
Biomedicine & Pharmacotherapy 172 (2024) 116314

Available online 22 February 2024
0753-3322/© 2024 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

Chronic melatonin treatment improves obesity by inducing uncoupling of 
skeletal muscle SERCA-SLN mediated by CaMKII/AMPK/PGC1α pathway 
and mitochondrial biogenesis in female and male Zücker diabetic fatty rats 

D. Salagre a, M. Navarro-Alarcón b, M. Villalón-Mir b, B. Alcázar-Navarrete c, G. Gómez-Moreno d, 
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A B S T R A C T   

Melatonin acute treatment limits obesity of young Zücker diabetic fatty (ZDF) rats by non-shivering thermo-
genesis (NST). We recently showed melatonin chronically increases the oxidative status of vastus lateralis (VL) in 
both obese and lean adult male animals. The identification of VL skeletal muscle-based NST by uncoupling of 
sarcoendoplasmic reticulum Ca2+-ATPase (SERCA)- sarcolipin (SLN) prompted us to investigate whether mela-
tonin is a SERCA-SLN calcium futile cycle uncoupling and mitochondrial biogenesis enhancer. Obese ZDF rats 
and lean littermates (ZL) of both sexes were subdivided into two subgroups: control (C) and 12 weeks orally 
melatonin treated (M) (10 mg/kg/day). Compared to the control groups, melatonin decreased the body weight 
gain and visceral fat in ZDF rats of both sexes. Melatonin treatment in both sex obese rats restored the VL muscle 
skin temperature and sensitized the thermogenic effect of acute cold exposure. Moreover, melatonin not only 
raised SLN protein levels in the VL of obese and lean rats of both sexes; also, the SERCA activity. Melatonin 
treatment increased the SERCA2 expression in obese and lean rats (both sexes), with no effects on SERCA1 
expression. Melatonin increased the expression of thermogenic genes and proteins (PGC1-α, PPARγ, and NRF1). 
Furthermore, melatonin treatment enhanced the expression ratio of P-CaMKII/CaMKII and P-AMPK/AMPK. In 
addition, it rose mitochondrial biogenesis. These results provided the initial evidence that chronic oral melatonin 
treatment triggers the CaMKII/AMPK/PGC1α axis by upregulating SERCA2-SLN-mediated NST in ZDF diabetic 
rats of both sexes. This may further contribute to the body weight control and metabolic benefits of melatonin.   

1. Introduction 

Enhancing energy expenditure is a promising strategy to reduce 
obesity. In homeothermic mammals, the skeletal muscle (SKM) is the 
largest organ and a main contributor to energy expenditure in adaptive 
temperature regulation by using muscle non-shivering thermogenesis 
(NST) [1]. SKM NST relies predominantly on futile calcium (Ca2+) 
handling regulation by Sarco(endo)plasmic reticulum Ca2+-ATPase 
(SERCA) [2–4]. SERCA maintains organellar and cytosolic Ca2+ levels 
and can be regulated by little peptides like Sarcolipin (SLN) that un-
couples SERCA activity [1]. These uncoupling mechanisms regulated by 

SLN mediate muscle NST improving energy expenditure, and body 
weight loss [5,6]. SLN, as an uncoupler of SERCA, leads to the Ca2+ futile 
cycling of the pump, and enhances ATP hydrolysis and heat production, 
generating energy demand [7]. Also, an increase of cytosolic Ca2+ ac-
tivates the Ca2+-dependent signaling pathway and nuclear transcription 
factors promoting mitochondria biogenesis [8]. Augmented generation 
of new mitochondria constitutes a significant constituent of adaptive 
thermogenesis, particularly within brown adipose tissue (BAT) and 
skeletal musculature [9]. Peroxisome proliferator-activated receptor 
gamma (PPARγ) is a nuclear receptor that regulates mitochondrial 
biogenesis and oxidative metabolism in SKM together with its 
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transcriptional coactivator the PPARγ coactivator 1-alpha (PGC1α), 
playing a vital role in adaptive thermogenesis by promoting the 
expression of genes involved in fatty acid oxidation and mitochondrial 
function, enhancing the energy expenditure, and reducing obesity [10, 
11]. PGC-1α elicits the enhancement of mitochondriogenesis through 
upregulating nuclear respiratory factor (NRF1), ultimately resulting in 
augmented mitochondrial DNA (mtDNA) replication and heightened 
respiratory gene transcription [12]. NRF1 is a transcription factor that 
controls mitochondrial biogenesis and oxidative metabolism in SKM, 
which may play a critical role in NST [13,14]. The thermogenic function 
of SLN is up-regulated by elevation of intracellular Ca2+ level [7] which 
can be stimulated by exercise training [15]. Citrate synthase (CS) is a key 
enzyme in the tricarboxylic acid cycle, which plays a vital role in 
oxidative metabolism and energy production [16]. SKM CS activity is 
regulated by various factors, including AMP-activated protein kinase 
(AMPK), which is a central regulator of cellular energy homeostasis 
[17]. AMPK is activated during energy stress [18] by Ca2+-dependent 
pathways like Ca2+/calmodulin (CaM)-dependent protein kinase II 
(CaMKII) and/or CaMKII kinase (CaMKKII) enhancing PGC1α expres-
sion and leading to increased energy expenditure, oxidative metabolism, 
and mitochondria biogenesis [19–21], being also a crucial pathway 
involved in the regulation of adaptive thermogenesis in SKM. Obesity is 
shown to disrupt cellular Ca2+ signaling affecting contractile function by 
decreasing muscle mass, force, power, and strength [22]. Also, these 
molecular changes affect Ca2+-dependent pathways decreasing AMPK 
and PGC1-α activation resulting in a loss of the SKM metabolic control 
[22]. Interestingly, SKM NST can be activated in animals by physio-
logical stimuli like cold exposure [23,24] and by several natural prod-
ucts limiting obesity [5]. Overall, understanding the various factors and 
mechanisms that regulate NST thermogenesis in SKM is crucial for 
developing effective therapy to treat obesity. 

Melatonin is a neurohormone produced at night by the pineal gland 
[25,26] and also in many other tissues [27], which can also be found in 
numerous plant-derived foods, medicinal plants, vegetables, fruits, ce-
reals, spices, and plant seeds [28,29]. Studies on female and male rats 
have reported that melatonin treatment curtails obesity without 
affecting feed intake and locomotor activity in part via the activation of 
thermogenesis of brown and beige adipose tissue [30–32]. However, 
those mechanisms alone seem to be insufficient to explain the 12% 
reduction in body weight elicited by melatonin. It has been recently 
proposed that melatonin may increase vastus lateralis (VL) muscle 
oxidative capacity in both obese and lean adult male ZDF rats [33]. 
However, direct proof of the thermogenic properties of the newly 
recruited VL muscle in response to melatonin is still lacking. Also, pre-
vious studies showed that melatonin increases intracellular Ca2+ levels 
in SKM revealing the tight connection between this indolamine and Ca2+

homeostasis [34,35]. Thus, in the present work, we investigated the 
potential role of orally chronic administrated melatonin on obesity and 
NST inducing Ca2+-dependent thermogenic pathways in the VL muscle 
from both sex ZDF rats. Overall, the mechanisms linking melatonin to 
NST via SLN activation remain unexamined. For this purpose, we used 
male and female ZDF rats, a model of diabesity with type 2 diabetes 
mellitus (T2DM) similarity to human pathogenesis [36,37]. The ZDF rat 
model utilized in this study best mirrors the characteristics of the 
physiopathology of diabesity in humans, owing in part to the specific 
diet provided according to the manufacturer’s instructions. This 
regimen results in both male and female rats becoming insulin-resistant 
and developing associated T2DM due to obesity [36,37]. Additionally, it 
is essential to consider that fat distribution in mammalian models differs 
across species and sexes. In humans, deep subcutaneous adipose tissue 
(dSAT) with similar characteristics to visceral adipose tissue (VAT) fat is 
closely related to obesity-associated complications and insulin resis-
tance [38]. Similarly, in the ZDF rat, perigonadal and perirenal visceral 
fat depots are linked to glucose intolerance and insulin resistance [39]. 
Thus, the ZDF rat model faithfully represents the physiopathology and 
the sex-based differences observed in obese women where a higher 

visceral fat index was found [38]. We evaluated the effects of chronic 
treatment of melatonin on body weight gain, relative visceral fat weight, 
the expression of SLN, or/and the activity of both SERCA isoform 1 
(SERCA1) and 2 (SERCA2). Also, we assessed the expression of ther-
mogenic proteins such as PGC1α, PPARγ, and NRF1. We examined the 
effect of melatonin on the VL muscle skin temperature at rodent’s 
thermoneutrality and after cold exposure, as a reflection of heat pro-
duction in female and male (6–18 weeks old) ZDF rats. 

2. Material and Methods 

2.1. Animals and experimental protocol 

This research was conducted following the ethical guidelines out-
lined by the European Union for the care and protection of animals and 
was approved by the Ethical Committee of the University of Granada 
(Granada, Spain) under permit project number 23/06/2021/096-CEEA. 
ZDF rats (fa/fa) from both sexes (male, N = 16; female, N = 16) and lean 
littermates (ZL, fa/-; male, N = 16; female, N = 16) were obtained at 5 
weeks (wks) of age. Male animals were maintained on Purina #5008 rat 
chow (protein 23%, fat 14%, carbohydrates (by difference) 51%, fiber 
4%, and ash 8%) and female on Research (protein 12%, fat 25.5%, 
carbohydrates (by difference) 51%, fiber 6% and ash 5.5%) and tap 
water ad libitum. The ZDF rats are widely acknowledged as a robust 
rodent model for studying the metabolic syndrome owing to their pro-
pensity to develop early and progressive obesity, dyslipidemia, hyper-
tension, endothelial dysfunction, hyperinsulinemia, and hyperglycemia 
when maintained with the mentioned specific and manufacture’s rec-
ommended diet for each sex, which closely mimic the clinical charac-
teristics of human T2DM [40,41]. T2DM manifests in these rats at 
approximately 9–10 wks of age, followed by insulinopenic diabetes at 
around 20 wks of age [41,42]. The animals were housed in pairs in 
transparent plastic cages in a climate-controlled environment main-
tained at thermoneutrality (28–30 ◦C) and 30–40% relative humidity, 
with a light/dark cycle of 12 hours (lights on at 7 a.m.). During the 
initial week following their arrival, the animals were allowed to accli-
matize to the room conditions, and their water intake was recorded. 
Subsequently, both male and female ZL and ZDF rats were divided into 
four groups: untreated control animals (male C-ZL and C-ZDF, and fe-
male C-ZL and C-ZDF; n = 8) and treated with oral melatonin 
(10 mg/kg/day) in drinking water with a final ethanol concentration of 
0.066% v/v for 12 wks (male M-ZL and M-ZDF, and female M-ZL and 
M-ZDF; n = 8). Fresh melatonin was prepared every two days, and the 
melatonin dose was adjusted based on body weight (BW) and water 
consumption, recorded daily, throughout the study period. Water bot-
tles were shielded with aluminum foil to safeguard against light expo-
sure. At the end of the experimental protocol, the animals were 
anesthetized with sodium thiobarbital (thiopental) and euthanized. An 
incision was made at the ventral midline, exposing the abdominal cav-
ity, and the gastrointestinal tract was removed through dissections 
above the stomach and at the base of the colon, exposing the internal fat 
pads. Retroperitoneal, perigonadal (testes or ovaries), and mesenteric 
fat pads were then removed. The mesenteric fat depot was removed from 
the length of the gut, with blood vessels and connective tissue included. 
The fat pads were weighed immediately after dissection to avoid evap-
orative weight loss. Estimates of visceral fat were calculated by summing 
intraabdominal fat pad (retroperitoneal, perigonadal, and mesenteric) 
weights and normalized to 100 g body weight (fat mass index, %) for 
central obesity determination. 

2.2. Acute cold challenge 

Melatonin administration was ceased 2 hours prior to the 
commencement of the experiment. The acute cold exposure was con-
ducted between 09:00 and 11:00 hr, lasting 5 minutes. First, rats were 
anesthetized with 4% isoflurane for induction and 2.5% isoflurane for 
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maintenance using an anesthesia gas vaporizer (MSSVAP02, MSS In-
ternational, United Kingdom). Then, the rats were placed on a hot/cold 
plate analgesia meter pre-cooled to 4◦C (Series 8 Model PE34, IITC Life 
Science, USA). This apparatus consisted of a 16.5 × 16.5 cm metal plate 
capable of being cooled to − 3◦C or heated to 65◦C. The plate’s tem-
perature was regulated by an electronic thermostat, and a front panel 
digital thermometer displayed the current temperature of the plate. 
Transparent plastic walls enclosed the plate, creating an environment 
with a temperature of approximately 10◦C. Thermal images of the su-
perficial VL regions were captured using a thermal imaging camera 
(E52, FLIR Systems AB, Sweden) with a temperature range spanning 
from − 20◦C to 120◦C. Images were taken perpendicular to the region of 
interest at 20 cm of distance before the cold challenge (at thermoneutral 
temperature, 28–30 ◦C) and immediately afterwards (at 4◦C). The 
temperature of the superficial VL skin was measured utilizing the ther-
mal camera, which is capable of detecting even subtle changes in tissue 
temperature. 

2.3. Total VL protein extraction and Protein expression analysis by 
Western-Blot 

Proteins were extracted from approximately 0.5 g of the VL sample 
using RIPA Lysis Buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Nonidet P- 
40, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl sulfate (SDS)). 
To enhance the protein isolation process, 1% Triton X-100, 1% protease 
inhibitor cocktail, and 1% phosphatase inhibitor cocktail were added to 
the buffer. Homogenization was performed using a Teflon pestle (10 
cycles of 6 seconds each) while maintaining a constant temperature of 4 
◦C throughout all procedures. The resulting homogenates were then 
subjected to centrifugation at a speed of 13,000 × g for a duration of 
15 minutes at 4 ◦C. The supernatant, which appeared clear, was 
cautiously transferred to a new tube, and aliquots of the total protein 
lysate were preserved at − 80 ◦C for subsequent Western blotting anal-
ysis. Protein concentration was determined using the Bradford method, 
employing bovine serum albumin (BSA) as the standard. 

For the analysis of total protein extracts, 50 µg of protein was sepa-
rated using SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The 
gels were then transferred onto a nitrocellulose membrane (Bio-Rad 
Trans-Blot SD, Bio-Rad Laboratories, Hercules, CA, USA). Subsequently, 
the membranes were subjected to a blocking step (1 hour at room 
temperature (RT)) using Blocking Buffer (Phosphate Buffer Saline (PBS) 
containing 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM 
KH2PO4, supplemented with 1% Tween-20 (PBS-T) and 5% non-fat dry 
milk). Overnight incubation was carried out at 4 ◦C with primary anti-
bodies specifically raised in mice and rabbit against SERCA1 (cat#-
SAB4502027, Sigma-Aldrich, Spain), SERCA2 (cat#S1439, Sigma- 
Aldrich, Spain), SLN (cat#MBS713457, MyBiosource, USA), PGC1α 
(cat#SAB2500781, Sigma-Aldrich, Spain), PPARγ (cat#A-
V32880–100UL, Sigma-Aldrich, Spain), AMPK (cat#SAB4502329, 
Sigma-Aldrich, Spain), P-AMPK (cat#SAB4503754, Sigma-Aldrich, 
Spain), Calmodulin (cat#SC-137079, Santa Cruz Biotechnology, USA), 
CaMKII (cat#SC-13141, Santa Cruz Biotechnology, USA), P-CaMKII 
(cat#SC-32289, Santa Cruz Biotechnology, USA), CaMKKII 
(cat#PA5–78909, Thermofisher Scientific, Spain), and P-CaMKKII 
(cat#PA5–105225, Thermofisher Scientific, Spain) at dilutions of 
1:1000 in the PBS-T with 10% Blocking Buffer. An anti-β-actin antibody, 
generated in mice (cat#SC-81178; Santa Cruz Biotechnology, USA), was 
utilized at a dilution of 1:1000 in the PBS-T with 10% Blocking Buffer as 
a loading control. Following overnight incubation, the membranes un-
derwent three 15-minute washes in PBS-T to eliminate any unbound 
primary antibodies. Subsequently, the membranes were incubated at 
room temperature for 2 hours with respective horseradish peroxidase 
(HRP)-conjugated secondary antibodies (cat#A16035, Donkey anti- 
Rabbit IgG, Thermofisher Scientific, Spain; cat#MBS674947, Donkey 
Anti-Mouse IgG, MyBiosource, USA) at a dilution of 1:2000 in the PBS-T 
with 10% Blocking Buffer. After three additional 15-minute washes in 

PBS-T, immunoreactive proteins were detected using the Clarity West-
ern ECL commercial kit (BioRad, Spain) following the manufacturer’s 
instructions. Signal intensities were captured using the Image Station 
4000MM Pro Molecular Imaging system (Kodak, USA) and quantita-
tively analyzed using Image J 1.33 software (National Institutes of 
Health, Bethesda, MD, USA). The obtained results were normalized to 
β-actin amounts. All experiments were performed in triplicate. 

2.4. Total VL RNA extraction and gene expression analysis by reverse 
transcriptase-quantitative-polymerase chain reaction (RT-q-PCR) 

Approximately 25 mg of VL tissue was used to extract total RNA 
employing the RNeasy Mini Kit (cat#74104, QIAGEN, Germany). The 
integrity and quantity of the isolated RNA were assessed by spectro-
photometric absorption at 230, 260 and 280 nm using a Nanodrop One/ 
One (cat#ND-ONE-W, Thermofisher Scientific, Spain). 

Subsequently, 1.0 μg of RNA was utilized for the synthesis of first- 
strand cDNA by GoScript Reverse Transcriptase Kit (cat#A5001, 
Promega, USA). The RT process was conducted in a final 20 μL reaction 
volume. 

For q-PCR, GoTaq qPCR Master Mix (cat#A6002, Promega, USA) 
was used following manufacturer’s protocol and amplification was 
measured in a QuantStudio 3 Real-Time PCR System thermocycler 
(cat#A28567, Thermofisher Scientific, Spain). The primers used for 
amplifying the target genes (PPARG, PPARGC1A, NRF1) were generated 
using Primer-Blast platform from National Center for Biotechnology 
Information (NCBI) and listed in Table 1. Amplification of β-actin 
(ACTB) cDNA was used as an internal control. To ensure PCR linearity 
and validate cDNA quantitation, appropriate controls and standard 
curves were performed by amplifying first-strand cDNA for 16–31 cy-
cles. The amplified products were separated on a 1% agarose gel and 
stained with Sybr Safe (cat#S33102, Thermofisher Scientific, Spain) for 
verifying RT-q-PCR quality. 

2.5. Genomic DNA extraction and mitochondrial DNA copy number 
analysis 

Approximately 25 mg of VL tissue was used to extract genomic DNA 
employing the DNeasy Blood and Tissue Kit (cat#69504, QIAGEN, 
Germany). The integrity and quantity of the isolated DNA were assessed 
by spectrophotometric absorption at 230, 260 and 280 nm using a 
Nanodrop One/One (cat#ND-ONE-W, Thermofisher Scientific, Spain). 

Genomic DNA was digested by XhoI restriction enzyme 
(cat#R0146L, New England Biolabs, USA) using 20 units of enzyme per 
µg of genomic DNA in 1 hour digest at 37◦C in a total reaction volume of 
50 µl. After digestion, enzyme was inactivated by incubation at 65◦C for 
20 minutes. 

mtDNA copy number was measured by taking ratio between a target 
mitochondrial gene and a reference nuclear gene (mtDNA /nDNA) using 
q-PCR as previously described. The primers used for amplifying the 
mitochondrial target gene (MT-RNR2) were listed in Table 1. Amplifi-
cation of GAPDH was used as an internal control of nuclear DNA copy 
number. The amplified products were separated on a 1% agarose gel and 
stained with Sybr Safe (cat#S33102, Thermofisher Scientific, Spain) for 
verifying q-PCR quality. 

2.6. Mitochondrial isolation and CS activity measurement 

VL samples, weighing approximately 300 mg, were dissected. 
Mitochondria were subsequently isolated from this tissue using a 
sequential centrifugation technique following a previously reported 
protocol, that has the advantage of preserving the integrity of the 
mitochondrial membrane, with minor adaptations [43]. The excised 
tissues were thoroughly rinsed with cold saline and homogenized in an 
isolation medium (IM) composed of 10 mM Tris, 250 mM sucrose, 
0.5 mM Na2EDTA, and 1 g/L BSA with free fatty acids (pH 7.4, 4 ◦C), 
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using a Teflon pestle (4 cycles of 6 seconds each). The resulting ho-
mogenate was subjected to centrifugation at 1000× g for 10 minutes at 4 
◦C, followed by centrifugation of the supernatant at 15,000× g for 
20 minutes at 4 ◦C. The resulting pellet was resuspended in 1 mL of IM 
devoid of BSA, and a portion of the suspension was frozen for subsequent 
determination of protein concentration using the Bradford method. The 
remaining mitochondrial suspensions were then subjected to centrifu-
gation at 15,000× g for 20 minutes at 4 ◦C, followed by resuspension in 
1 mL of 1x Assay Buffer for CS (cat#B6935, Sigma-Aldrich, Spain). The 
mitochondrial suspensions were kept on ice for 10–15 minutes before 
further experiments. 

CS activity analysis was performed in isolated mitochondrial from VL 
using a CS Assay Kit (cat#CS0720, Sigma-Aldrich, Spain) following 
manufacturer’s protocol in a 96-well plate and measuring the absor-
bance at 412 nm in the plate reader spectrophotometer Infinite F200 
(TECAN, Swiss). CS activity was expressed as nmol/min/mg protein. 

2.7. Endoplasmic reticulum (ER) isolation and sarcoendoplasmic 
reticulum Ca2+-ATPase (SERCA) activity measurement 

For ER isolation, approximately 0.5 g of VL were homogenized in the 
IM with a Teflon pestle (4 cycles of 6 seconds each). The homogenate 
was centrifuged at 1000× g for 10 minutes at 4 ◦C, followed by centri-
fugation of the supernatant at 15,000× g for 20 minutes at 4 ◦C. Finally, 
the supernatant was centrifuged at 100,000x g for 1 hour at 4 ◦C and the 
resulting pellet was resuspended in 1 mL of IM without BSA. An aliquot 
of the suspension was frozen for subsequent determination of protein 
concentration using the Bradford method. The remaining ER suspen-
sions were then centrifuged at 100,000× g for 1 hour at 4 ◦C, followed 
by resuspension in 100 µL of incubation medium (80 mM KCl, 25 mM 
MOPS, 3 mM MgCl2, 5 mM sodium azide, pH 7.4). 

SERCA activity was measured in ER and mitochondria isolated from 
VL samples through a spectrophotometric method based on the forma-
tion of a complex coordinated with phosphate ion that is released as a 
product of ATP hydrolysis (antimony-phosphomolybdate complex), 
generating a characteristic blue coloration also known as molybdate 
blue whose absorbance can be measured at 850 nm [44,45]. The rate of 
phosphate release serves us as a direct measure of the Ca2+-ATPase 
activity. To start reaction, 50 µg of isolated ER or mitochondria were 
incubated 5 minutes at 37 ºC in 100 µl of incubation medium supple-
mented with 2 mM ATP and 0.4 mM CaCl2. After incubation, 900 µl of 
coloring solution (40 µM Potassium Antimony Tartrate, 0.5 mM 
Ammonium Molybdate, 125 mM H2SO4 and 10 mM Ascorbic Acid) 
were added to samples and absorbance was measured at 850 nm. Con-
trol experiments of SERCA activity were performed in the presence of 
1 µM thapsigargin. 

2.8. Statistical analysis 

All experiments were conducted in triplicate, with each experiment 
being repeated at least twice in each rat to enhance the robustness of the 
findings. The results were presented as means ± standard deviation (SD) 
values. Comparative analyses between experimental groups were per-
formed using a one-way analysis of variance (ANOVA), followed by the 
post-hoc Tukey’s Test. Statistical significance was attributed to 

differences between groups when the P-value was less than 0.05. Sta-
tistical data analyses were carried out using SPSS version 22 for Win-
dows (SPSS, Michigan, IL, USA). 

3. Results 

3.1. Effects of melatonin on BW and central obesity 

To evaluate the effectiveness of melatonin against obesity, we first 
tested its effect on final body weight (FBW), body mass index (BMI), and 
normalized body weight gain (BW gain). The effects of melatonin on 
FBW (g), BMI (Kg/m2), and BW gain (g/100gBW) are shown in Table 2 
and Fig. 1. No difference in initial weights before the start of the ex-
periments at 6 wks of life was observed between the two phenotypes of 
the same sex, nor between sexes. As expected, after the 12 wks of the 
experimental period, FBW, BW gain, and BMI were significantly greater 
in the C-ZDF (female, 342.6 ± 11; 62.97±4.43; 6.32±0.1; and male, 
432.2 ± 3; 85.67±1.15; 6.44±0.05, respectively) compared to C-ZL of 
both sex animals (female, 252.2±9; 40.73±3.38; 4.41± 0.4; and male, 
356.6±13; 69.09±5.22; 5.02±0.07, P < 0.01) (Table 2, Fig. 1). Also, 
male C-ZDF rats presented higher FBW and BW gain compared to female 
ones (male, 432.2 ± 3; 85.67±1.15, and female, 342.6 ± 11; 62.97 
±4.43, respectively; P < 0.05; Table 2 and Fig. 1). As expected, the food 
intake was higher in both sex ZDF than in ZL rats with no differences 
between sexes (Supplementary material Table 1). 

The melatonin treatment significantly reduced the FBW, BW gain, 
and BMI in ZDF rats (female, to 297.9±6; 52.06±2.33; 5.12±0.3; male, 
to 374.6±6; 71.95±2.22; 5.69±0.34; P < 0.05) also as well significantly 
in ZL ones in the following parameters (female BMI, to 3.97 ±0.07; male 
FBW, to 316±3 and BW gain to, 59.14±3.00; P < 0.05; Table 2 and 
Fig. 1) and with no effects in others. The food intake was not influenced 
by melatonin treatment in either group (Supplementary material 
Table 1). 

After that, to identify whether the melatonin treatment effected 
central specific white adipose depots, we weighed total VAT from 
visceral different anatomical locations; retroperitoneal adipose tissue 
(RAT), perigonadal adipose tissue (PAT), and mesenteric adipose tissue 

Table 1 
List of primers pair used in RT-q-PCR and mitochondrial DNA copy number measurements.  

Gene Forward sequence (5’ → 3’) Reverse sequence (5’ → 3’) 

PPARG CACAATGCCATCAGGTTTGGG CAAATGCTTTGCCAGGGCTC 
PPARGC1A TATGGAGTGACATAGAGTGTGCT GTCGCTACACCACTTCAATCC 
NRF1 TACAAGGCGGGGGACAGATA TGAACTCCATCTGGGCCATT 
ACTB ACCCGCCACCAGTTCGCCAT CGGCCCACGATGGAGGGGAA 
MT-RNR2 AATGGTTCGTTTGTTCAACGATT AGAAACCGACCTGGATTGCTC 
GAPDH TGGCCTCCAAGGAGTAAGAAAC GGCCTCTCTCTTGCTCTCAGTATC  

Table 2 
Initial body weight, final body weight, and final body mass index in both ZL and 
Zücker diabetic fatty (ZDF) groups of both sex female and male groups: control 
and melatonin-treated. Results were expressed as the mean and S.E.M., respec-
tively (n = 8). One-way ANOVA followed by Tukey’s post- test, (*P < 0.05 
melatonin vs control rats; ##P < 0.01 C-ZDF vs C-ZL rats; †P < 0.05 female C- 
ZDF vs male C-ZDF).  

Sex Phenotypes 
Initial Body 
Weight (g) 

Final Body 
Weight (g) 

Final Body Mass 
Index (Kg/m2) 

Female 

C-ZL 98.3 ± 16 252.2 ± 9 4.41 ± 0.04 
M-ZL 102.4 ± 9 251.0 ± 5 3.97 ± 0.07 * 

C-ZDF 104.6 ± 12 342.6 ± 11 
## 

6.32 ± 0.10 ## 

M-ZDF 101.1 ± 16 297.9 ± 6 * 5.12 ± 0.31 * 

Male 

C-ZL 95.4 ± 22 356.6 ± 13 5.02 ± 0.07 
M-ZL 92.7 ± 20 316.3 ± 8 * 5.06 ± 0.15 

C-ZDF 108.4 ± 17 
432.2 ± 3 ## 
†

6.44 ± 0.05 ## 

M-ZDF 102.6 ± 23 374.6 ± 6 * 5.69 ± 0.34 *  
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(MAT), we precisely tested its effect in central obesity or visceral 
adiposity as expressed by VAT (g) and its adjusted index (VAT I) (% g 
BW) (Table 3). As expected, after the 12 wks of the experimental period, 
not only VAT and VAT I were significantly greater in the C-ZDF (female, 
44.64 ± 2.06; 13.03 ± 0.41; and male, 49.3±2.081; 11.41±0.15) 
compared to C-ZL of both sex animals (female, 7.83±0.6; 3.1± 0.013; 
and male, 11.36±0.85; 3.18±0.17, P < 0.01; respectively) (Table 3), 
also as well, fat mass and index were higher in both sex obese rats 
compared to lean regarding to RAT (female, 21.12±0.93 and 6.16±0.18 
vs 3.5±1.12 and 1.39±0.22; male, 24.05±2.82 and 5.56±0.3 vs 4.56 
±0.54 and 1.28±0.1), PAT (female, 16.88±1.06 and 4.93±0.21 vs 2.42 
±0.32 and 0.96±0.06; male, 20.36±1.61 and 4.71±0.3 vs 4.51±0.7 and 
1.26±0.13) and MAT (female, 6.61±0.64 and 1.93±0.12 vs 1.85±0.29 
and 0.73±0.15; male, 5.55±0.7 and 1.28±0.12 vs 2.2±0.51 and 0.62 
±0.1; P < 0.01) visceral fat pads. Furthermore, female C-ZDF rats pre-
sented increased VAT and MAT index compared to male C-ZDF ones 
(female, 13.03 ± 0.41 and 1.93±0.12 vs. male, 11.41±0.15 and 1.28 

±0.12, respectively; P < 0.05; Table 3). 
Melatonin treatment significantly dropped both VAT and its index in 

both phenotype and sex rat (female; obese M-ZDF, 34.5±0.14; 11.58 
±0.02, P < 0.01; and lean M-ZL 6.43±0.4; 2.56±0.08, P < 0.05; male M- 
ZDF, 26.16±1.01; 6.98±0.2, P < 0.01; and M-ZL 8.74±0.61; 2.76±0.13, 
P < 0.05), by decreasing the RAT and its index (female M-ZDF, 19.25 
±0.21; 4.47±0.14, P < 0.01; and M-ZL fat index 0.98±0.0.05, P < 0.05; 
male M-ZDF, 13.47±1.05; 3.59±0.21, P < 0.01; and M-ZL fat index 0.94 
±0.2, P < 0.05) and also PAT (female M-ZDF, 9.49±0.61; 3.18±0.12; 
and male M-ZDF, 8.75±0.29; 2.33±0.09; P < 0.01) mass and its index 
with no effects in mesenteric visceral fat pad (Table 3). 

3.2. Effects of melatonin on VL thermogenic activity 

SKM plays an important role in thermoregulation and functions as 
thermogenic tissue. Consequently, an association is anticipated between 
the temperature of the superficial skin and the thermogenic activity of 

Fig. 1. Body weight gain in female and male ZL and Zücker diabetic fatty (ZDF) animals: control and melatonin-treated. Values are the means ± S.E.M. of 8 animals/ 
group. Values not sharing a common superscript letter are significantly different by ANOVA/LSD (*P < 0.05 melatonin vs control rats; ##P < 0.01 C-ZDF versus C-ZL 
rats; †P < 0.05 female C-ZDF vs male C-ZDF). 

Table 3 
Mass (g) and relative mass index of the total visceral (TVAT), retroperitoneal (RAT), perigonadal (PAT), and mesenteric (MAT) adipose tissues of rats from both ZL and 
Zücker diabetic fatty (ZDF) groups of both sex female and male groups: control and melatonin. The values in the columns represent the mean and S.E.M., respectively 
(n = 8). One-way ANOVA followed by Tukey’s post- test, (*P < 0.05 and **P < 0.01 melatonin vs control rats; ##P < 0.01 C-ZDF vs C-ZL rats; †P < 0.05 female C-ZDF vs 
male C-ZDF).  

Sex Phenotypes 
Visceral AT: 

Fat index (%) 
Fat mass (g) 

Retroperitoneal AT: 
Fat index (%) 
Fat mass (g) 

Perigonadal AT: 
Fat index (%) 
Fat mass (g) 

Mesenteric AT: 
Fat index (%) 
Fat mass (g) 

Female 

C-ZL 3.1 ± 0.13 
7.83 ± 0.6 

1.39 ± 0.22 
3.5 ± 1.12 

0.96 ± 0.06 
2.42 ± 0.32 

0.73 ± 0.15 
1.85 ± 0.29 

M-ZL 2.56 ± 0.08 * 
6.43 ± 0.4 * 

0.98 ± 0.05 * 
2.46 ± 0.15 

1 ± 0.06 
2.52 ± 0.31 

0.57 ± 0.12 
1.43 ± 0.12 

C-ZDF 
13.03 ± 0.41 ## 
44.64 ± 2.06 ## 

6.16 ± 0.18 ## 
21.12 ± 0.93 ## 

4.93 ± 0.21 ## 
16.88 ± 1.06 ## 

1.93 ± 0.12 ## 
6.61 ± 0.64 ## 

M-ZDF 
11.58 ± 0.02 ** 
34.5 ± 0.14 ** 

4.47 ± 0.14 ** 
19.25 ± 0.21 ** 

3.18 ± 0.12 ** 
9.49 ± 0.61 ** 

1.94 ± 0.06 
5.79 ± 0.35 

Male 

C-ZL 3.18 ± 0.17 
11.36 ± 0.85 

1.28 ± 0.1 
4.56 ± 0.54 

1.26 ± 0.13 
4.51 ± 0.7 

0.62 ± 0.1 
2.2 ± 0.51 

M-ZL 
2.76 ± 0.13 * 
8.74 ± 0.61 * 

0.94 ± 0.2 * 
2.97 ± 1.01 

1.16 ± 0.12 
3.67 ± 0.59 

0.61 ± 0.09 
1.93 ± 0.45 

C-ZDF 
11.41 ± 0.1 ## †
49.3 ± 3.08 ## 

5.56 ± 0.3 ## 
24.05 ± 2.82 ## 

4.71 ± 0.3 ## 
20.36 ± 2.61 ## 

1.28 ± 0.12 ## †
5.55 ± 0.7 ## 

M-ZDF 
6.98 ± 0.2 ** 

26.16 ± 1.01 ** 
3.59 ± 0.21 ** 
13.47 ± 1.05 ** 

2.33 ± 0.09 ** 
8.75 ± 0.29 ** 

1.13 ± 0.16 
4.25 ± 0.19  
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the subjacent VL muscle. That is why thermal images were taken to test 
melatonin’s effect on the VL thermogenic activity. As illustrated in  
Fig. 2, the temperature (ºC) of the skin underlying the VL muscle of C- 
ZDF rats and the response to cold challenge were lower in both sexes 
(female, 33.91±0.37; 0.17± 0.03; and male, 34.36±0.19; 0.13±0.04, 
respectively) compared to C-ZL ones (female, 35.23±0.36; 0.82± 0.09; 
and male, 35.12±0.22; 0.76±0.02; basal skin temperature, P < 0.05; 
cold challenge, P < 0.01). 12 weeks of prolonged administration of 
melatonin restored the superficial skin temperature in both sex obese 
rats (female, 34.89±0.34; and male, 35.02±0.25; P < 0.05). Melatonin 
additionally heightened the response to cold exposure, leading to an 
increase in superficial skin temperature in both sex ZDF rats (female, 
0.47±0.02; and male, 0.66±0.0.07; P < 0.01) as well in male ZL rats 
(1.02±0.06; P < 0.05; Fig. 2). 

3.3. Effects of melatonin on VL SERCA-SLN uncoupling 

One of the recently discovered molecular signatures leading to 
thermogenic activity in SKM is the uncoupling of SERCA activity 
mediated by SLN. Therefore, we quantified the protein expression of 
SLN and SERCA isoforms, along with SERCA activity, in extracts from 
the VL muscle of both sex lean and obese rats following melatonin 
treatment, performing Western blot and spectrophotometry techniques, 
respectively. As expected from the thermal images, SLN and SERCA 
activity (nmol Pi/min/mg protein) were observed to be diminished in 
untreated obese animals from both sexes (female, 0.31±0.03; 25.67 
±2.21; and male, 0.36±0.04; 11.1±0.92, respectively) compared to lean 
control littermates (female, 0.54±0.04; 33.36±3.04; and male, 0.66 
±0.02; 18.98±0.72; SLN, P < 0.01; SERCA activity, P < 0.05), and 
melatonin treatment completely recovered (female, 0.51±0.03; 36.9 
±1.99; and male, 0.61±0.04; 17.73±0.55; SLN, P < 0.01; SERCA ac-
tivity, P < 0.05), and even increasing them in both sex ZL treated rats 
(female SLN, 0.84±0.03, P < 0.01; and SERCA activity, 43.61±1.74, P <
0.05; and male SLN, 0.8±0.02, P < 0.05; and SERCA activity, 27.21 
±0.75, P < 0.01; Fig. 3A, B). Furthermore, female ZDF rats presented 
higher SERCA activity compared to males (female, 25.67±2.21 vs. male, 
11.1±0.92; P < 0.05; Fig. 3B). Concerning SERCA isoforms expression, 
SERCA2 expression was lower in VL from both sex ZDF rats (female, 1.59 
±0.19; and male, 1.93±0.18) compared to their lean control animals 
(female, 2.63±0.16; and male, 2.86±0.11; P < 0.05). No differences in 
SERCA1 expression were observed between the two phenotypes, nor 
between sexes (Fig. 3D). Melatonin was shown to restore basal expres-
sion in VL from both sex ZDF rats (female, 2.41±0.17; and male, 2.68 
±0.12; P < 0.05) also increasing SERCA 2 expression in ZL rats (female, 
4.05±0.37; and male, 3.76±0.09; P < 0.05; Fig. 3C). This thermogenic 
effect of melatonin increasing SLN and SERCA expression is also 
apparent in the blots shown in Fig. 3E. 

3.4. Effects of melatonin on VL activation of Ca+2-dependent thermogenic 
pathway 

As the main function of SERCA is Ca+2 transport from the cytosol into 
the endoplasmic reticulum, to determine whether SERCA-SLN uncou-
pling mediated by melatonin treatment may regulate the Ca2+-depen-
dent thermogenic pathway, we performed a western blot technique to 
measure the activation (by phosphorylation) of different proteins 
involved in this thermogenic Ca+2-dependent molecular signaling 
cascade. Obese-diabetic rats from both sexes presented lower levels of 
CaM expression (female, 0.11±0.010; male, 0.08±0.014) compared to 
their respective lean control female (0.16±0.012; P < 0.05) and male 
animals (0.17±0.002; P < 0.01). After melatonin treatment, CaM 
expression in the VL muscle was increased in both sex and phenotype 
animals (female M-ZDF, 0.31±0.008; and M-ZL, 0.29±0.015; male M- 
ZDF, 0.16±0.009; and M-ZL, 0.29±0.03; P < 0.01; Fig. 4A). The P- 
CaMKKII/CaMKKII ratio was also decreased in both sex ZDF rats (fe-
male: C-ZDF, 0.05±0.002 vs. C-ZL, 0.18±0.014; male: C-ZDF, 0.07 

±0.003 vs. C-ZL, 0.18±0.013; P < 0.01; Fig. 4B), with greater ratio 
reduction in females than in males (female C-ZDF, 0.05±0.002 vs. male 
C-ZDF, 0.07±0.003; P < 0.05). Moreover, obese rats exhibited reduced 
levels of both CaMKKII (female: C-ZDF, 0.34±0.04 vs. C-ZL, 0.62±0.03; 
male: C-ZDF, 0.75±0.05 vs. C-ZL, 1.04±0.02; P < 0.05; Fig. 4C) and P- 
CaMKKII (female: C-ZDF, 0.002±0.005 vs. C-ZL, 0.11±0.007; male: C- 
ZDF, 0.01±0.006 vs. C-ZL, 0.18±0.015; P < 0.01; Fig. 4D), with also 
reduced levels of CaMKKII expression in females than males (female C- 
ZDF, 0.34±0.04 vs. male C-ZDF, 0.75±0.05; P < 0.05). In the VL from 
both sex obese rats, melatonin restored CaMKKII (female, 0.59±0.02; 
male, 1.13±0.08; P < 0.05; Fig. 4C) and P-CaMKKII expression (female, 
0.13±0.008; male, 0.12±0.012; P < 0.01; Fig. 4D), increasing the P- 
CaMKKII/CaMKKII ratio (female, 0.21±0.005, P < 0.01; male, 0.11 
±0.003, P < 0.05; Fig. 4B), and also enhanced CaMKKII and P-CaMKKII 
levels in both sex lean rats (female, 0.85±0.04; 0.15±0.007; male, 1.23 
±0.03; 0.26±0.017; respectively; P < 0.05, Fig. 4C, D). The P-CaMKII/ 
CaMKII ratio was also lower in both sex obese ZDF rats (female, 0.3 
±0.01; male, 0.16±0.01) compared to their respective female (C-ZL, 
0.42±0.01; P < 0.05) and male (C-ZL, 0.62±0.04; P < 0.01) lean control 
rats (Fig. 4E). Moreover, as shown in Figs. 4F and 4G, CaMKII and P- 
CaMKII levels, respectively, were also diminished in both sex ZDF rats 
(female, 0.53±0.02 and 0.17±0.01; male, 0.57±0.13 and 0.11±0.02; 
respectively) compared to their respective ZL controls (female, 0.87 
±0.03 and 0.36±0.02; male, 1.38±0.23 and 0.85±0.09; respectively, P 
< 0.01). Reduction in the P-CaMKII/CaMKII ratio and P-CaMKII protein 
expression observed in obese-diabetic rats was greater in males when 
compared to female rats (female C-ZDF, 0.3±0.01 and 0.17±0.01; vs. 
male C-ZDF 0.16±0.01 and 0.11±0.02; respectively, P < 0.05). After 
melatonin treatment, protein expression of CaMKII and P-CaMKII was 
enhanced in the VL from both sex obese (M-ZDF female, 0.86±0.05 and 
0.51±0.01; and male, 1.24±0.04 and 0.41±0.03; P < 0.01) and also 
female lean rats (M-ZL CaMKII, 1.16±0.03; P < 0.05; and P-CaMKII, 
0.67±0.01; P < 0.01; Fig. 4F, G respectively), increasing the P-CaMKII/ 
CaMKII ratio in both sex obese (M-ZDF female, 0.67±0.07; and male, 
0.41±0.01; P < 0.01) and female lean animals (M-ZL, 0.58±0.02; P <
0.05; Fig. 4E). Lastly, the P-AMPK/AMPK ratio was observed to be 
decreased in both sex obese animals (female, 0.46±0.04; and male, 0.46 
±0.03) when compared to ZL control rats (female, 0.77±0.1; and male, 
0.77±0.09; P < 0.01; Fig. 4H), as well as the AMPK (female C-ZDF, 0.77 
±0.1 vs. C-ZL, 1.31±0.08; and male C-ZDF, 0.7±0.05 vs. C-ZL, 1.32 
±0.04; P < 0.01; Fig. 4I) and the P-AMPK levels in the same rats (female 
C-ZDF, 0.37±0.02 vs. C-ZL, 0.98±0.03; and male C-ZDF, 0.32±0.1 vs. C- 
ZL, 1.1±0.12; P < 0.01; Fig. 4J). As a consequence of the Ca2+ ther-
mogenic pathway activation by melatonin, the P-AMPK/AMPK ratio was 
increased in the VL from both sex obese rats (female, 0.8±0.04; and 
male, 0.8±0.05; P < 0.01; Fig. 4H) due to an increase in the protein 
expression levels of AMPK and P-AMPK in the VL from the ZDF female 
(1.39±0.02 and 1.12±0.05, respectively; P < 0.01) and male rats (0.89 
±0.09 and 1.03±0.02; P < 0.05; Fig. 4I, J respectively). Melatonin ef-
fects in the activation of the Ca+2-dependent thermogenic pathway are 
also shown in blots from Fig. 4K. 

3.5. Effects of melatonin on VL thermogenic gene and protein expression 

The transcription factor PCG1α serves as a central regulator in the 
nucleus of thermogenesis, governing the activation of other thermogenic 
genes such as NRF1 and PPARγ, which contribute significantly to 
mitochondrial functionality and biogenesis. In both sex obese rats 
compared to control ZL ones, a decreased PGC1α gene (female, C-ZDF 
0.55±0.18 vs. C-ZL 1.11±0.13; male, C-ZDF 0.8±0.03 vs. C-ZL 1.35 
±0.12; P < 0.05; Fig. 5A) and protein expression (female, C-ZDF 0.34 
±0.02 vs. C-ZL 0.79±0.01; male, C-ZDF 0.33±0.01 vs. C-ZL 0.73±0.09; 
P < 0.01; Fig. 5B) was observed. Melatonin treated rats, compared to 
their respective controls, presented increased PCG1α gene expression 
(female: M-ZDF, 1.02±0.06, P < 0.05; and M-ZL, 1.68±0.19, P < 0.01; 
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male: M-ZDF, 2.01±0.28, P < 0.01; and M-ZL, 1.8±0.22, P < 0.05; 
Fig. 5A), and also, protein expression in VL from both sex obese (female, 
0.61±0.06; male, 0.61±0.07; P < 0.01) and lean rats (female, 0.91 
±0.03; male, 1.06±0.12; P < 0.05; Fig. 5B). Quantitative PCR analysis 
was performed in the VL muscle of obese animals noticing that increased 
expression of NRF1 was observed in female compared to male ZDF rats 
(female, 1.22±0.04; male, 0.26±0.03; P < 0.01; Fig. 5C) with no sex- 

based differences in the other thermogenic gene expression. Melatonin 
increased the NRF1 gene expression reversing the diminished levels 
observed in both sex ZDF rats (female, M-ZDF 2.41±0.11 vs. C-ZDF 1.22 
±0.04; P < 0.01; male, M-ZDF 0.58±0.06 vs. C-ZDF 0.26±0.03; P <
0.05) reaching expression levels of lean counterparts (female, 2.18 
±0.05; P < 0.01; male, 0.42±0.04; P < 0.05; Fig. 5C). Moreover, PPARγ 
gene and protein expression was also reduced in VL from both sex ZDF 

Fig. 2. Melatonin effects on Local Superficial Temperature in female and male VL. A-B Representative thermal images of the skin overlying the VL in lean (ZL) 
and obese (ZDF) rats at thermoneutrality and after cold challenge in female (A) and male (B) animals. The left panel shows basal temperature while the right panel 
documents the temperature increase after acute cold exposure. C Quantitative Local VL temperature at thermoneutrality. D Quantitative Local VL temperature after 
cold challenge at 4ºC. Results are expressed as the means ± S.E.M. of 8 animals/group. One-way ANOVA followed by Tukey’s post- test was performed for statical 
analysis (*P < 0.05 and **P < 0.01 melatonin vs control rats; #P < 0.05 and ##P < 0.01 C-ZDF vs C-ZL rats). 

Fig. 3. Melatonin effects on SERCA-SLN uncoupling in female and male VL. A Densitometry quantification of SLN expression in the VL from lean (ZL) and obese 
(ZDF) rats in female and male animals. B Specific SERCA activity in the VL from lean (ZL) and obese (ZDF) rats in female and male animals. C Densitometry 
quantification of SERCA2 expression in the VL from lean (ZL) and obese (ZDF) rats in female and male animals. D Densitometry quantification of SERCA1 expression 
in the VL from lean (ZL) and obese (ZDF) rats in female and male animals. E Representative blots of SLN, SERCA2, and SERCA 1 expression in the VL from lean (ZL) 
and obese (ZDF) rats in female (left) and male (right) animals. Results are expressed as the means ± S.E.M. of three independent experiments in duplicate. One-way 
ANOVA followed by Tukey’s post-test was performed for static analysis (*P < 0.05 and **P < 0.01 melatonin vs control rats; #P < 0.05 and ##P < 0.01 C-ZDF vs C-ZL 
rats; †P < 0.05 female C-ZDF vs male C-ZDF). 
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rats (female, 0.57±0.12 and 0.67±0.04; and male, 0.82±0.13 and 0.61 
±0.02, respectively) compared to their ZL control female (PPARγ gene 
and protein expression respectively: 1.07±0.08 and 1.18±0.11; P <
0.01) and male (PPARγ gene expression 1.06±0.09, P < 0.05; PPARγ 

protein expression 1.06±0.03, P < 0.01) animals (Fig. 5D, E). After 
melatonin treatment, the PPARγ gene and protein expression of the VL 
muscle was raised in all phenotype female rats (M-ZDF gene, 1.24±0.13, 
and protein expression, 2.01±0.23; M-ZL gene, 1.53±0.14, and protein 

Fig. 4. Melatonin effects on the activation of Caþ2-dependent thermogenic pathway in the VL from lean (ZL) and obese (ZDF) rats. A Densitometry 
quantification of CaM expression in female and male animals. B Ratio of P-CaMKKII/CaMKKII expression (activated (phosphorylated)/total) in female and male 
animals. C Densitometry quantification of CaMKKII expression in female and male animals. D Densitometry quantification of P-CaMKKII (right) expression in female 
and male animals. E Ratio of P-CaMKII/CaMKII expression (activated (phosphorylated)/total) in female and male animals. F Densitometry quantification of CaMKII 
(left) expression in female and male animals. G Densitometry quantification of P-CaMKII (right) expression in female and male animals. H Ratio of P-AMPK/AMPK 
expression (activated (phosphorylated)/total) in female and male animals. I Densitometry quantification of AMPK expression in female and male animals. J 
Densitometry quantification of P-AMPK (right) expression in female and male animals. K Representative blots of CaM, CaMKKII, P-CaMKKII, CaMKII, P-CaMKII, 
AMPK, and P-AMPK expression in the VL from lean (ZL) and obese (ZDF) rats in female (left) and male (right) animals. Results are expressed as the means ± S.E.M. of 
three independent experiments in duplicate. One-way ANOVA followed by Tukey’s post-test was performed for static analysis (*P < 0.05 and **P < 0.01 melatonin vs 
control rats; #P < 0.05 and ##P < 0.01 C-ZDF vs C-ZL rats; †P < 0.05 female C-ZDF vs male C-ZDF). 

Fig. 5. Melatonin effects on thermogenic gene and protein expression in female and male VL. A Relative PGC1α gene expression (mRNA levels quantification) 
in the VL from lean (ZL) and obese (ZDF) animals. B Densitometry quantification of PGC1α expression in the VL from lean (ZL) and obese (ZDF) animals. C Relative 
NRF1 gene expression (mRNA levels quantification) in the VL from lean (ZL) and obese (ZDF) animals. D Relative PPARγ gene expression (mRNA levels quantifi-
cation) in the VL from lean (ZL) and obese (ZDF) animals. E Densitometry quantification of PPARγ expression in the VL from lean (ZL) and obese (ZDF) animals. F 
Representative blots of PGC1α and PPARγ protein expression in the VL from lean (ZL) and obese (ZDF) animals. Results are expressed as the means ± S.E.M. of three 
independent experiments in triplicate (gene expression) or duplicate (protein expression). One-way ANOVA followed by Tukey’s post-test was performed for static 
analysis (*P < 0.05 and **P < 0.01 melatonin vs control rats; #P < 0.05, and ##P < 0.01 C-ZDF vs C-ZL rats; †P < 0.05 and ††P < 0.01 female C-ZDF vs male C-ZDF). 
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expression, 1.88±0.06; P < 0.01). Melatonin also increased male obese 
and lean PPARγ gene (M-ZDF, 1.1±0.08; P < 0.05; M-ZL, 1.64±0.09; P 
< 0.01) and protein expression (M-ZDF, 1.07±0.14; P < 0.01; M-ZL, 
1.24±0.03; P < 0.05) in the VL muscle (Fig. 5D, E). The effect of 
melatonin on increasing thermogenic protein expression is also shown in 
blots from Fig. 5F. 

3.6. Effects of melatonin on VL mitochondrial biogenesis 

Given the pivotal role of mitochondrial functionality in SKM energy 
metabolism and the established connection between mitochondrial 
biogenesis and thermogenesis, we explored the impact of melatonin 
treatment on mitochondriogenesis. This was accomplished by 
measuring mtDNA copy number and the activity of CS, the rate-limiting 
enzyme in the tricarboxylic acid cycle within the matrix of mitochon-
dria, in isolated mitochondria from the VL muscle of both sex and 
phenotype animals. The CS activity was quantified as nmol/min/mg 
protein. Both sex C-ZDF rats were found to present decreased mito-
chondriogenesis by reduced relative mtDNA copy number (female, 0.21 
±0.09; male, 0.27±0.06; P < 0.05; Fig. 6A) and CS activity (female, 6.08 
±0.11; male, 6.25±0.17; P < 0.01; Fig. 6B) compared to lean littermates 
(relative mtDNA copy number and CS activity respectively, female 0.69 
±0.1 and 9.39±0.2; male, 1.01±0.27 and 10.06±0.12). Chronic mela-
tonin treatment resulted in an increase in relative mtDNA copy number 
in both phenotype female (M-ZL, 1.83±0.07; M-ZDF, 2.5±0.15; P <
0.01) and male (M-ZL, 2.64±0.1; M-ZDF, 1.63±0.27; P < 0.01) animals 
(Fig. 6A). Also, CS activity was enhanced after melatonin treatment in 
VL from both sex lean (female, 10.95±0.21; male, 11.86±0.21; P <
0.05) and obese rats (female, 10.09±0.26, P < 0.01; male, 8.03±0.22, P 
< 0.05; Fig. 6B). 

4. DISCUSSION 

In previous studies, we explored the antiobesity and metabolic 
regulator effect of acute administration of melatonin in young male ZDF 
rats, demonstrating that melatonin has been shown to restrain obesity 
and improve metabolic function [31,46,47] in part through activation of 
brown and browning of subcutaneous body fat [32,48–51]. In the pre-
sent study, we have shown that chronic administration of melatonin to 
adult female and male ZDF rats also improved obesity by inducing 
uncoupling of SKM SERCA-SLN mediated by CaMKII/AMPK/PGC1α 
pathway and mitochondrial biogenesis, and then thermogenic capacity. 
While no significant differences in initial body weight between all 
groups were found, higher final BW and greater BW gain of both sex ZDF 
have been recorded and agreed with those previous reports obtained at a 

similar age in this strain of male rats [52] and female [53] group 
compared to ZL animal. Furthermore, male ZDF rats were found to have 
a higher final BW as a consequence of an increased body weight gain 
compared to female ZDF animals. These data are consistent with pre-
vious report in the same rat strain at a similar age where male ZDF rats 
presented greater body weight compared to female ones [54–57]. In 
addition, increased total and mesenteric visceral fat index of the female 
ZDF group compared to male ZDF animals observed in the present study 
is consistent with previous reports obtained at a similar age in obese 
rodents [58] and humans [59,60], supporting the idea that the female 
sex, from a translational perspective, is a risk factor for human obesity 
and comorbidities development [61,62] even though women are more 
resistant to weight gain than men. To our knowledge, this is the first 
demonstration that chronic melatonin administration can reduce 
obesity in adult female and male ZDF rats, by limiting BW gain and BMI, 
by 17% in obese female and male rats, and by 14% in male lean ones 
without affecting the food intake. As expected, even more than that 
acute-treatment study showed a 12% reduction in young male obese rats 
[31]. At the same time, melatonin reduces such obesity by decreasing 
the relative visceral adiposity, the main pro-obese white adipose tissue 
that is strongly related to metabolic alterations, in adult female and male 
obese and lean rats. Previous reports of this melatonin effect have been 
studied in different male, middle-aged rat models [63–65] or young 
Sprague–Dawley lean rats [66], and with diet-induced obesity [67]. It 
was also observed that melatonin treatment reduces the rodents’ 
male-relative visceral obesity, concerning both retroperitoneal and 
epididymal, or central fat depots, which are linked to glucose intoler-
ance and insulin resistance [64,65,68]. SKM, as a principal metabolic 
consumer, determines systemic energy homeostasis [69]. Perturbation 
of the SKM metabolism elevates the risk of a variety of diseases including 
obesity and its metabolic disorders [70]. Recently, we showed that 
relative VL weight was significantly lower in male obese ZDF than its 
mate lean rat [33] which reflects the SKM loss function characteristic in 
obesity [71], and melatonin treatment was found to restore it 
completely [33]. 

Furthermore, in the present work, we demonstrated that melatonin 
treatment increased the thermogenic activity of VL as indicated by a 
temperature rise of its local skin recorded by the thermal camera which 
may explain the reduction of final BW and central adiposity in obese rats 
through a mechanism for a potential switch of energy resource into fat 
oxidation and an upregulation of adaptive thermogenesis by SKM NST. 
In this respect, we recently showed that melatonin increased the 
oxidative capacity of VL from male obese ZDF rats [33], although the 
effect on VL mitochondrial oxidative metabolism of this indolamine is 
still unclear and needs to be elucidated. SKM NST, together with the 

Fig. 6. Melatonin effects on mitochondrial biogenesis in female and male VL. A Relative quantification of the mtDNA copy number by measuring the ratio of 
mitochondrial and nuclear DNA in the VL from lean (ZL) and obese (ZDF) rats. B CS activity in isolated mitochondria from the VL from lean (ZL) and obese (ZDF) rats. 
Results are expressed as the means ± S.E.M. of three independent experiments in triplicate. One-way ANOVA followed by Tukey’s post-test was performed for static 
analysis (*P < 0.05 and **P < 0.01 melatonin vs control rats; #P < 0.05, and ##P < 0.01 C-ZDF vs C-ZL rats). 
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activation of both thermogenic adipose tissues observed in the same rat 
model in our previous studies [32,51] provides an explanation for 
melatonin control obesity animals, in the absence of significant changes 
in locomotor activity and food intake. Moreover, melatonin treatment 
sensitizes VL to the thermogenic effect of acute cold exposure in both 
lean and obese rats, as demonstrated by the rise of the skin temperature 
of the VL region, detected by the thermal camera. Collectively, the above 
data demonstrated that chronic melatonin administration activates VL 
thermal function in obese and lean in both sex rats. These results are 
coherent with data obtained in previous studies on the same male-rat 
strain, where melatonin was shown to increase also the local inguinal 
and scapular skin temperature through an increased beige and BAT 
UCP1 expression [32,49,51]. It is well known that adrenergic activation 
by a variety of physiological stimuli including cold exposure leads to the 
browning of WAT [72,73] and activation of BAT [74] inducing UCP1 
expression, as well as enhanced SKM NST inducing SERCA-SLN uncou-
pling [5]. 

SLN modulates SERCA activity by uncoupling ATP hydrolysis in this 
pump [75] and generating an increase in heat production [76] thereby 
playing an important role in animal thermoregulation [3]. In humans, 
obesity is related to decreased NST and resistance to loss of fat [77]. In 
addition, SLN KO mice diminish adaptive SKM thermogenesis, increase 
BW gain, and decrease fat oxidation [3]. In this sense, the present results 
show that SLN expression was 2-fold lower in VL of both female and 
male ZDF rats compared to its correspondent lean controls. Moreover, 
SERCA activity and protein expression were decreased in both female 
and male obese ZDF than its correspondent ZL rat, which agrees with 
another study that shows that diet-induced obesity lowered SERCA-2a 
expression and activity [78]. In the present study, we describe for the 
first time that SERCA activity was also lower in VL muscle from male 
ZDF compared to female ZDF rats. This data is coherent with the 
decreased τCa, the inverse measurement of SERCA activity, found in the 
cardiac muscle from female endotoxemic mice compared to male ones 
[79] and the reduced ATPase activity observed in response to Ca2+ in the 
heart of male adult rats compared to female ones [80], highlighting the 
importance of chronic low-grade inflammation in the physiopathology 
of both obesity and sepsis and the tight relationship between them [81]. 
Being SLN a regulator of SERCA activity and the molecular effector of 
SKM NST, in this study, we also demonstrate a novel finding that both 
sex melatonin-treated obese and lean animals exhibited an increased VL 
NST by increasing SLN protein levels, SERCA activity, and SERCA2 
protein expression recovering the loss of expression showed in obese 
animals with no effects on SERCA1 protein expression. The cold adap-
tation increases specifically SERCA2-SLN uncoupling (Pant et al., 2015), 
and SLN overexpression was shown to promote mitochondrial biogen-
esis and oxidative metabolism in mice [8] increasing SKM NST and 
limiting central obesity, being these results coherent with those obtained 
in this study. Furthermore, SERCA-SLN uncoupling modulates intracel-
lular Ca2+ signaling pathways, fostering mitochondrial biogenesis and 
oxidative metabolism being this adaptation crucial to fulfilling elevated 
energy requirements in muscle tissue [83]. 

In addition, they demonstrated that SERCA-SLN uncoupling affects 
cytosolic Ca2+ transit and activates the CamKII/PGC-1α axis to increase 
mitochondrial biogenesis and oxidative metabolism in mice [8]. Obesity 
is also closely related to the dysregulation of SKM Ca2+ management 
[84] which may be explained by a decreased activation of Ca2+ signaling 
pathways. Results obtained in the present work show for the first time 
that obese and diabetic ZDF rats present lower activation of CaM/-
CaMKKII/CaMKII/AMPK molecular pathway decreasing the expression 
and/or the phosphorylation of these proteins compared to lean ZL ones. 
All these data are in accordance with new studies in diet-induced obese 
mice in both sexes showed reduced activation of SKM AMPK, the master 
regulator of cellular metabolism and mitochondrial homeostasis [85], 
by reduced phosphorylation of Ca2+-dependent regulatory proteins such 
as CaMKII and CaMKKII [86,87], even altering the SKM CaMKK/AMPK 
pathway in both sex offspring of obese mothers [87]. In addition, mice 

with insulin resistance present reduced expression of phosphorylated 
active forms of AMPK and CaMK [88]. Moreover, in the liver of obese 
diabetic mice, another insulin-sensitive organ, CaM expression was 
reduced attenuating hyperglycemia observed in animal models of dia-
besity [89]. In the same way, Ca2+ dysregulation by SLN deficiency in 
mice improves obesity and reduces the CaMKII activation pathway [8]. 
In the present work, we also show for the first time that female 
obese-diabetic ZDF rats present an increased ratio of P-CaMKII/CaMKII, 
while male ZDF rats exhibit increased levels of activated CaMKKII, 
emphasizing the sex-related differences in the pathway activation for 
intracellular Ca2+ homeostasis regulation in the VL muscle from these 
animals. These data are consistent with the findings reported in mice 
with pressure overload-induced cardiac hypertrophy and heart failure, 
as remarkable alterations in the heart from obese subjects [90], and 
where female animals were found to present higher levels of the acti-
vated form of CaMKII than male ones [91]. These differences in Ca2+

handling were also observed in healthy rodents’ hearts [92] and brains, 
where animals were shown to activate different and sex-specific path-
ways for Ca2+ regulation in distinct cellular processes, being male ro-
dents more related to CaMKKII and PKA activation, and female ones 
with CaMKII [93,94]. Furthermore, it is widely recognized that SKM and 
heart from female rodents and humans present more sensitivity to Ca2+

flux variations and better intracellular and intramitochondrial Ca2+

handling [92,95–97] possibly due to the increased activation of CaMKII 
observed in the present study supporting the widely extended idea that 
female animals are protected against diabesity and its complications. 
Given that CaMKII is essential for muscle contraction, intracellular Ca2+

homeostasis, and glucose control in the progression of T2DM [98], the 
increased P-CamKII levels observed in female ZDF rats suggest a po-
tential protective mechanism against diabesity progression and associ-
ated comorbidities. Meanwhile, in male counterparts, it appears that 
compensatory mechanisms, such as heightened activation of CaMKKII, 
might be active, leading both female and male mechanisms to the 
activation of effector proteins such as AMPK and PGC1α which regulated 
mitochondriogenesis [20]. CaMKII activation is mediated by CaM when 
it binds to free Ca2+ in the cytosol [99], and/or CaMKKII, a potent 
regulator of whole-body energy homeostasis [100], leading this acti-
vation to a higher AMPK phosphorylation, and fatty acid mobilization 
and oxidation in the SKM [21]. Further research is warranted to eluci-
date the precise molecular mechanisms regulating this sex-specific Ca2+

pathway activation, intraorganellar Ca2+ transport in SKM, their im-
plications in therapeutic interventions, and the role of melatonin in this 
matter. 

As mentioned before, in the present study we reported that mela-
tonin was found to increase SERCA2-SLN uncoupling leading to a higher 
expression of SKM CaM in both sex and phenotype animals, and acti-
vation of CaMKKII/CaMKII/AMPK thermogenic molecular pathway 
inducing higher rates of phosphorylated active form of these proteins in 
VL from both sex obese and diabetic ZDF rats, limiting diabesity. 
Melatonin coincubation in rat myoblast culture was shown to improve 
de activation of CaMKII [101] also activating the AMPK pathway in SKM 
from lean-treated Wistar rats [102]. Furthermore, melatonin activation 
of SKM AMPK by its phosphorylation was also related to reduced body 
weight gain in diet-induced obese mice [103]. Moreover, physiological 
stimuli like cold and exercise increased SLN expression, being this pro-
cess related to increased activation of Ca2+-dependent thermogenic 
pathways inducing CaMKKII, CaMKII, and AMPK phosphorylation in 
SKM from both sex lean and obese rodents [82,87,102,104]. Other 
stimuli such as hindlimb cast immobilization of mice were also found to 
increase SKM NST by inducing SLN expression and CaMKII activation 
[105], showing the close relationship between SERCA-SLN uncoupling 
in SKM NST and Ca2+-dependent thermogenic pathway activation. 

VL extracts analysis also demonstrated that VL areas expressed lower 
gene and protein amounts of PGC1α, NRF1, and PPARγ in both sex-obese 
rats. These results are coherent with data obtained in previous studies 
where PGC1α, NRF1, and PPARγ protein and/or gene expression were 
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decreased in SKM from obese mice [106–108]. Interestingly, NRF1 gene 
expression was strongly higher in the VL from female rats compared to 
male ones. This may suggest that VL from female rats is more oxidative 
than VL muscle from males, being consistent with data obtained in other 
rodents and humans where oxidative slow-twitch type I fibers were 
found to be increased and/or glycolytic fast-twitch type IIb fibers 
diminished in female compared to males [109]. Moreover, these type I 
fibers were not associated with an increase in PGC1α and mitochon-
driogenesis, which are linked to AMPK activation [110], but with an 
increase in CaMK activation [111] as reported in this study, where an 
increased CaMKII ratio and NRF1 was observed in female compared to 
male rats with no sex-related differences in AMPK ratio, PGC1α 
expression and mitochondriogenesis in ZDF rats. This NRF1 expression 
sexual dimorphism was also observed in other insulin-sensitive organs, 
like the liver, in mice maintained with a hypercaloric diet [112]. Further 
analysis of fiber type composition and oxidative capacity in VL from 
male and female ZDF rats will help in the understanding of these 
sex-related differences. Also, here we prove for the first time that 
melatonin treatment recovered PGC1α, NRF1, and PPARγ VL deficient 
protein and/or gene expression in obese-diabetic conditions, being 
highly related with better MB, mitochondrial function, and thermo-
genesis, as showed in both sexes ZDF and ZL treated rats. Previous 
studies showed that melatonin increases SKM PGC1α and NRF1 
expression in rats curbing insulin resistance, the first step of obesity, 
produced after palmitic acid-induced lipotoxicity [101], and in rats with 
T2DM [113]. Moreover, in humans, melatonin increases PPARγ gene 
expression reducing insulin resistance in women with polycystic ovary 
syndrome [114]. On one hand, a recent study showed that melatonin 
enhances the type II fast fibers in a glycolytic SKM by reducing PPARγ 
expression in weaned piglets [115]. On the other hand, we reported that 
melatonin treatment improves the oxidative capacity of VL, a mixed 
fiber type SKM, in male ZDF rats [33] being coherent with PPARγ higher 
expression levels obtained in this work. This highlights the key role of 
melatonin as a metabolic regulator according to the fiber type compo-
sition of each SKM. 

Many studies reported defects in SKM mitochondrial dynamics and 
function in obesity affecting mitochondrial content, including decreased 
mitochondrial gene and protein expression, and lower activity of CS (a 
marker of mitochondrial content) [116]. Furthermore, CS activity of 
SKM in young female obese ZDF rats was lower compared to its lean 
control rats [117]. All these data are consistent with results obtained in 
the present work in which obesity was found to reduce VL CS activity 
and mtDNA copy number in both sexes of adult ZDF rats. Additionally, 
our results revealed that melatonin administration led to a significant 
augmentation in the CS activity and mtDNA copy number in VL from 
both sex and phenotype animals. Other results indicating that melatonin 
increases the mitochondriogenesis of SKM in sedentary Wistar rats 
[102], are in harmony with our prior findings in other insulin-sensitive 
organs such as the liver [118] or in other thermogenic tissues such as 
BAT in the same rat strain [51], and is consistent with increased VL 
thermogenic activity observed after melatonin treatment in the present 
study. Ultimately, the rise in energy dissipation results in improved 
dysmetabolic features in these rodents, thereby, further studies in mixed 
fiber type SKM mitochondrial function and oxidative metabolism are 
needed for a better understanding of the melatonin role in SKM meta-
bolic plasticity control. 

5. Conclusion 

Taken together, our findings suggest targeting the thermogenesis 
effects of chronic melatonin treatment on SERCA2-SLN uncoupling and 
mitochondrial biogenesis in the SKM of female and male ZDF rats, with 
the browning effect of WAT and the activation of BAT seen in this rat 
model in our earlier studies, in the absence of significant changes in 
locomotor activity and food intake [31,32,51], melatonin is presented as 
a promising therapeutic approach for mitigating human obesity and 

metabolic syndrome. Furthermore, we have demonstrated that mela-
tonin sensitizes SKM cells to other thermogenic stimuli, such as cold, it is 
presumed that it can potentiate the thermogenic effect of exercise. 
Further validation studies in other models, other melatonergic agents, 
and humans will be not only necessary to confirm our results but also 
aimed at determining the optimal high dosage, which we estimate the 
effective dose used in this study to humans based on the calculation of 
the human equivalent dose to be between 12 and 120 mg/day orally for 
a 75 kg adult individual. Also, we aimed at determining the right hour of 
the day, course time, and best via to administrate melatonin to increase 
energy expenditure in humans. 
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[31] A. Agil, M. Navarro-Alarcõn, R. Ruiz, S. Abuhamadah, M.Y. El-Mir, G.F. Vázquez, 
Beneficial effects of melatonin on obesity and lipid profile in young zucker 
diabetic fatty rats, J. Pineal Res. 50 (2011) 207–212, https://doi.org/10.1111/ 
j.1600-079X.2010.00830.x. 
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treatment of diabetes mellitus through animal models, Endocrinol. Y. Nutr. 63 
(2016) 345–353, https://doi.org/10.1016/j.endonu.2016.03.011. 

[38] D.E. Chusyd, D. Wang, D.M. Huffman, T.R. Nagy, Relationships between rodent 
white adipose fat pads and human white adipose fat depots, Front Nutr. 3 (2016) 
10. 

[39] I. Gabriely, X.H. Ma, X.M. Yang, G. Atzmon, M.W. Rajala, A.H. Berg, P. Scherer, 
L. Rossetti, N. Barzilai, Removal of visceral fat prevents insulin resistance and 
glucose intolerance of aging: an adipokine-mediated process? Diabetes 51 (2002) 
2951–2958, https://doi.org/10.2337/diabetes.51.10.2951. 

[40] R.G. Peterson, W.N. Shaw, M.-A. Neel, L.A. Little, J. Eichberg, Zucker Diabetic 
fatty rat as a model for non-insulin-dependent diabetes mellitus, ILAR J. 32 
(1990) 16–19, https://doi.org/10.1093/ilar.32.3.16. 

[41] B.L. Kasiske, M.P. O’Donnell, W.F. Keane, The zucker rat model of obesity, insulin 
resistance, hyperlipidemia, and renal injury, Hypertension 19 (1992) I-110–I-115, 
https://doi.org/10.1161/01.hyp.19.1_suppl.i110. 
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