Melatonin increases brown adipose tissue mass and functionality in Zücker diabetic fatty rats. 
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Abstract

Melatonin limits obesity in rodents without affecting food intake and activity, suggesting a thermogenic effect. Previously we demonstrated that melatonin browns subcutaneous fat in Zücker diabetic fatty (ZDF) rats. In addition, several works pointed to melatonin as a signal that increases brown adipose tissue (BAT) mass and function in rodents. Therefore, in the present work we have investigated if melatonin could recruit BAT and increase its function in young ZDF rats. ZDF rats (n = 20) and lean littermates (ZL) (n = 40) were used. At 6 weeks of age, both lean and fatty animals were subdivided into two groups, n = 10 for control ZDF(C-ZDF), n=20 for control ZL (C-ZL) and treated with oral melatonin in the drinking water (10 mg/kg/day) for 6 weeks (M-ZL). At the end of experimental period, skin temperature of the interscapular region at thermoneutral temperature (28 ºC) and after acute cold challenge (5 min at 4 ºC) was recorded. Thereafter, rats were weighted and killed, interscapular BAT dissected, excised, weighted, photographed and aliquoted for optic microscopy studies, enzyme activity  and GDP binding in isolated mitochondria and for mRNA extraction and Western blot . BAT weight (mg) was higher in C-ZDF (835 ± 37) compared with C-ZL animals (314 ± 19, P < 0.001). Melatonin increased BAT in ZDF rats to 1203 ± 102 mg (P < 0.001) whereas no significant increase was observed in C-ZL rats. Mitochondrial mass, expressed as mitochondrial protein (mg)/100 mg of BAT mass was 65.5% lower in obese C-ZDF versus C-ZL animals (P < 0.001). Citrate synthase (CS) activity in C-ZDF was 60% lower than in C-ZL (P < 0.001). Also, the activity of respiratory chain enzymatic complexes I and IV in obese C-ZDF rats was only 17 % (P < 0.001) and 24 % (P < 0.001) of lean rats, respectively.  Melatonin rose mitochondrial mass in both, ZDF (by 65.9 %, P < 0.01) and ZL rats (by 37.5 %, P < 0.001), and increased CS activity in both ZDF (by 78 %, P < 0.001) and ZL rats (by 29.3 %, P < 0.001). Also, melatonin increased the activity of complex I (by 76% in ZDF and 41% in ZL rats) and the complex IV (by 35% in ZDF and 31% in ZL rats). UCP1 mRNA and protein levels were 50% lower in BAT from obese rats. Also GDP binding was 37.5 % lower in obese ZDF than in lean rats (P< 0.01). Melatonin treatment of obese rats completely restores the expression of UCP1 to levels of lean rats.  No significant changes were observed either on UCP1 gene expression or protein levels in response to melatonin in ZL rats. Melatonin treatment sensitizes the thermogenic response to cold exposure by raising the interscapular skin temperature, in both lean and obese rats. These data demonstrated that melatonin increases BAT mass and restores its thermogenic capacity in ZDF rats. This may contribute to melatonin′s control of body weight and its metabolic benefits.
Introduction

Promoting energy expenditure is considered a promising strategy to reduce obesity. Whereas white adipocytes store fuel excess as triglycerides, brown adipose tissue (BAT) is specialized in inefficiently oxidizing fatty acids to generate heat in response to cold or diet (adaptive or non-shivering thermogenesis). Brown adipocytes selectively express uncoupling protein 1 (UCP1) which renders the inner membrane of mitochondria leaky, thereby diverting chemical energy from ATP generation to heat production. 
Melatonin is a neurohormone produced mainly at night by the pineal gland [1, 2] and also in many other tissues [3, 4]. In addition to entraining circadian rhythms, some studies demonstrated that melatonin supplementation limits obesity in rodents without affecting food intake [5–9] and no consistent changes in locomotor activity [7, 10]. This suggests that melatonin12 may act as a thermogenic agent. In fact, we recently reported that melatonin induced browning of inguinal white adipose tissue with thermogenic properties in Zücker diabetic fatty (ZDF) rats, an experimental model of obesity and type 2 diabetes mellitus [11]. However this mechanism alone seems to be insufficient to account for the 12 % reduction of body weight caused by melatonin treatment for the 6-wk period in these animals [8]. Since BAT activity is the greatest contributor to non-muscle thermogenesis in rodents, this tissue would be a major target for the melatonin thermogenic action.  Indeed, previous reports indicated that melatonin recruits BAT tissue and increases its function [See ref. 12 for review]. After Heldmaier and Hoffman [13] firstly reported that melatonin stimulates growth of BAT in Djungarian hamsters, many subsequent studies confirm this observation in the same [14, 15] and other species of rodents [16–21]. In addition, several of these works demonstrated that melatonin also increases BAT activity [14–16, 20]. Thus, it will be expectable that melatonin may influence BAT mass and its functionality in ZDF rats.  However, a direct proof of the thermogenic properties of the newly recruited BAT in response to melatonin is still lacking. Therefore in the present work we have studied the effects of chronic melatonin administration on BAT mass and its thermogenic capacity in ZDF rats, with special focus on the expression of  the thermogenic proteins, UCP1 and peroxisome proliferator-activated receptor  coactivator 1 (PGC-1, and the activity of mitochondrial enzymes.
Materials and methods

Reagents

All reagents were of the highest purity available. Melatonin was obtained from Sigma Chemicals (Madrid, Spain).

Animals and experimental protocol

Male ZDF rats (fa/fa n = 20) and male lean littermates (ZL, fa/- n = 40) were obtained at the age of 5 wk. This study was carried out in accordance with the European Union guidelines for animal care and protection. Animals were maintained on Purina 5008 rat chow (protein 23%, fat 6.5%, carbohydrates 58.5%, fiber 4%, and ash 8%;Charles River) and housed 2 per clear plastic cage in a climate-controlled room at 26–28°C and 30–40% relative humidity, with a 12-h dark/light cycle (lights on at

07: 00 hr). In the first week after arrival, the animals were acclimated to room conditions, and water intake was recorded. Then, both ZL and ZDF rats were subdivided into two groups (20 rats each for ZL and 10 rats each for ZDF). Animals treated for 6 wk with melatonin in drinking water (melatonin-treated, M-ZDF and M-ZL) and vehicle-treated controls (C-ZDF and C-ZL). Melatonin was dissolved in a minimum volume of absolute ethanol and diluted in the drinking water to yield a dose of 10 mg/kg body weight (BW)/day, with a final ethanol concentration of 0.066% (w/v). Water intake and BW were recorded twice weekly. Fresh melatonin and vehicle solutions were prepared twice a week, and the melatonin dose was adjusted to the BW throughout the study period. Water bottles were covered with aluminum foil to protect from light and the drinking fluid was changed twice weekly.
Macroscopic studies

After the 6-wk treatment period, animals were anesthetized with sodium thiobarbital (thiopental) and killed. Interscapular brown fat tissue pads were visually inspected, dissected and photographed to highlight their macroscopic differences. Finally, dissected tissues were surgically excised, weighted, and divided into two aliquots, one around 100 mg was inmediatelly frozen on dry ice and kept at -80 ºC for mRNA studies; the other, around 200 mg, was kept on ice for mitochondrial enzyme activities and specific protein analysis.
Hematoxylin and eosin staining

Adipose tissues were fixed in 10% buffered formaldehyde and subsequently treated for the histological study by dehydration (increasing alcohol concentrations, from 80% to absolute alcohol), mounting in xylene, and immersion in paraffin. The paraffin blocks were cut into 4-mm sections for hematoxylin–eosin (H&E) staining.

Mitochondria preparation and enzyme activity

Adipocyte mitochondria were isolated from these depots by serial centrifugation [22]. Samples ((200 mg) were excised from the isolated interscapular BAT pad, washed with cold saline and homogenized with a Teflon pestle in isolation medium (10 mM Tris, 250 mM sucrose, 0.5 mM Na2EDTA, and 1 g/L free fatty acid BSA, pH 7.4) at 4°C. The homogenate was centrifuged at 1000 g for 10 min at 4°C, and the supernatant was centrifuged again at 15,000 g for 20 min at 4°C. The resultant pellet was resuspended in 1 mL of isolation medium without BSA, and an aliquot of 0.2 ml was frozen for protein measurement. The remaining mitochondrial suspension was centrifuged at 15,000 g for 20 min at 4°C and resuspended in 1 mL of respiration buffer (20 mM HEPES, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM  KH2PO4, 200 mM sucrose and 1 g/L fatty acid free BSA). To prepare submitochondrial particles, mitochondrial pellets were frozen and thawed twice, sonicated, and suspended in the corresponding medium for each specific enzyme activity assay, as described below. The protein concentration in samples was 0.3 mg /mL for each assay. 
Citrate synthase activity was measured spectrophotometrically at 412 nm as the increased absorbance produced by the appearance of the yellow product 5-thio-2-nitrobenzoic acid (TNB) because the rate-limiting reaction catalyzed by citrate synthase is coupled to this product [23]. 0.2 mM 5,5´-dithiobis-(2-nitrobenzoic acid) (DTNB), 0.1 mM Triton X-100 and 0.1 mM acetyl Coenzyme A  diluted in 100 mM Tris–HCl  were used. The assay was initiated by the addition of 20 mM oxalacetate.
Complex I (NADH CoQ oxidoreductase) activity (nmol oxidized NADH/min/mg prot) was measured by following the decrease in absorbance due to the oxidation of NADH at 340 nm [24]. Submitochondrial fractions (0.3 mg/mL) were incubated for 5 min in 500 l of a medium containing 250 mM sucrose, 50 mM potassium-phosphate, 1 mM KCN, 0.5 mM decylubiquinone, pH 7.4. The reaction was initiated by the addition of NADH.

Complex IV (cytochrome c oxidase) specific activity (nmol oxidized cytochrome c/min/mg prot) was measured by following the oxidation of cytochrome c at 550 nm [24]. The reaction buffer contained 75 mM potassium-phosphate pH 7.4 at 25ºC and the reaction was started by the addition of cytochrome C previously reduced with sodium borohydride. The activity was measured as the disappearance of reduced cytochrome c at 550 nm.
Determination of BAT-UCP1 mRNA Levels by Semiquantitative Reverse Transcriptase-Polymerase Chain Reaction (PCR)
Total cellular RNA was extracted from ( 100 mg BAT tissue using a modification of the method of Chomczynski and Sacchi [25]. The integrity of the isolated RNA was checked and quantified by spectrophotometric absorption at 260 nm. 1.0 µg RNA was used to synthesize first-strand cDNA. The reverse transcription (RT) reaction was carried out in a volume of 20 µL using 100 units of Moloney murine leukemia virus RT, RNase H enzyme (Finnzymes Inc. Espoo, Finland), and incubated at 37° C for 60 minutes. The enzyme was inactivated by heating at 95 °C for 5 minutes. RT product (4 µL) was amplified in a 20 µL reaction mixture containing 10 pmol of each primer, 10 mM of each dNTPs, and 1 unit of DyNAzyme II DNA polymerase (FinnzymesQy). Primers used to amplify UCP1 cDNA of 851 bp (GenBank NM-012598) were 5´-CAGACATCATCACCTTCCCG- 3´ (sense, 259-278) and 5´-AAGTCGCCTATGTGGTGCAG-3´  (antisense, 1091–1110) and for the amplification of β-actin (as an internal control) cDNA of 500 bp, forward primer of 5´-GCCTCTGGTCGTACCA- 3´ (sense, 429–444) and reverse primer of 5´- TCCTTCTGCATCCTGTCA-3´ (antisense, 912–929) were used.

To ensure the linearity of polymerase chain reactions (PCRs) and to validate the cDNA quantitation, adequate controls and standard curves were carried out by amplifying first strand cDNA from 16 to 31 cycles. Twenty-four cycles of PCR amplification were performed with denaturation at 95°C for 1 minute, annealing at 58°C for 45 seconds, and extension at 70°C for 1 minute, and were carried out in an MJ Research Thermal Cycler (Bio-Rad Laboratories, Hercules, CA). The amplified products were resolved in a 2% agarose gel and stained with ethidium bromide. Levels of mRNA were determined by measuring PCR band intensities using a scanning densitometer with automatic calibration (GS-710 Imaging Densitometer; Bio-Rad, Hercules, CA). The Primers used from gene sequences were also obtained from GenBank (PGC- 1, NM-031347).

Determination of UCP1 and PGC-1 levels by Western blot

About 100 mg of BAT was homogenized in lysis buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris–HCl, pH 7.4) without Triton X-100 and homogenized with a Teflon pestle. Homogenates were centrifuged (3000 g 9 15 min, 4°C), and the fat cake was removed from the top of the tube. Then, Triton X-100 was added to a final concentration of 1%. After incubating at 4°C for 30 min, extracts were cleared by centrifugation at 15,000 g for 15 min at 4°C. One hundred micrograms of total protein was analyzed by SDS-PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis). The gels for immunoblot analyses were transferred to a nitrocellulose membrane (Bio-Rad Trans-Blot SD; Bio-Rad Laboratories,Hercules, CA, USA). The membranes were cut at UCP1and PGC-1 molecular weight level (33 kDa), and blots were reacted with a 1:2000 dilution of anti-UCP1 produced in rabbit (Sigma Aldrich, U6382, St. Louis, MO, USA), in blocking solution (PBS, 5% nonfat milk) and anti-PGC-1 produced in rabbit. -actin antibody generated in mouse (Santa Cruz Biotechnology, SC-81178, Santa Cruz, CA, USA) was used as a control. Horseradish peroxidase labeled secondary antibodies were goat anti-mouse IgG and goat anti-rabbit IgG (1:1000, Sigma Aldrich). Proteins were visualized by enhanced chemiluminescence (ECL kit, GE Healthcare Life Sciences, Pittsburgh, PA, USA).
GDP Binding Analysis
The binding of GDP to freshly isolated mitochondria from ~ 200 mg of BAT tissue  was determined as previously described by McDonald et al. [26], with a slight modification of the mitochondrial isolation procedure as described in the section of mitochondria preparation and enzyme activity [22]. The resulting pellet was resuspended in reaction buffer and used in the GDP binding assay. In our hands, this isolation procedure routinely yields 30-35% recovery, with no differences between obese and lean rats. Isolated mitochondria were incubated for 1 min at 23°C in 295 1 reaction medium (pH 7.2) comprised of 100 mM sucrose, 38 mM tris(hydroxymethyl)-aminomethane (Tris), 10 mM choline chloride, 1 mM EDTA, 5 µM rotenone, 100 µM potassium atractyloside,and [14C]sucrose (0.15 µCi/ml, New England Nuclear, Boston, MA). Protein concentration in the reaction tubes averaged 0.3  mg/ml. One-half of the tubes also contained 100 PM ADP (final concentration). The binding reaction was initiated in each tube by addition of [3H]GDP (0.65 &i/ml, New England Nuclear, Boston, MA). Ninety seconds after [3H]GDP addition, the reaction tubes were centrifuged at 14,000 g for 2 min. The supernatants were removed, and the tip of the centrifuge tube containing the pellet was placed in a glass scintillation vial containing 1 ml NCS (Amersham, Arlington Heights, IL) tissue solubilizer. The pellets were sonicated for two 30 min periods. After ascorbic acid (l%, 0.050 ml) was added to neutralize the NCS, 10 ml toluene solution containing 0.7% 2,5, diphenyloxazole (PPO) was added. Radioactivity of this suspension and that of the supernatant was counted in a Packard 300 CD scintillation counter. Net GDP bound was determined after correction for trapped extramitochondrial fluid (evaluated from the [14C] sucrose data). Specific binding was calculated by subtracting nonspecific binding (that seen in presence of 100 M ADP) from total binding (that seen in absence of ADP). Recovered activity (nmol) represents the amount of specific GDP binding for the total number of mitochondria isolated. This number was ~15% of the total mitochondria present in the homogenized tissue as calculated from measurement of succinic dehydrogenase activity. Protein was determined by the method of Bradford et al using bovine serum albumin as a standard [27]. 

Acute cold challenge

Melatonin was removed 2 h before starting the experiment. Acute cold exposure was performed between 09:00 and 11:00 hr, for 5 min, by placing the rat on a hot/cold plate analgesia meter precooled to 4°C (Panlab SLU, Barcelona) and located in a contiguous room at 24°C. This device is based on a 16.5 x 16.5 cm metal plate, which can be cooled to -3°C or heated to 65°C. An electronic thermostat maintains the plate’s temperature, and a front panel digital thermometer displays the current plate temperature. The plate was surrounded by transparent plastic walls, which maintain inside temperature around 10°C. Thermal images of BAT regions were taken with a thermal imaging camera (FLIR B425, FLIR Systems AB, Danderyd, Sweden) with a range limit of -20°C to 120°C. Perpendicularly distanced (20 cm) photographs were taken before (at thermoneutral temperature) and immediately after cold challenge. Temperature of BAT skin was measured using the thermal camera, which senses minimal changes in tissue temperature.

Statistical analysis

Data are expressed as means ± SEM.  Means were compared among groups by using a two-way ANOVA followed by the Mann-Whitney U-test. SPSS version 15 for Windows (SPSS, Michigan, IL) was used for the data analyses. P<0.05 was considered statistically significant, and the levels of signicance were labeled in figures as follows: ***P < 0.001; **P < 0.01, *P < 0.05, and ###P < 0.001; ##P < 0.01, #P < 0.05.
Results 

Interscapular BAT pad weight (mg) (table 1) was significantly higher in the C-ZDF (835 ± 37) compared C-ZL animals (314 ± 19 mg, P < 0.001). Melatonin treatment increased BAT pad weight in ZDF rats (M-ZDF, 1203 ± 102 mg; P < 0.01) whereas no significant increase was observed in C-ZL rats) (Table 1). These differences were also observed when data were expressed as mg of BAT mass/100 g BW (Table 1).
Mitochondrial mass, as assessed by mitochondrial protein isolated from 100 mg of tissue, was lower in obese C-ZDF (2.35 ± 0.50 mg) versus C-ZL animals (6.80 ± 0.30, P < 0.001). Melatonin treatment rose mitochondrial protein content in both, ZDF (to 3.90 ± 0.45, P < 0.01) and ZL rats (to 9.35 ± 0.50, P < 0.01) (Table 1). These differences were also noted when protein measurements were extended to total BAT mass (Table 1)  
Optic microscopy studies showed that BAT tissue from C-ZDF contains relatively fewer multilocular adipocytes than tissues from C-ZL animals. Melatonin treatment increases the proportion of multilocular adipocytes in both, lean and fat animals (Figure 1). 
Citrate synthase (CS) activity (nmol·min/mg of mitochondrial protein) was measured to evaluate the mitochondrial viability and matrix metabolic activity, i.e, citric acid cycle activity. The CS activity in C-ZDF was 60% lower than that of C-ZL (P < 0.001) (Figure 2). Melatonin treatment resulted in a significantly increased BAT CS activity in both ZDF (from 57.9 ± 5.9 to 103.1 ± 2.9, P < 0.001) and ZL rats (from 188.9 ± 15.6 to 263.1 ± 13.3, P < 0.001). 

Mitochondrial complexes I (NADH dehydrogenase) and  IV (cytochrome c oxidase) are key players of the cellular respiratory chain, transporting electrons and creating the proton gradient by pumping H+ from the cytosol into the intermembrane space.  Therefore we measure their enzymatic activities as an assessment of the mitochondrial respiratory chain activity in isolated mitochondria. The activity of complex I in BAT mitochondria from obese C-ZDF group was only 17 % (P < 0.001) of the activity in mitochondria from lean control rats (Figure 3A). The complex IV activity in mitochondria from BAT of C-ZDF group was also lower (by 24%, P < 0.001) compared with lean rats (Figure 3B). Melatonin treatment significantly increased the activity of complex I (by 76% in ZDF and 41% in ZL rats) (Figure 3A) and the complex IV (by 35% in ZDF and 31% in ZL rats) (Figure 3 B). 

Two proteins are crucial players in the thermogenic program of BAT cells, the uncoupling protein 1 (UCP1) and the peroxisome proliferator-activated receptor  coactivator 1 (PGC-1). Thus, we investigated the effect of melatonin treatment on the expression of these two genes in both, obese ZDF and lean rats. UCP1 mRNA levels were 50% lower in BAT tissue from obese rats. Melatonin treatment completely restored its expression to the levels found in BAT from lean animals (Figure 4A). UCP1 protein amounts, as assessed by Western blot, exhibited parallel changes as its mRNA levels, in non-treated and melatonin-treated obese ZDF rats, in comparison with lean animals (Figures 4B and C). No significant changes were observed either on UCP1 gene expression or protein levels in response to melatonin in ZL rats (Figure 4). However, levels of PGC-1gene expression and its protein amounts were not significantly different in untreated and melatonin-treated of both, lean and obese animals (Figure 4). 
The GDP binding assay has been classically used to evaluate the thermogenic function, i e, UCP1 functionality. The GDP binding (nmol/mg mitochondrial protein) was 37.5 % lower in obese ZDF than in lean rats (ZDF 0.10 ± 0.02 vs. ZL 0.16 ± 0.02; P< 0.01) (Table 1).  Melatonin treatment of obese ZDF rats restored GDP binding to levels of lean rats (from 0.10 ± 0.02 to 0.15 ± 0.02, P< 0.01) (Table 2). When referred to total BAT tissue, GDP binding increased in ZL rats in response to melatonin  (P< 0.05), being this effect even more evident ( by 3.5-fold increase,  P<0.001)  in obese  rats  (Table 2). 
Brown adipocytes are thermogenic fat cells. Accordingly, it is expected that the interscapular skin temperature would correlate with the thermogenic activity of the underlying BAT. As shown in Fig. 5 (upper panel), interscapular skin temperature was similar in both non-treated lean and obese groups of animals. Chronic melatonin treatment tends to raise the temperature of the interscapular skin in lean rats, although not statistically significant (control, 36.4 ± 0.6°C; melatonin, 37.1 ± 0.7°C). Cold exposure is the natural stimulus to activate the thermogenic response of BAT. The interscapular skin temperature significantly rose in response to acute cold exposure, in both, lean (0.45 ( 0.05 ) and obese rats (0.09 ± 0.04°) (Figure 5, lower panel ). However this response was greater in ZL than ZDF rats.  Melatonin treatment sensitizes the thermogenic response to cold exposure and raised the interscapular skin temperature in both lean and obese rats (from 0.45 ± 0.05 °C to 0.85 ± 0.03°C, P< 0.001 in ZL  and from 0.09 ±0.04 °C to 0.03 ± 0.05, P< 0.01 in ZDF rats (Figure 5, lower panel). This thermogenic effect of melatonin is also apparent in the thermal images shown in Fig. 6.

Discussion

In previous studies we investigated the anti-obesity and anti-dysmetabolic effect of chronic melatonin administration in ZDF rats, demonstrating that melatonin limits obesity and improves metabolic function [ 8,10, 28, 29], in part through browning of subcutaneous WAT [10]. In the present work we have demonstrated that chronic melatonin administration to ZDF rats also increased their interscapular (i) BAT amounts and their mitochondrial mass and functionality, i.e, the activity of electron transfer chain complexes and thermogenic capacity. 
Interscapular BAT (iBAT) pads were 2.6-fold larger in obese ZDF rats than lean rats. This is in agreement with results of many other studies showing that BAT mass increases with body weight in different murine models of diet-induced obesity, either by high carbohydrates [30,] or high fat [31, 32]  and cafeteria-diet [33]. Similar oversized BATs were present in genetic models of obesity, such as the ob/ob mice [34]. Even larger BATs have been documented in other genetic models, such as the yellow KK mice, where BAT weight is 4-fold higher than lean controls [35], in Zucker fa/fa rats [36]   and in the same experimental model as in the present study, the ZDF strain [37]. The increase in BAT size in obesity may reflect more triglyceride (TAG) accumulation in brown adipocytes endowed with lesser lipolytic activity and/or activation of differentiation of pre-adipocytes into white mature fat cells in order to store the excess of body energy as TAG, as the expandability of WAT takes place like in other organs. Roughly, BAT from obese rats contains 3-fold lower mitochondrial protein per 100 mg of tissue. This can be explained by fewer mitochondria, smaller mitochondrion per brown adipocyte or dilution with more infiltrated white adipocytes, which contain fewer mitochondria than brown fat cells. 
Melatonin treatment of ZDF rats augmented by ~31% their iBAT weights. Also optic microphotographs from BAT depicted unilocular adipocytes with smaller lipid droplets and also more multilocular brown-shaped adipocytes in melatonin treated rats. These results are in agreement with those firstly reported by Heldmaier and Hoffman [13] and by many others showing that melatonin stimulates growth of BAT in Djungarian hamsters and other rodents [14, 16-21]. Oral melatonin may induce recruitment of BAT cells by multiple mechanisms. First, by acting centrally on MT1 receptors in the neurons of the suprachiasmatic nucleus, melatonin can activate sympathetic drive to BAT, leading to noradrenaline release. Alternatively, melatonin may act directly on noradrenergic terminals where it releases the catecholamine. In addition, by acting either through one or more of its receptors, that is, membrane G-protein-coupled receptors (MT1/MT2), or via nuclear retinoid orphan/retinoid Z receptors (ROR/RZR), the indoleamine may directly promote differentiation of precursors of brown adipocytes. In this regard, it has been reported that melatonin, acting by MT2 receptors, stimulates the proliferation of pre-adipocytes 3T3-L1 mouse embryo fibroblasts in vitro, in a dose- and time-dependent manner [38]  and also induces the expression of adipocyte markers PPAR and PGC-1 and the brown adipocyte signature, UCP1 [39]. These findings suggest that melatonin can directly induce proliferation and at the same time promotes differentiation of preadipocytes 3T3-L1 into thermogenic adipocytes. 
Melatonin increased mitochondrial protein by ~40 % and doubled the activity of citrate synthase, the mitochondrial matrix enzyme that catalizes the first step in the citric acid cycle, reflecting a rise in functional mitochondrial mass. Although lacking of a direct proof, this finding point to a mitochondrial biogenesis in response to melatonin. This is in consonance with the results of other studies in T3-L1 pre-adipocytes [39] and in HepG2 cells, a liver cell line [40]. Mitochondria isolated from iBAT of melatonin-treated ZDF rats exhibited higher specific activities of respiratory chain complexes I and IV, two major enzymatic complexes of the inner mitochondrial membrane, involved in pumping H+ from the matrix to the intermembrane space to generate the proton gradient. This implies higher mitochondrial respiratory activity. Also, melatonin treatment of ZDF rats up-regulates by ~2-fold the mRNA amounts of the gene that encodes UCP1, the molecular signature of thermogenic adipocytes, and currently the dominant method to measure BAT recruitment. However, as stated by Nedergaard and Cannon [41] UCP1 mRNA per se does not produce heat. In this sense, the amounts of the protein UCP1 as determined by Western blot is considered to reflect better the thermogenic capacity of the tissue [42]. Whereas UCP1 gene expression reflects better the response to acute challenges such as cold exposure, its protein amount is a more appropriate estimate for chronic stimulus of BAT, and run in parallel with the total thermogenic capacity, as evaluated by oxygen consumption [43, 44] and with non-shivering thermogenesis, as estimated by increase in metabolism after noradrenaline injection [45, 46]. However, the presence of higher levels of UCP1 does not necessarily mean more functional protein, i.e. thermogenesis.  In the pre-clonning of UCP1 gene era, the amounts of functional thermogenic protein in BAT were classically assessed by quantifying the binding of labeled nucleotides such as GTP, expressed in units/mg of mitochondrial protein [47]. This method relies on the capacity of nucleotides, being ATP the natural one, to bind to and re-couple (inactivate UCP1).  In the present work melatonin treatment increases by 50% GDP binding per mg of mitochondrial protein in obese rats, demonstrating that melatonin induced functional UCP1 and thereby increases the thermogenic activity of iBAT. Furthermore, melatonin supplementation sensitizes to the thermogenic effect of acute cold exposure in both, lean and obese rats, as demonstrated by the increase of the skin temperature of BAT region, detected by the thermal camera. All together, the above data demonstrated that chronic melatonin treatment recruits functional BAT in ZDF rats. This, together with the browning effect of WAT observed in this rat model in our previous studies, provides an explanation for melatonin control of obesity of these animals, in the absence of significant changes in locomotor activity and food intake. Ultimately, the increase in energy expenditure leads to improvement of the dysmetabolic profile of these rats. 
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Figure 1.- Hematoxylin and eosin staining of brown adipose depots. Melatonin treatment increases multilocular adipocytes in both Zücker lean (ZL) ( upper panel) and  Zücker diabetic fatty (ZDF) (lower panel)  rats (x40).  
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Figure 2.- Effect of melatonin treatment on citrate synthase in isolated mitochondria from BAT tissue of non-treated and melatonin-treated ZL and ZDF rats.   ** p < 0.01, ### p< 0.001.
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Figure 3.- Effect of melatonin treatment on NADH Coenzyme Q oxidoreductase (complex I) (A) and cytochrome c oxidase (complex IV) (B) activities in isolated mitochondria from BAT depots of non-treated and melatonin-treated ZL and ZDF rats.  ** p< 0.01, ### p< 0.001, # p< 0.05.
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Figure 4.- Effect of melatonin treatment on UCP1 and PGC1a gene expression: A) mRNA levels (arbitrary units) and B) protein levels as measured by Western blot in BAT depots from  Zücker lean (ZL) and Zücker diabetic fatty (ZDF) rats. C) Representative Western blots are shown.  * p< 0.05, #p< 0.05, ** p< 0.01, ## p< 0.01.  
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Figure 5.- Effect of melatonin treatment on the skin temperature of interscapular BAT area of lean (ZL) and Zücker diabetic fatty (ZDF) rats.  Upper panel shows basal temperature while the lower panel documents the temperature increase after acute cold exposure. # p< 0.05, ** p < 0.01, ***p <  0.001.
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Figure 6.- Thermal images of the interscapular BAT area in lean (ZL) and obese (ZDF) rats at thermoneutrality and after cold challenge. Effect of melatonin treatment at thermoneutrality and after cold exposure. 
	Phenotypes
	Groups 
	BAT mass
(mg)
	BAT mass
(mg/100g BW)
	Mitochondrial protein
(mg/100 mg BAT)
	Total mitochondrial protein
(mg)

	Lean
(ZL)
	Control
	314 ± 19
	133 ± 15
	6.80 ± 0.30
	21.35 ± 0.94

	
	Melatonin
	345 ± 37
	147 ± 13
	9.35 ± 0.50aa
	32.25 ± 1.72aa



	Obese
(ZDF)
	Control
	835± 37###
	161 ± 23#
	2.35 ± 0.50###
	19.6 ± 4.17


	
	Melatonin
	1203± 102**
	233 ± 31*
	3.90 ± 0.45**
	46.91 ± 5.40***



Table 1. BAT weight and mitochondrial mass. Values are the means ( S.E.M. *P< 0.05 ,**P< 0.01 ,***P< 0.001 M-ZDF vs. C- ZDF rats; #P< 0.05, # #P< 0.01 and # # # P< 0.001, C- ZDF vs. C -ZL rats; aaP< 0.01 M- ZL vs. C -ZL rats. C-ZL: control Zücker lean rats; M-ZL: melatonin treated ZL rats; C-ZDF: control Zücker diabetic fatty rats; M-ZDF: melatonin treated  Zücker diabetic fatty rats. 

	Phenotypes 
	Groups 
	GDP binding  
(nmol/mg mito prot) 
	Total GDP binding 
 (nmol) 

	Lean
(ZL)
	Control


	0.16 ± 0.02
	3.42 ± 0.42



	
	Melatonin


	0.15 ± 0.01
	4.83 ± 0.32a

	Obese
(ZDF)
	Control
	0.10 ± 0.02##
	1.96 ± 0.04###


	
	Melatonin
	0.15 ± 0.02**
	7.03 ± 0.04***



Table 2. BAT thermogenesis (GDP binding). Values are the means ( S.E.M. **P< 0.01, *** P< 0.001: M-ZDF vs. C- ZDF rats; # # P< 0.01 and # # # P< 0.001 C- ZDF vs. C -ZL rats; aP< 0.05,  *** M-ZL vs. C- ZL rats. C-ZL: control Zücker lean rats; M-ZL: melatonin treated ZL rats; C-ZDF: control Zücker diabetic fatty rats; M-ZDF: melatonin treated  Zücker diabetic fatty rats. 
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