated from CON+MEL rats. Under steady state conditions 

of perfusion livers, an increased in the ketone bodies production from palmitate was found  

when compared with the CON rats. Considering that the 14CO2 production and oxygen 
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consumption was not different from those of the CON rats, the plausible interpretation 

for the high ketone bodies production is that acetyl-CoA production due to stimulated -

fatty acid oxidation exceeded citric acid cycle capacity and thus, acetyl-CoA was diverted 

to ketone bodies formation. This effect was observed only in CON+MEL rats and not in 

OVX+MEL rats suggesting that, under healthy condition, stimulation of hepatic fatty acid 

oxidation could contribute to reduced body weight gain.  

Although fatty acid oxidation in adipose tissues was not evaluated, an increase in 

fatty oxidation in adipose tissues could also have contributed to the reduction in 

mesenteric fat mass and size of inguinal fat adipocytes observed in CON+MEL rats. This 

hypothesis is in agreement with the recent report of Liu et al. (2019) showing that 

melatonin decreases intramuscular fat in vastus lateralis muscle from the mouse hind 

limb by positively regulating lipolysis and mitochondrial activities [150]. Indeed, it has 

been suggested that the action of melatonin in SNC increases the sympathetic drive in the 

adrenal medulla that increases the release of epinephrine into the circulation, promoting 

lipolysis in WAT [136,151].  

Another remarkable effect of melatonin in CON rats was the substantial reduction 

in the plasma estradiol levels. According to the uterus as the classic estrogen responsive 

target tissue, the uterine mass of CON rats has also been reduced. This finding is in line 

with many studies reporting that melatonin inhibits the expression and activity of various 

enzymes involved in estrogen biosynthesis in peripheral tissues, particularly aromatase 

[152,153]. Aromatase catalizes the final steps in estrogen biosynthesis by converting 19-

carbon steroids (androgens, for example, androstenedione and testosterone) to 18-carbon 

steroids (estrogens, for example, estrone and estradiol). Aromatase occur in many tissues, 

including the gonads, brain, adipose tissue, placenta, blood vessels, skin, bone and in 

breast cancer tissue [154]. The anti-estrogen effect of melatonin has been intensively 

studied for treatment of breast cancer [155,156]. 

Melatonin has also been shown to affect estrogen actions by downregulating 

estrogen receptor (ER) expression, preventing ER-mediated gene activation and 

inhibiting the gonadotropic axis [153]. Many metabolic consequences due to the anti-

estrogen effect of melatonin can be expected, given that liver, fat, thyroid and adrenal 

glands, all involved in regulating body energy metabolism, are highly responsive to 

circulating estrogens [157]. 

In summary, our study demonstrated that long-term administration of melatonin 

was effective in preventing the development of hepatic steatosis and oxidative stress in 
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OVX rats, and while not reducing increased adiposity, melatonin was able to alter lipid 

distribution and adipocytes morphology in different body fat depots, minimizing the risks 

for the development of metabolic abnormalities often associated with obesity. In CON 

rats, melatonin reduced body weight gain, reduced inguinal fat adipocyte size, reduced 

food intake, and increased fatty acid hepatic oxidation. Melatonin also reduced plasma 

estradiol levels in control rats. It can be concluded that melatonin may be beneficial for 

menopausal and postmenopausal women, but in premenopausal women melatonin may 

affect reproductive functions and other estrogen-regulated functions. Because melatonin 

has been proposed as pharmacological agent in the treatment of many diseases, its 

function in premenopausal women should be regarded with care. 
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