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ABSTRACT 

 

     In post-menopause, oxidative stress due to the decline of natural antioxidants increases the 

susceptibility to metabolic syndromes (MetS). Estrogen and melatonin (MEL) share 

antioxidant properties; however, few studies have reported the impact of estrogen deficiency 

and MEL treatment on morphology, redox status, and antioxidant defense capacity of diverse 

adipose tissue (AT) subtypes. To investigate this issue, MEL was administered to 

ovariectomized (OVX) rats and sham-operated rats for 16 weeks (10 mg/kg). The adipocyte 

morphology, oxidative stress parameters and antioxidant enzyme activity were evaluated in the 

visceral retroperitoneal adipose tissue (rVAT), subcutaneous inguinal adipose tissue (iSAT) 

and brown adipose tissue (BAT). In OVX rats, MEL treatment suppressed rVAT hypertrophy 

and increased the prevalence of small adipocytes in iSAT, suggesting a better lipid distribution 

among ATs. MEL treatment increased glutathione reductase and glucose-6-phosphate 

dehydrogenase activity in iSAT; therefore, restored the glutathione level. In rVAT, MEL 

increased glutathione peroxidase and glutathione reductase activity. MEL minimized the risks 

for the development of metabolic abnormalities due to estrogen deficiency. However, under 

normoestrogenic condition, MEL decreased plasma estradiol levels and uterine mass, raising 

the concerning of its effect on reproductive functions. 

 

Key words: Melatonin, obesity, antioxidant, menopause, ovariectomy, oxidative stress, 

adipose tissue 

 

1. INTRODUCTION 

 

     Melatonin (MEL) secreted by the pineal gland exerts chronobiotic influence on organisms 

(1). MEL is also synthesized by ovaries, placenta, gastrointestinal tract, immune system cells, 
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and retina (2-7). MEL regulates the reproductive system by modulating the hypothalamus-

pituitary-gonad (HPG) axis (8) and exerting antioxidant activity in the ovarian follicles (9). 

Therefore, melatonin has the important roles in menopause. In addition to the climacteric 

symptoms, menopause is in general associated with several manifestations of metabolic 

syndrome (MetS), including body weight (BW) gain, type 2 diabetes, insulin resistance, 

nonalcoholic fatty liver disease (NAFLD), and cardiovascular diseases (10). A decline in 

melatonin levels in postmenopausal women has been reported in clinical studies (11, 12). 

Accordingly, a decreased production of MEL in metabolic disorders is supported by increased 

insulin resistance, glucose intolerance, and weight gain in pinealectomized rats (13). As a 

result, MEL emerges as a molecule for the treatment of reproductive system disorders and 

metabolic disturbances in women experiencing perimenopause or menopause (14-16).  

     MEL administration suppresses BW gain and other manifestations of MetS (16) in patients 

and animals with obesity and diabetes (17-19). The mechanisms underlying increased body 

adiposity in postmenopausal women and ovariectomized animals (OVX) are less understood 

compared to diet-induced obesity, but a link with estrogen deficiency has become evident, as 

some metabolic disorders can be reversed by estrogen therapy (20-22). Estrogens control 

energy homeostasis at the central (hypothalamus) and peripheral levels (23). At the central 

level, estrogen regulates food intake and energy expenditure (24), including the control of 

brown adipose tissue (BAT) thermogenesis. In peripheral tissues, predominantly the liver, 

pancreas, white and brown adipose tissues as well as skeletal muscle, estrogen regulates lipid 

metabolism, fat distribution, insulin sensitivity and thermogenesis (23). 

     In postmenopausal women, melatonin treatment for 1 year (1 or 3 mg nightly) reduced fat 

mass and increased lean mass, without significant changes in body weight and blood levels of 

leptin, insulin, or markers of glucose homeostasis (25). Research conducted in OVX rodents, 

in which different routes, doses, and duration of melatonin treatment were used, has 

demonstrated the capacity of MEL to ameliorate alterations in body weight and adiposity (21, 

26, 27), dyslipidemia and insulin resistance (21, 27) and hepatic steatosis (26, 28). It appears 

that the action of MEL under estrogen deficiency is not related to the regulation of feeding 

behavior, as food intake and serum levels of leptin or adiponectin were not altered by MEL 

(26-28). An increase in energy expenditure and a decrease in hepatic lipogenesis have been 

suggested by Hsu and Chien (26), as MEL promotes the browning of white adipose tissues 

through irisin and a decrease in the RNA levels of hepatic fatty acid synthesis enzymes. In our 

previous study with ovariectomized (OVX) rats we demonstrated that the administration of 

MEL, beginning 13 weeks after ovariectomy and continuing for 3 weeks, reversed hepatic 

steatosis and oxidative damage (28). However, we have not found suppression of BW gain or 

abdominal fat accumulation.  

     It is known that regardless of the whole-body adipose tissue (AT) gain, the regional 

deposition of AT and adipose morphology are the more precise predictors of the risks for 

metabolic disturbances associated with obesity (29-33). Hyperplasia of adiposity (the 

formation of new adipocytes) is considered healthy and adaptive. However, excessive lipid 

overload and a massive expansion of existing adipocyte cells (hypertrophy), is associated with 

oxidative stress, inflammation, necrosis, and ectopic lipid deposition (29-31, 34). A study in 

postmenopausal women showed more visceral adipose tissue (VAT) and subcutaneous adipose 

tissue (SAT) than premenopausal women, and considerable differences in SAT and VAT 

phenotype, i.e.,  increased SAT inflammation was associated with the accumulation of VAT 

and the change in VAT morphology was related to insulin resistance (35). It has been suggested 

that the differential expression of estrogen receptors (ERs) ER1 and ER2 in VAT and SAT is 

related to adipocyte functions such as glucose uptake and insulin sensitivity (36). 

     Reactive oxygen species (ROS) are important signals for proper adipogenesis (37). 

However, lipid overload can lead to excessive generation of ROS, an early event in the 
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adipocyte dysfunction (37, 38). In postmenopausal women, oxidative stress due to the decline 

of estrogens plays a critical role in the susceptibility to MetS and insulin resistance level, a 

condition that may be related to the loss of the antioxidant action of estrogens (39, 40). The 

anti-obesity effect of estrogen involves multiple mechanisms, including its direct action as a 

ROS scavenger, a reaction linked to its ring A hydroxyl group (41), and also by positively 

regulating the expression of antioxidant genes through estrogen receptor signaling (42, 43). 

However, little is known about how estrogen deficiency affects the morphology, redox state, 

and capacity of the antioxidant defense system of the adipocytes in the different subtypes of 

fat deposits between visceral and subcutaneous white adipose tissue (WAT) and brown adipose 

tissue (BAT). MEL and estrogen share a buffering capacity to scavenge oxygen and nitrogen 

reactive species (ROS/RNS) and to activate antioxidant defense systems (44-46). It has not yet 

been determined whether the actions of MEL in females under estrogen-deficiency or 

normoestrogenic conditions involve changes in the relative weights of VAT, SAT and BAT, 

and in the adipocyte phenotype in these ATs.  

     To examine the therapeutic potential of MEL in correcting adipose tissue dysfunction, MEL 

was administered orally to OVX and sham-operated (CON) rats, starting on the day of surgery 

and continuing for 16 weeks. The relative contribution of subcutaneous and visceral WAT and 

BAT to body adiposity, the morphology, the redox state, and the antioxidant defense capacity 

of each of these ATs were evaluated.  

 

2. MATERIALS AND METHODS 

 

2.1. Chemicals.  

 

     N-acetyl-5-methoxytryptamine (MEL), adenosine diphosphate (ADP), 2,4-dinitrophenol 

(2,4-DNP), phenylmethylsulfonyl fluoride (PMSF), oxidized glutathione (GSSG), reduced 

glutathione (GSH), sodium dodecyl sulfate (SDS), o-phthalaldehyde (OPT), 2',7'-

dichlorofluorescein diacetate (DCFH-DA), 2',7'-dichlorofluorescein (DCF), 5,5'-dithiobis (2-

nitrobenzoic acid) DTNB, β-nicotinamide adenine dinucleotide phosphate, reduced 

dipotassium salt (NAD[P]H), pirogallol and enzymes used in analytical methods were 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).  

 

2.2. Animals. 

 

     The female Wistar rats weighing 130–160 g (6 weeks) were supplied by Central Biotery of 

the University of Maringá and were randomly assigned to a sham operation (CON) or a bilateral 

ovariectomy (OVX) groups. They were kept in the sectorial Laboratory of the Department of 

Biochemistry, with a controlled temperature of 25 °C and a light/dark cycle of 12/12 hours. 

The light was turned on at 6 AM and turned off at 6 PM. The rats were housed in the 

polypropylene cages (a maximum of four animals per cage) and they accessed to standard diet 

and water ad libitum. After acclimatization, the animals were anesthetized with xylazine (10 

mg/kg) + ketamine (50 mg/kg) to bilateral ovariectomy surgery. The CON rats were subjected 

to the same procedures as the OVX rats, but their ovaries were exposed without being removed. 

The surgeries were performed in the morning (7:00 to 9:00 AM, representing ZT 1 to ZT 3). 

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).  
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2.3. Animal treatment and sample collection.  

 

The rats were divided into four groups: sham-operated as the control (CON); 

ovariectomized (OVX); CON with MEL (CON+MEL); and OVX with MEL (OVX+MEL). 

The day after surgery, a dose of 10 mg/kg of MEL dissolved in 0.9% saline solution was 

administered every morning (8:00 AM) to CON+MEL and OVX+MEL rats by 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 BW were recorded every two days 

throughout the trial period. On the final day of the study, the overnight-fasted animals were 

anesthetized with thiopental sodium (50 mg/kg i.p.) and the blood, uterus, the retroperitoneal, 

uterine, mesenteric and inguinal WAT as well as interscapular BAT were collected. These 

procedures were carried out between 07:00 AM (ZT 1) and 09:00 AM (ZT 3). The 

retroperitoneal, uterine, mesenteric and inguinal WATs were weighed, and the adiposity index 

was calculated as the ratio of the weights (in grams) of these WATs per 100 g of BW (47).  

     Blood was collected by cardiac puncture to obtain serum to measure serum estradiol. The 

blood was collected at 7:00 AM (ZT 1) from female rats on the first day of the estrous cycle; 

the other assays were performed in randomly cyclic females. 

 

2.4. Measurement of carcass composition. 

 

     The contents of the dry matter (DM), crude protein (CP), ether extract (EE), and mineral 

matter (MM) were measured in the frozen carcasses (n = 6 per treatment) that were milled in 

an industrial meat mill with hair, viscera, feet, and heads (48). The samples were homogenized, 

and an aliquot of 60 g was lyophilized for 36 hours for the determination of DM. For the 

determination of MM, aliquots of lyophilized samples were weighed in porcelain crucibles, 

oven-dried at 105 °C for 24 hours, transferred to a muffle at 550 °C, and incinerated to 

determine the ash value. CP was obtained using the Kjeldahl nitrogen method (CP = nitrogen 

x 6.25). EE was obtained by extraction in a Soxhlet extractor.  

 

2.5. Biochemical analysis of serum.  

 

     Estradiol was determined by chemiluminescence method in the Laboratório Veterinário São 

Camilo, Maringá. The estrous cycle of the rats was evaluated by the vaginal smear technique 

by instilling 0.3 ml of saline (0.9% NaCl), and the vaginal aspirate was collected. The fresh, 

uncolored slides were examined for the differentiation of the cell types (epithelial cells, 

cornified cells, and leukocytes). When the proestrus phase, a stage with the highest prevalence 

of epithelial cells (49, 50) was identified, the blood was collected the next day for analysis.  

    Glucose, triglycerides, total cholesterol, and high-density lipoprotein (HDL) were analyzed 

in serum using assay kits (Gold Analisa®) following the manufacture’s instructions. Very-low-

density lipoprotein (VLDL) levels were calculated using the Friedewald equation (51), and 

low-density lipoprotein (LDL) levels were determined by subtracting HDL and VLDL from 

total cholesterol. The hepatic aspartate aminotransferase (AST) and alanine aminotransferase 

(ALT) were analyzed in plasma samples using standard assay kits (Gold Analisa®) following 

the manufacture’s instructions. The results were expressed as international units (IU) per liter 

 

2.6. Histological and histochemical analysis of ATs. 

 

     Samples from retroperitoneal visceral adipose tissue (rVAT), inguinal subcutaneous 

adipose tissue (iSAT), and BAT (n = 3–6 per treatment) were fixed in Carnoy’s solution (60% 

absolute ethanol, 30% chloroform, and 10% acetic acid) and embedded in histological paraffin 
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(BIOTEC®, Pinhais, PR, Brazil). Nonserial histological sections (5 µm thick) were obtained 

using a Leica RM2145 semi-motorized rotary microtome (Leica Biosystems, Richmond, USA) 

and stained with hematoxylin and eosin (H&E). Images were captured with 20× and 40× 

objectives (25 to 50 images per animal) with an Olympus BX41 light microscope equipped 

with an Olympus Q-Color 3 camera and a microcomputer (Q-Capture software).  

     The morphometric analyses of rWAT and iSAT were performed using captured digital 

images (TIFF 24-bit color, 2560 x 1920 pixels), and the adipocyte area of 1,200 cells per group 

from 4–6 rats for each experimental group was measured and analyzed with the Image-Pro Plus 

4.5 software (Media Cybernetics, Silver Spring, MD, USA). Any objects that fell below an 

area of 350 μm2 were removed, and the distribution from 0 to 15,000 μm2 in 500 μm2 

increments was appropriate for most AT depots. The number of total adipocytes within the 

distribution was calculated and used to convert the frequency to a percentage of the total 

adipocytes counted. The area occupied by the vacuoles (lipid droplets) in the samples of BAT 

stained with H&E was related to the total area (area of lipid droplets in % of μm × 100−1 × total 

area of the image−1).  

 

2.7.  Determination of malondialdehyde, thiol, and GSH content in ATs. 

 

     The lipid peroxidation level was evaluated in samples of the rVAT, iSAT, and BAT from 

overnight-fasted rats by detection of thiobarbituric acid-reactive substances (TBARS), 

predominantly malondialdehyde (MDA). Samples of each AT were clamped in liquid nitrogen 

and homogenized in a medium containing 250 mM sucrose, 1 mM ethylene glycol-bis (2-

aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), and 10 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES; pH 7.2) in the proportions of 1g/4mL (liver), 1g/2mL 

(rVAT and iSAT), and 1g/3mL (BAT). Aliquots of total homogenates (0.2 to 0.6 mg of protein) 

were added to 4 mL of a solution containing 0.4% SDS, 7.5% acetic acid, and 0.25% 

thiobarbituric acid (TBA). After 1 hour of incubation at 95 °C, the MDA-TBA complex was 

extracted with 4 mL of n-butanol/pyridine 15:1 (v/v), and the absorbance was determined at 

532 nm (ε = 1.56 × 105 M-1 cm-1). The lipoperoxide level was calculated from the standard 

curve of 1,1,3,3-tetraethoxypropane, and the values were expressed as nmol (mg of protein-1) 

(52).  

     For the determination of protein thiol content, samples of ATs clamped in liquid nitrogen 

were homogenized in a medium containing 0.02 mol/L ethylenediaminetetraacetic acid 

(EDTA; pH 8.2) in the proportions of 1g/2 mL (rVAT and iSAT) and 1g/3 mL (BAT). Aliquots 

of total homogenates (1.0 to 1.5 mg of proteins) were added to 0.2 mL of a medium containing 

15% trichloroacetic acid. The mixture was centrifuged at 9.500 × g for 10 min, and the 

supernatant was suspended in a medium containing 0.1 M NaH2PO4, 5 mM EDTA, and 10 mM 

DTNB [53]. After 15 min in the dark at room temperature, the absorbance was determined at 

412 nm. The protein thiol content was calculated using the ε value of 1.36 × 104 M-1 cm-1 and 

expressed as nmol (mg of protein)-1.  

     For the measurements of GSH, aliquots of the total homogenates of ATs (1.0 mg of protein), 

prepared as described for MDA determination, were diluted in 1.5 mL of a medium containing 

125 mM sucrose, 65 mM KCl, 10 mM HEPES (pH 7.4), and 15% trichloroacetic acid. After 

centrifugation at 10,000 × g for 3 min, the supernatant was used for GSH measurement using 

OPT (54). The samples (100 µL) were added to 2.0 mL of a medium containing 0.1 M 

phosphate buffer (pH 8.0) and 5.0 mM EDTA. 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 incubation for 15 min at room 

temperature. The results were expressed as µg GSH (mg of protein)-1.  
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2.8.  Determination of antioxidant enzyme activities in ATs. 

 

     The activities of superoxide dismutase (SOD), glutathione peroxidase (GPx), and 

glutathione reductase (GR) were measured in a soluble cytosolic fraction of ATs. Samples of 

3.0 g (rVAT and iSAT) or 2.0 g (BAT) were homogenized in an ice-cold medium containing 

5 mL of potassium phosphate 0.1 M (pH 7.4) using a Dounce homogenizer. After 

centrifugation at 15,000 × g for 10 min, the supernatants were collected for enzyme 

measurement. 

     The SOD activity was estimated by its capacity to inhibit pyrogallol autoxidation (55). 

Aliquots of supernatant equivalent to 0.3 mg of protein from iSAT, 0.2 mg of protein from 

rVAT, and 0.4 mg of protein from BAT were added to 1000 µL of a medium containing 200 

mM Tris-HCl buffer (pH 8.2), 2 mM EDTA, and 70µL of 1.05 mM pyrogallol. After 3 min of 

reaction, the absorbance was measured at 420 nm. The number of enzymes sufficient to inhibit 

the pyrogallol autoxidation by 50% (IC50) was defined as 1 unit of SOD. The results were 

expressed as U (mg of protein)-1.  

     GPx activity was assessed using H2O2 as a substrate in the presence of nicotinamide adenine 

dinucleotide phosphate (NADPH) and GSH (56). Aliquots of supernatant equivalent to 0.3 mg 

of protein from iSAT, 0.1 mg of protein from rVAT, and 0.2 mg of protein from BAT were 

added to 1.5 mL of a medium containing 350 µL of 171 mM potassium phosphate (pH 7.0), 

4.28 mM sodium azide, and 2.14 mM EDTA. The reaction was initiated by adding a mixture 

containing 250 µL of 1.5 mM GSH, 300 µL of 0.27 mM NADPH, 10 µL of 2 U/mL GR, 520 

µL of double-distilled H2O, and 30 µL of 0.18 mM H2O2. The enzymatic reaction was 

monitored by the decrease in NADPH absorbance for 90 seconds at 340 nm. The initial rate 

(15 s) was extrapolated to calculate the enzymatic activity using the molar extinction 

coefficient (ε) of NADPH (6.220 M-1 cm-1). The enzymatic activity was expressed as nmol of 

NADPH oxidized (minmg of protein)-1. 

     The decrease in NADPH absorbance at 340 nm in the presence of oxidized glutathione 

(GSSG) was used for determining GR activity (57). Aliquots of supernatant equivalent to 0.2 

mg of protein from iSAT or 0.1 mg of protein from BAT and rVAT were incubated in a medium 

containing 850 µL of 50 mM K2HPO4 buffer (pH 8.0) and 1.8 mM EDTA. The reaction was 

initiated by adding 50 µL of 0.5 mM GSSG and 50 µL of 0.15 mM NADPH, and the decrease 

in absorbance was followed for 90 s at 340 nm. The initial rate (15 s) was extrapolated to 

calculate the enzymatic activity using the ε of NADPH (6.220 M-1 cm-1). The enzymatic activity 

was expressed as nmol of NADPH reduced/minmg of protein.  

     For the measurements of catalase (CAT) activity, approximately 1.0 g of rVAT, iSAT, and 

BAT removed from overnight-fasted rats were clamped in liquid nitrogen and homogenized in 

a medium containing 0.1 M potassium phosphate (pH 7.4). After centrifugation at 15,000 × g 

for 10 min, the supernatant was collected. The enzyme reaction was initiated by the addition 

of aliquots of supernatant equivalent to 0.04 mg of protein from rVAT, 0.06 mg of protein from 

iSAT, or 0.08 mg of protein from BAT in 1.0 mL of a reaction medium containing 1.0 M Tris 

(pH 8.0) + 50 mM EDTA, 0.02% of Triton X-100, and 25.2 mM of H2O2. The change in 

absorbance due to H2O2 consumption was followed at 240 nm. The enzymatic activity was 

expressed as H2O2 consumed (minmg of protein)-1, using the ε of H2O2 (33.33 M-1 cm-1) (58).  

     For measurements of glucose-6-phosphate dehydrogenase (G6PD) activity, a sample of 3.0 

g (rVAT and iSAT) or 2.0 g of BAT was homogenized in 5 mL of potassium phosphate 0.1 M 

(pH 7.4). The homogenates were centrifuged at 30,000 × g for 15 min, and the supernatant was 

collected. The supernatants were added to 1 mL of reaction medium containing 50 mM Tris 

(pH 8.1), 1.0 mM MgCl, 0.1 mM NADP+, and 0.2 mM glucose-6-phosphate. After incubation 

for 5 min at 37 ºC, the enzymatic activity was estimated by the rate of absorbance increase at 
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340 nm due to NADP+ reduction (59). The enzymatic activity was expressed as nmol of 

NADPH (minmg of protein)-1 using the ε of NADPH (6.220 M-1cm-1). 

 

2.9. Statistical analysis. 

 

     The data were expressed as mean ± standard errors (SE). Normal distribution was tested by 

Shapiro–Wilk test. Data were analyzed by two-way ANOVA with animal condition (SHAM x 

OVX) and treatment (Saline x MEL) as factors. Pairwise comparisons of significant main 

effects or interactions were made using Tukey’s Honestly Significant Difference (HSD) test (p 

 0.05). When homogeneity of variance was not met, data were analyzed by a one-way non-

parametric ANOVA followed by the Kruskal-Wallis test. The statistical analysis was 

performed with the Prism GraphPad software (GraphPad Software, Inc.). p < 0.05 was 

considered statistically significant. 

 

3. RESULTS 

 

3.1. The effects of treatments on BW gain, food consumption, and body carcass 

composition. 

 

     The BW of rats in four groups increased progressively during the 16 weeks of treatment 

(Fig. 1A). After 10 weeks of treatment, the BW of OVX rats was higher than that of CON rats, 

reaching a higher value at the end of the experimental period, corresponding to an increment 

of 8.8% in the area under the curve of BW. MEL administration to OVX rats (OVX+MEL) did 

not modify the pattern of BW gain compared to untreated OVX rats, and the area under the 

BW curve remained 12.1% higher than that of CON rats at week 16. Contrasting with this lack 

of effect on OVX rats, MEL reduced the BW gain of CON rats after 12 weeks of the treatment, 

reaching a reduction of 8.9% in the area under the BW curve (Figure 1A). Despite the fact that 

OVX and OVX+MEL rats had a higher BW gain than the CON rats, the cumulative and mean 

weekly energy intake was not different among them (Fig.1B). In CON+MEL rats, the lower 

body weight gain was associated with a reduction in cumulative energy intake after 14 weeks, 

reaching a 21% lower value compared to the CON rats at the end of the experimental period. 

However, the mean weekly energy intake over the whole period was not different among CON 

and CON+MEL rats (Figure1B). 

     The success of the ovariectomy surgery was confirmed by a 75% decrease of serum estradiol 

level in OVX rats compared to CON rats (Table 1). Under control conditions (CON+MEL), 

MEL induced a 53% reduction in estradiol levels compared to CON rats. No significant 

differences were observed among the four groups as to the blood levels of glucose, 

triglycerides, total cholesterol, and lipoproteins. The activities of AST and ALT were modified 

in OVX rats, which increased by 46% and 28%, respectively, compared to the CON rats. MEL 

treatment partially reversed the levels of both enzymes in OVX+MEL rats but did not alter the 

enzymes in CON+MEL rats compared to their respective untreated rats. 

     Figure 2 listed the composition of the whole-body carcasses of the rats relative to their 

contents of the total humidity to dry matter (DM, panel A), mineral matter (MM, panel B), 

crude protein (CP, panel C), and ether extract (EE, panel D). Total humidity was 5% lower in 

OVX rats compared to the CON rats, and MEL treatment did not modify this parameter in 

either the CON+MEL rats or the OVX+MEL rats (Figure 2A). No significant differences were 

found in the percentage of MM among the four groups (Figure 2B).  

     The percentage of CP did not differ between CON and OVX rats (Figure 2C), and MEL 

treatment increased by 5% the CP in CON+MEL rats compared to the CON group but without 

changes in OVX+MEL rats. The most significant difference between groups was the 
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percentage of EE (Figure 2D). OVX rats exhibited a 13% increase in EE relative to values in 

CON rats, and this parameter remained elevated in OVX+MEL rats (+21% relative to CON 

rats). However, MEL induced a decrease of 18% in the percentage of EE in CON+MEL rats. 

These results indicated that the corporal lipid accounted for the majority of the BW gain 

differences between groups (Figure 1A). We then examined the weights of different AT depots 

including uterine visceral adipose tissue (uVAT), mesenteric visceral adipose tissue (mVAT), 

rVAT, and iSAT. 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Effects of OVX and MEL on biometrical parameters of rats. 

A. The body weight (BW) and the area under the curve of BW gain (n = 8). B. Weekly 

cumulative energy intake and the average energy intake per week (n = 8 per group). MEL:  

melatonin, CON: sham-operated rats, OVX: ovariectomized rats, CON+MEL: MEL-treated 

control rats, and OVX+MEL: MEL-treated OVX rats: The values are the mean ± SE. The 

significant differences were evaluated using a two-way analysis of variance (ANOVA) with 

Tukey's post-hoc test: * p  0.05; **p  0.01; ***p  0.001. #: Significant main effect of animal 

condition (SHAM x OVX); &: Significant main effect of treatment (Saline x MEL). 

 

Table 1. Effects of OVX and MEL on biochemical parameters of blood.  

     
 CON OVX CON+MEL OVX+MEL 

Estradiol ╪# 32.67 ± 10.66 8.00 ± 1.63a 14.00± 2.16b 15.33 ± 4.92c 

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 ± 2.01a 32.21 ± 2.86 26.04 ± 1.10d 

     MEL: melatonin, CON: sham-operated rats, OVX: ovariectomized rats, CON+MEL: MEL-

treated control rats, OVX+MEL: MEL-treated OVX rats. The unit of estradiol was expressed 

as pg/mL. The units of glucose, triglyceride, total cholesterol, high-density lipoprotein (HDL) 

cholesterol, low-density lipoprotein (LDL) cholesterol, very-low-density lipoprotein (VLDL) 
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cholesterol were expressed as mg/dL, and AST and ALT were expressed as U/L. Values are 

expressed as the mean ± standard error (SE) of 4–14 animals per group. The letters indicate 

the statistical significance as revealed by a two-way analysis of variance (ANOVA) followed 

by a Tukey post-test (p < 0.05): aOVX vs. CON; bCON vs. CON+MEL; cCON vs. OVX+MEL; 
dOVX vs. OVX+MEL. #: Significant main effect of animal condition (SHAM x OVX); ╪: 

Significant interaction between animal condition (SHAM x OVX) and treatment (Saline x 

MEL).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Effects of OVX and MEL on carcass composition. 

A. total humidity % of DM (n = 6). B. mineral matter (MM, n = 6). C. crude protein (CP, n 

= 6). D. ethereal extract (EE, n = 6). The values are the mean ± SE. MEL: melatonin, CON: 

sham-operated rats, OVX: ovariectomized rats, CON+MEL: MEL-treated control rats, 

OVX+MEL: MEL-treated OVX rats. The significant differences between the values were 

evaluated using a two-way analysis of variance (ANOVA) with Tukey's post-hoc test: * p  

0.05; **p  0.01; ***p  0.001. # = Significant main effect of animal condition (SHAM x OVX); 

╪ = Significant interaction between animal condition (SHAM x OVX) and treatment (Saline x 

MEL). 

 

3.2. Effects of OVX and MEL on adiposity index and the weights of uterine 

retroperitoneal, mesenteric, and inguinal fats. 

 

     The adiposity index, calculated as the sum of the rVAT, mVAT, uVAT, and iSAT fat 

weights relative to 100 g of BW (Figure 3A), revealed 17% higher adiposity in OVX rats 

compared to CON rats, a value that remained elevated (18%) in MEL-treated rats 

(OVX+MEL). These results are in accordance with those found in the percentage of corporal 

EE (Figure 2D). Such a correlation was not found in the CON+MEL rats, as the adiposity index 

was not reduced by MEL treatment. The ovariectomy and/or MEL treatment exerted a distinct 

influence on the weights of each AT: the weights of uVAT (Figure 3B) and rVAT (Figure 3C) 

were not affected by both ovariectomy and MEL treatments; the weight of iSAT in OVX rats 

was 86% higher than that of the CON rats (Figure 3E), and MEL administration (OVX+MEL) 

did not suppress this effect. The weight of mVAT was not different among OVX and CON 

rats, but MEL reduced the weight in CON+MEL rats (–25%) without alteration in OVX+MEL 

rats compared to their respective untreated rats (Figure 3D).  

     Figure 3 also shows the influence of ovariectomy and MEL treatment on uterine weight 

(Figure 3F). As expected, pronounced uterine atrophy was observed in OVX rats, with a 

reduction of 85% in uterus weight compared to that of CON rats. This effect was not affected 
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by the MEL administration. However, MEL reduced by 17% the weight of the uterus in 

CON+MEL rats compared to the values in CON rats. 

     For the next assays, three representative ATs were selected: the retroperitoneal visceral 

adipose tissue (rVAT), inguinal subcutaneous adipose tissue (iSAT), and interscapular BAT. 
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  Fig. 3. Effects of OVX and MEL on adiposity index and the weights of uterine 

retroperitoneal, mesenteric, inguinal fats and uterus weight at the end of treatment (16 

weeks). 

A. adiposity index calculated from the sum of the retroperitoneal visceral adipose tissue 

(rVAT), uterine (uVAT), mesenteric (mVAT), and inguinal subcutaneous adipose tissue (iSAT) 

weights (n = 6–10). B. uVAT weight (n = 8–11). C. rVAT weight (n = 6–8). D. mVAT weight 

(n = 8–9). E. iSAT weight (n = 6–9). F. uterusu weight (n = 8–11). MEL: melatonin, CON: 

sham-operated rats, OVX: ovariectomized rats, CON+MEL: MEL-treated control rats, 

OVX+MEL: MEL-treated OVX rats. All the weights were expressed in g/100 body weight 

(BW). The values are the mean ± SE. The significant differences were evaluated using a two-

way analysis of variance (ANOVA) with Tukey's post-hoc test: * p  0.05; **p  0.01; ***p  

0.001.  #: Significant main effect of animal condition (SHAM x OVX); ╪: Significant interaction 

between animal condition (SHAM x OVX) and treatment (Saline x MEL). 

 

3.3. Effects of OVX and MEL on morphometric parameters of ATs. 

 

     Figure 4 (panels A to L) shows representative histological images of rVAT and iSAT from 

the four groups of animals. Despite the lack of alteration in rVAT weight by ovariectomy or 

MEL treatment (Figure 3C), the images of the rVAT revealed larger adipocytes (Figure 4B) in 

OVX rats compared to those of CON rats (Figure 4A). The mean area of adipocytes in rVAT, 

which was 2736 ± 177 in CON rats, increased to 3681 ± 352 (+35 %; p = 0.05) in OVX rats. 

These findings were confirmed by analysis of the distribution of adipocytes according to their 

areas. The curve of the frequency of adipocytes in OVX (Figure 3F) rats was shifted toward 

the right side relative to the CON curve (Figure 3E), corresponding to adipocytes with larger 

areas. In CON rats, the higher frequency of adipocyte sizes was between 501 and 2000 µm2, 

whereas in OVX rats, it was between 2001 and 3500 µm2.  

     MEL administration did not modify the frequency curve of CON+MEL rats compared to 

the CON rats (Figures 4 G). However, significant changes were found in OVX rats (Figure 

4H), with their frequency curve approaching that of the CON curve. This occurs due to a 
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substantial increase in the frequency of adipocytes from 501 to 2000 µm2 and a decrease in the 

frequency of adipocytes in areas between 3501 and 5000 µm2. The mean area of adipocytes in 

CON+MEL (2428 ± 136 µm2) and OVX+MEL (2787 ± 1439 µm2) did not reveal statistical 

differences from their respective untreated controls. 

     Different features were found in iSAT. Although the iSAT weight in OVX rats practically 

doubled relative to CON rats (Figure 3E), the histological image revealed that the adipocyte 

sizes did not differ significantly between these groups (Figures 4I, J). The mean area of 

adipocytes in iVAT was 2808 ± 108 µm2 in CON rats and 2517 ± 266 µm2 in OVX rats. In 

addition, no differences were found in the curve of frequency of adipocytes in any range of 

adipocyte sizes (Figures 4 M, N). The MEL treatment induced significant changes in the two 

groups of rats, increasing the frequency of small adipocytes. This effect was more accentuated 

in CON+MEL rats, whose mean adipocyte area decreased to 1700 ± 74 µm2 compared to CON 

rats (–40%; p = 0.0012). Despite no significant difference in the mean adipocyte area in 

OVX+MEL (2023 ± 98 µm2) and OVX rats (2517 ± 267 µm2), the curve of frequency of 

adipocytes revealed a significant increase in the proportion of small adipocytes (501–2000 

µm2) in OVX+MEL rats (Figure 4P), as it was also found in CON+MEL rats (Figure 4O) 

relative to their untreated control rats.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Effects of CVX and MEL on histological and morphometric parameters of adipose 

tissues (ATs).  

     ATs were stained with H&E and adipocyte area quantification expressed as the percentage 

of total cells quantified. A, E. The retroperitoneal visceral adipose tissue (rVAT) from CON. 

B, F. The rVAT from OVX; (C, G) The rVAT from CON+MEL. D, H. The rVAT from 

OVX+MEL. I, M. The inguinal subcutaneous adipose tissue (iSAT) from CON. J, N. The iSAT 

from OVX. K, O. The iSAT from CON+MEL. L, P. The iSAT from OVX+MEL. MEL: melatonin, 

CON: sham-operated rats, OVX: ovariectomized rats, CON+MEL: MEL-treated control rats, 

OVX+MEL: MEL-treated OVX rats. All data are expressed as the mean ± SE of 4–5 individual 

experiments. The significant differences were evaluated using a two-way analysis of variance 

(ANOVA) with Tukey's post-hoc test. Bars marked with the same symbols indicate signifcant 

differences (p < 0.05) between the following pairs: *CON vs. CON+MEL; ★OVX vs. 

OVX+MEL; # CON+MEL vs. OVX+MEL.    
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     In addition to WAT, the representative histological images of BAT obtained with the soluble 

dye of H&E (Figure 5) revealed that OVX (Figure 5B) and OVX+MEL (Figure 5D) rats had 

more vesicles, likely lipid inclusions, than that of CON rats (Figure 5A). The quantitative 

morphometric analysis (Figure 5E) revealed that the area occupied by these vesicles in OVX 

rats was 35% higher than in that in CON rats, and MEL treatment (OVX+MEL) did not modify 

this parameter. No significant difference was found in CON+MEL rats compared to CON rats. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Effects of OVX and MEL on photomicrography of brown adipose tissue (BAT). 

BAT was stained with H&E. A. BAT of CON rats. B. BAT of OVX rats. C. BAT of CON+MEL 

rats. D. BAT of OVX+MEL rats. E. The area occupied by vesicles in the four groups, expressed 

as a percentage of the total area of the tissues. MEL: melatonin, CON: sham-operated rats, 

OVX: ovariectomized rats, CON+MEL: MEL-treated control rats, OVX+MEL: MEL-treated 

OVX rats. All data are expressed as the mean ± SE of 3–4 individual experiments. The 

significant differences were evaluated using a two-way analysis of variance (ANOVA) with 

Tukey's post-hoc test: * p  0.05; #: Significant main effect of animal condition (CON x OVX). 

 

3.4. Effects of OVX and MEL on parameters of oxidative stress in retroperitoneal, 

inguinal, and brown ATs. 

 

     The redox status of the ATs was evaluated by measuring the levels of TBARS in the total 

homogenate and the content of GSH and thiols in the cytosolic soluble fraction. In rVAT 

(Figure 6 A, D, G) and BAT (Figure 6 C, F, I), none of these three parameters were significantly 

different among the four groups, except for a decrease in TBARS content in CON+MEL rats 

(-29%) compared to CON rats (Figure 6 A). In iSAT, the content of TBARS and thiols was not 

altered in OVX rats (Figure 6 B, H), but a decrease of 70% was found in the GSH content 

compared to CON rats (Figure 6 E). MEL administration in OVX rats leads to the restoration 
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of GSH content (Figure 6 E) and increased the thiol content in CON+MEL rats (+71%; Figure 

6 H) compared to their respective untreated controls.  

      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Effects of OVX and MEL on the parameters of oxidative stress in adipose tissues 

(ATs).  

A, B, C. The TBARS content in total homogenate. D, E, F. The reduced glutathione (GSH) 

content in the cytosolic fraction. G, H, I. The protein thiol content in the cytosolic fraction. 

rVAT: retroperitoneal visceral adipose tissues, iSAT: inguinal subcutaneous adipose tissues; 

BAT: brown adipose tissues, MEL: melatonin, CON: sham-operated rats, OVX: 

ovariectomized rats, CON+MEL: MEL-treated control rats, OVX+MEL: MEL-treated OVX 

rats. The values are expressed as the mean ± SE of 4–12 individual experiments. The significant 

differences were evaluated using a two-way analysis of variance (ANOVA) with Tukey's post-

hoc test: * p  0.05; **p  0.01; ***p  0.001. &: Significant main effect of treatment (Saline 

x MEL); ╪: Significant interaction between animal condition (CON x OVX) and treatment 

(Saline x MEL). Data from panel E were analyzed by one-way non-parametric ANOVA with 

Kruskal-Wallis test. 

 

     The activities of antioxidant enzymes in rVAT, iSAT, and BAT are shown in Figure 7. OVX 

caused the significant changes only in the iSAT: the GR and G6PD activities reduced 44% 

(Figure 7 K) and 41% (Figure 7 N), respectively, compared to CON rats. These results agreed 

with the reduced content of GSH found in this tissue (Figure 6 E). The MEL treatment restored 

the activities of these two enzymes to values (Figure 7 K, N) similar to those of CON rats.  

     In rVAT, although the activities of GSH-Px (Figure 7 G) and GR (Figure 7 J) were not 

significantly altered in OVX rats compared to CON rats, the administration of MEL to these 

rats (OVX+MEL) increased the activity of both enzymes by approximately 36% compared to 

OVX rats. MEL administration in the CON rats did not exert significant changes in any of the 

assayed enzymes in the three ATs. In BAT, these enzymes were not affected by ovariectomy 

or MEL treatment (Figure 7 C, F, I, L, O). 
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Fig. 7. Effects of OVX and MEL on the activities of antioxidant enzymes in adipose tissues 

(ATs).  

A, B, C. The superoxide dismutase (SOD) activity. D, E, F. The catalase (CAT) activity. G, 

H, I. The glutathione peroxidase (GPx) activity. J, K, L. The glutathione reductase (GR) 

activity. M, N, O. The glucose-6-phosphate dehydrogenase (G6PD) activity. rVAT: 

retroperitoneal visceral adipose tissues, iSAT: inguinal subcutaneous adipose tissues, BAT: 

brown adipose tissues, MEL: melatonin, CON: sham-operated rats, OVX: ovariectomized rats, 

CON+MEL: MEL-treated control rats, OVX+MEL: MEL-treated OVX rats. The values are 

the mean ± SE of 3–7 individual experiments. The significant differences were evaluated using 

a two-way analysis of variance (ANOVA) with Tukey's post-hoc test. * p  0.05; **p  0.01; 

***p  0.001. #: Significant main effect of animal condition (SHAM x OVX); &: Significant 

main effect of treatment (Saline x MEL). Data from panel N were analyzed by one-way non-

parametric ANOVA with Kruskal-Wallis test. 

 

4. DISCUSSION 

 

     In the present study, we have found that after 16 weeks of ovariectomy, the female rats had  

reduced serum levels of estradiol and showed sign of uterine atrophy, and some components 

of the MetS (60), including the BW gaining and increased adiposity. The increased fat 

accumulation in OVX rats was not correlated with food consumption, confirming the results of 

our previous studies (28, 61, 62). Dyslipidemia, hyperglycemia and insulinemia in OVX 
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rodents have been reported in some studies (61, 63), but not in others (28, 62, 64) which were 

consistent with the results observed in our experimental conditions. Indeed, nearly 50% to 80% 

of women in the menopausal and postmenopausal periods remain healthy despite the loss of 

estrogen protection, with the other proportion developing one or more components of MetS 

(35, 36, 65, 66).  

     The increase in corporal lipid accounted for most of the BW gaining in OVX rats compared 

to the CON rats. Among the assayed ATs, the increase in the weight of iSAT determined the 

higher adiposity indexes. The morphology of visceral (VAT) and subcutaneous (SAT) fat 

revealed significant alterations in the plasticity of these ATs due to estrogen deficiency. In the 

rVAT, a significant increase in adipocyte area (hypertrophy) was observed without a change 

in total fat mass. A distinct phenomenon occurred in iSAT, in which adipocytes exhibited a 

similar size to those of the control rats, but, were associated with a substantial increase in their 

mass, a sign of iSAT hyperplasia.  

     The predominance of hypertrophic cells in rVAT may be a consequence of the change in 

receptor-mediated action of estrogen, as suggested by hypertrophy of perigonadal fat pads in 

ER alpha (ER) knockout mice (67). The receptor-mediated actions of estrogen in ATs occur 

through the classic ERα and beta (ER) and non-classic G protein-coupled estrogen receptors 

(GPER) E2 receptors, with ERα having a major influence (36, 67). A protective role of ERα 

against metabolic disturbances has been demonstrated (67), but the role of ER in adipose 

tissues is less understood. Ahmed et al. (36) demonstrated depot-specific differences in the 

expression of ERα and ER in pre- and postmenopausal women. Whereas in premenopausal 

women ERα expression is higher in VAT compared to SAT, ER is lower in VAT than in SAT 

in both pre- and postmenopausal women. The authors also found an increased ER expression 

only in SAT of postmenopausal women. It is unknown whether differences in estrogen 

receptors (ERs) affect the morphology and functions of adipocytes in different fat depots in 

rats. However, a considerable difference in morphological change due to ovariectomy was 

found in iSAT compared to VAT, as the increase in iSAT mass was associated with decreased 

adipocyte area. 

     Studies have demonstrated that once the maximal lipid accumulation is reached 

(hypertrophy) in adipocytes, the hyperplastic growth is initiated in both VAT and SAT. The 

expansion of ATs by enhanced adipogenesis distributes excess fat between newly differentiated 

adipocytes and protects against ectopic fat deposition (68, 69). This phenomenon appears to 

occur in iSAT, as there was a substantial increase in its mass without a change in the mean 

adipocyte size.  

     The intracellular redox state regulated by the levels of GSSG/GSH, thioredoxin, and 

cysteine (70), as well as ROS and the NADPH oxidase 4 (Nox4)-generated H2O2 (37), exerts 

great influence on AT functions, such as adipogenesis; however, an imbalance in the redox 

state leads to an oxidative stress and adipocyte dysfunctions (40, 71, 72). The adequate balance 

of the redox state depends on a battery of antioxidant enzymes. The cytosolic and mitochondrial 

SODs catalyze the the dismutation of superoxide anion (O2
.-) into hydrogen peroxide (H2O2), 

while CAT and GPx remove the H2O2 (71, 72). GPx requires reduced GSH for activity (43), 

and GR reduces the oxidized GSSG using the reductive force of NADPH to restore GSH levels 

(73). NADPH is generated by the pentose phosphate pathway in the first step catalyzed by 

G6PD (74).  

     In rVAT and BAT from OVX rats, none of these enzymes, as well as the parameters 

indicative of cellular redox state, including the content of MDA, thiol proteins, and GSH were 

significantly different from those of CON rats. In rVAT, despite exhibiting an increase in the 

size of adipocytes, the maximal capacity of lipid accumulation was likely not exceeded, 

preventing a disturbance in the redox state. A transfer of excess lipids from VAT to 

subcutaneous ATs and the liver may have contributed to preventing VAT adipocyte 
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dysfunction, as suggested by the iSAT hyperplasia and hepatic steatosis (28). However, in 

iSAT, ovariectomy caused a decrease in the GSH content. An inhibition in the reduction of 

GSSG to GSH in OVX rats was suggested by the reduced activity of GR and G6PD. These 

alterations can also be consequences of estrogen deficiency. In addition to acting as a ROS 

scavenger (41), estrogens exert receptor-mediated protection against oxidative stress by 

increasing the levels of GSH and the expression of antioxidant enzymes, including SOD, GR, 

G6PD, and GPx (46). Regardless of this change in GSH, no significant oxidative damage was 

observed since as the MDA and thiol proteins were not altered and iSAT growth was not 

compromised. 

     Despite the ovary removal, the plasmatic estradiol levels of OVX rats remained 25% of the 

values observed in CON rats. This occurs due to the extragonadal production of estrogen from 

androgen precursors in tissues such as the brain, AT, placenta, blood vessels, skin, and bone 

(75). The rate-limiting step in this reaction is catalyzed by the cytochrome P450 enzyme 

aromatase, which converts 19-carbon steroids (e.g., androgens androstenedione and 

testosterone) to 18-carbon steroids (e.g., estrogens estrone and estradiol) (75). In 

postmenopausal women, VATs become the primary source of estrogens (76, 77) to partly 

compensate for the reduced ovarian estrogen secretion (77). Despite being hypertrophic, 

adipocytes of rVAT in OVX rats exhibited no signs of redox state disruption, most likely due 

to the protective effect of local estrogen secretion. 

    Similar to estrogen, MEL is also a potent antioxidant due to directly neutralizing ROS and 

indirectly activating antioxidant enzymes (15, 44, 45). MEL freely crosses the morpho-

physiological barriers, reaching many organs, including the brain (78). In peripheral tissues, 

MEL interacts with  receptors, including the MT1, MT2, and MT3 (79, 80), the retinoid Z 

receptors (RZRs) (81), and intracellular calmodulin (82).  

     In females under normoestrogenic conditions (CON rats), MEL decreased body weight and 

adiposity. The effects of MEL in reducing  BW, adiposity and other manifestations of MetS 

(16) have been extensively studied in obese patients and experimental model of rodents with 

obesity and diabetes (17-19). The actions of melatonin have been shown to involve multiple 

levels, including stimulation of adipocyte lipolysis through activation of the sympathetic 

nervous system (83); change in preadipocyte differentiation and adipogenesis (84-86); increase 

in insulin sensitivity (87), thermogenic capacity and energy expenditure through BAT growth 

(88); browning WAT to beige adipogenesis (18); neutralizing inflammatory infiltration and 

adipokine alteration (89-92); reduction of oxidative damage (93) and modulation of the 

intestinal microbiota (94).  

     A reduction in BW by MEL in a normoestrogenic condition agreed with previous reports 

(95-97), but the molecular mechanism by which MEL reduces BW and food intake is not 

entirely understood. In several studies, a change in food intake has not been evidenced (88, 97, 

98). The involvement of leptin is unclear since a decrease (95, 97), increase (99), or lack of 

changes (100) in plasmatic leptin levels have been reported in MEL-treated rats. An extra 

energy demand due to increased nocturnal activity has been suggested as a factor leading to a 

decrease in body adiposity (97).  

     In our study, MEL only decreased the mVAT mass in normoestrogenic conditions. The 

mass of rVAT, iSAT, and BAT was not altered, nor was the morphology of rVAT adipocytes. 

However, MEL induced morphogenic changes in iSAT, resulting in a significant increase in 

the proportion of small cells. As the total mass remained unchanged, an increase in the 

formation of new adipocytes in iWAT may represent a mechanism by which MEL promotes a 

more even distribution of lipids among the ATs. This finding was in agreement with the in vitro 

study on 3T3-L1 preadipocytes, which demonstrated that MEL promotes adipogenesis and 

accumulation of triglyceride during preadipocyte differentiation (86).  
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     Increased fatty acid oxidation may have contributed to the decrease in the adiposity and BW 

of CON+MEL rats. By acting on MT1 receptors in the suprachiasmatic nucleus neurons, MEL 

activates sympathetic drive in various peripheral tissues, including WAT, BAT,  liver, adrenal 

medulla and skeletal muscle (19, 101), which can elicit acute catabolic responses such as 

lipolysis and fatty acid oxidation (101, 102). Liu et al. (101) showed that MEL decreases 

intramuscular fat in the vastus lateralis muscle of the mouse hind limb by positively regulating 

lipolysis and mitochondrial activities. Recently, Salagre et al. (19) demonstrated that melatonin 

improves obesity in fatty Zücker diabetic rats by inducing the thermogenic capacity of skeletal 

muscle, an action mediated by uncoupling of sarcoendoplasmic reticulum Ca2+-ATPase 

(SERCA)-sarcolipin (SLN) and mitochondrial biogenesis. 

     An increase in energy expenditure due to increased fatty acid oxidation in BAT (18, 103) 

or browning of iSAT (18) has also been suggested as a mechanism of MEL in reducing 

adiposity (101). We have not found differences in the area occupied by lipids in the BAT of 

CON+MEL rats, but an increase in the rate of lipid oxidation cannot be excluded.  

     We also found in CON rats treated with MEL (CON+MEL) reduced plasma estradiol levels 

compared to CON rats. The uterine mass was also reduced, as the uterus is a classic estrogen-

responsive target tissue. These findings are in line with studies showing that MEL negatively 

regulates ER expression, preventing ER-mediated gene activation and inhibiting the 

gonadotropic axis (104, 105). MEL also inhibits the expression and activity of enzymes 

involved in estrogen biosynthesis in peripheral tissues, particularly aromatase (106). 

     Under estrogen deficiency, the putative mechanisms by which MEL decreased the body 

weight in female rats were no longer effective since the BW and adiposity of OVX rats were 

not suppressed by MEL. This result was similar to our previous study, in which MEL was 

administered after 13 weeks of ovariectomy (28). The reason for such difference is likely 

related to estrogen levels in the rats. The regulation of body weight and feeding behavior 

involves a complex interaction of hormones, their receptors in the SNC and peripheral tissues 

(24). Both estrogen and melatonin regulate energy homeostasis and obesity at the central and 

peripheral levels (8, 24), and an interaction of MEL with sex steroid hormones and vice versa 

has become clear (107). MEL, for example, regulates the secretion of FSH and LH through the 

hypothalamic-pituitary-gonadal axis, and affects steroidogenesis, ovulation and oocyte quality 

(108). It seems plausible to suggest that some actions of exogenous MEL in regulating body 

adiposity involve an interaction with estrogens, particularly in females under normoestrogenic 

conditions.  

     Despite not decreasing whole-body adiposity in OVX rats, MEL changes the morphology 

of the ATs in both rVAT and iSAT toward a healthier condition. MEL suppressed the adipocyte 

hypertrophy observed in the rWAT of OVX rats. This effect could be a consequence of 

increased lipolysis, as MEL up-regulates the expression of lipolytic genes via the  MT2 

receptor, including hormone-sensitive lipase, triglyceride, and perilipin 1 (109). In reducing 

the lipid load and massive expansion of adipocytes in rVAT, MEL can prevent and minimize 

the risk of of hypoxia, inflammation, and ectopic lipid deposition, a phenomenon that may have 

contributed to the suppression of hepatic steatosis in OVX rats, as previously demonstrated 

(28).  

     MEL also did not suppress the increase in iSAT weight of OVX mice, but the morphology 

of adipocytes changed toward a prevalence of small adipocytes, reproducing the effect 

observed in iSAT of CON rats. This result reinforces the notion that MEL has a direct effect 

on iSAT, stimulating adipogenesis (85).  

     The restoration of the redox state of iSAT corroborated this beneficial effect of MEL in the 

ATs of OVX rats. The decrease in the GSH levels and GR and G6PD activities in iSAT was 

suppressed by MEL, and MEL exerted additional effects on the antioxidant defense systems, 

as indicated by the activity of GPx and GR in rVAT, with all these enzymes reaching levels 
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higher than the values found in both CON and OVX rats. These effects were in agreement with 

the activation of glutathione synthesis and antioxidant enzymatic activity by MEL (15, 44). All 

these results support the antioxidant role of MEL in replacing the estrogens. 

In conclusion, this study revealed that, despite not preventing the increase in body adiposity, 

MEL administration was able to suppress most of the alterations in adipose morphology and 

redox state caused by estrogen deficiency in rats, leading to a better distribution of lipids in the 

ATs. In clear contrast to the effect observed in OVX rats, under normoestrogenic conditions, 

MEL reduced the BW, adiposity, plasma estradiol levels, and uterine weight. These findings 

suggest that in estrogen deficiency conditions, MEL administration can minimize the risks of 

developing more severe metabolic abnormalities, whereas in normoestrogenic conditions, 

MEL can potentially affect the estrogen-regulated functions, including the control of body 

energy homeostasis and reproduction.  
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