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Background: Melatonin is crucial for regulating circadian rhythms. Previous
studies have demonstrated its ability to improve metabolic disorders, including
obesity and associated diabetes (diabesity), in addition to its antioxidant, anti-
inflammatory and anti-apoptotic properties. Recently, melatonin was shown to
reduce obesity by increasing skeletal muscle (SKM) energy expenditure through
non-shivering thermogenesis (NST). Small interfering RNAs (siRNAs) are powerful
tools for inhibiting gene expression, enabling the analysis of gene functions and
roles in molecular pathway activation. This study aimed to identify the receptor
mediating melatonin’s pharmacological actions in SKM NST.

Methods: Bioinformatics and protein-protein interaction (PPI) analyses were
conducted. To examine the role of the melatonin receptor 2 (MT2) encoded
by MTNR1B, we cultured human primary myoblasts and then silenced MTNR1B
using siRNA transfection for 72 h, followed by 1 mM melatonin treatment for 24 h.
Gene and protein expression were analyzed using semi-quantitative reverse
transcriptase PCR and Western blotting respectively.

Results: PPl analysis revealed MTNR1B's strong association with diabetes, obesity,
cancer, and circadian rhythm disorders, collectively known as circadian
syndrome, and MTNRI1B's close interaction with thermogenic genes (UCPI,
PPARG, and PPARGCI1A). Silencing MTNR1B reduced the gene expression and
inhibited the melatonin-induced upregulation of MT2 and NST-related proteins.
Melatonin increased SERCA1/2, SLN, and Ca®*-dependent thermogenic pathway
activation; however, these effects were abolished following MTNR1B knockdown.

Conclusion: Our findings confirm that MT2 plays a key role in melatonin-driven
SERCA-SLN uncoupling and the activation of the thermogenic program in SKM
via the CaMKII/AMPK/PGCla pathway upregulation. This study provides new
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insights into the molecular mechanisms underlying melatonin’s effects on
thermogenesis and suggests potential melatonin-based therapeutic strategies

against diabesity.
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human primary myoblast, melatonin, MT2, skeletal muscle, non-shivering thermogenesis,
diabesity, Circadian syndrome

1 Introduction

Melatonin is recognized as a hormone primarily produced at
night by the pineal gland (Navarro-Alarcén et al., 2014; Luo et al.,
2024). Its primary function is to regulate circadian rhythms,
essential for maintaining the body’s internal balance (Challet and
Pévet, 2024). Beyond its well-established effects on the sleep-wake
cycle, recent research highlights the broader pharmacological
actions of melatonin, in particular its antioxidant, anti-
inflammatory, anti-apoptotic, and energy balance regulation
effects (Cipolla-Neto et al., 2014; Promsan and Lungkaphin,
2020). In particular, melatonin has demonstrated a significant
thermogenic effect, which may help mitigate obesity, insulin
resistance and hyperglycemia (Salagre et al., 2024b). This
emerging evidence suggests that melatonin may play a key role
in regulating body weight and metabolic homeostasis, making it a
promising candidate for the treatment of metabolic disorders,
including diabesity.

Despite advancements in healthcare and medicine, the increase
in life expectancy over recent decades has not been accompanied by
an improvement in the prevalence of obesity and metabolic diseases,

the global prevalence of obesity and metabolic diseases continues to
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increase (Jura and Kozak, 2016; Zhang et al., 2023). Recent data
indicates that one in eight people worldwide is obese, and
approximately 43% of adults over the age of 18 are overweight
(World Health Organization, 2022). This growing trend is
concerning, as obesity is closely linked to an elevated higher risk
of developing conditions such as type 2 diabetes and metabolic
syndrome (World Health Organization, 2022). Metabolic syndrome
is characterized by a set of disorders, such as central obesity, insulin
resistance, hyperglycemia, hypertension, and dyslipidemia. In
addition, metabolic syndrome together with main comorbidities
including sleep disturbances, depression, steatohepatitis and
cognitive dysfunction, was recently proposed to be called as
“Circadian syndrome,” that has risen sharply in recent decades
becoming a significant health threat in modern society (Wilkin and
Voss, 2004; Saklayen, 2018; Zimmet et al., 2019). Addressing these
interconnected conditions requires novel therapeutic approaches,
and melatonin has garnered attention for its potential to mitigate
these metabolic disturbances (Agil et al., 2011; Gao et al., 2024).
Preclinical studies, particularly in Zucker Diabetic Fatty (ZDF)
rats, a widely used model for obesity and its associated type
2 diabetes, support the therapeutic potential of melatonin (Shiota
and Printz, 2012; Capcarova and Kalafova, 2019). Acute melatonin
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administration in young male ZDF rats has shown that melatonin can
reduce obesity and improve metabolic function (Agil etal., 2011;2012;
Navarro-Alarcon et al,, 2014). These effects are partly attributed to the
activation of brown adipose tissue and the “browning” of
subcutaneous fat, which enhances the expression of the
thermogenic protein uncoupling protein 1 (UCP1) and the
regulator of thermogenesis protein peroxisome proliferator-
activated receptor gamma (PPARy) coactivator la (PGC-la)
(Jiménez-Aranda et al.,, 2013; Fernandez Vazquez et al.,, 2018; Agil
et al,, 2021; Aouichat et al, 2022; Salagre et al.,, 2022). Recently,
chronic administration of melatonin to adult male and female ZDF
rats was found to enhance an important mechanism of thermogenesis
in the skeletal muscle (SKM) via the uncoupling of the sarco-
endoplasmic reticulum Ca’"-ATPase (SERCA) activity through
sarcolipin  (SLN) upregulation, mediated by Ca*'/calmodulin-
dependent protein kinase II (CaMKII), AMP-activated protein
kinase (AMPK), and PGCla signaling. This process also increases
mitochondrial biogenesis and thermogenic capacity, contributing to a
metabolic improvement (Salagre et al., 2024b). Furthermore, chronic
melatonin administration promotes a change in skeletal muscle fiber
type from a glycolytic (fast twitch) to an oxidative (slow twitch)
phenotype in the vastus lateralis (VL) muscle of obese diabetic rats
(Salagre et al., 2025). This muscle fiber transition is linked to improved
mitochondrial dynamics and autophagy (Salagre et al., 2023), further
supporting the potential of melatonin as a therapeutic agent for
obesity and related metabolic complications, including type
2 diabetes and diabesity (Salagre et al., 2024b).

To fully understand how melatonin exerts these effects, it is
essential to identify the specific receptor that triggers the signaling
cascade responsible for these responses (Nikolaev et al, 2021).
Melatonin exerts its effects through several receptors and binding
sites, including nuclear orphan nuclear receptor o (ROR-a),
intracellular proteins such as calmodulin and quinone reductase 2,
and plasma membrane melatonin receptors 1 (MT1) and 2 (MT2)
(Slominski et al., 2012; Waly and Hallworth, 2015; Emet et al., 2016).
Encoded by the MTNRIA and MTNRIB genes respectively, MT1 and
MT?2 belong to the G-protein-coupled receptor family and play a key
role in the physiological and metabolic effects of melatonin (Slominski
et al,, 2012; Xu et al,, 2020). Activation of these receptors triggers
multiple intracellular signaling pathways, regulating thermogenesis,
energy homeostasis and metabolic inflammation (Hong and Kim,
2024). The widespread distribution of these receptors across different
tissues explains melatonin’s diverse effects. While MT1 and MT2 are
expressed to a large extent in brain regions responsible for circadian
control, such as the suprachiasmatic nucleus (Doghramji, 2007; Waly
and Hallworth, 2015; Liu et al, 2016), they are also present in
peripheral tissues. In adipose tissue, these receptors regulate brown
adipose tissue activation and browning of white fat (Owino et al,
2016; Xu et al, 2020). In SKM, MT1 and MT2 modulate energy
metabolism and mitochondrial biogenesis (Tan et al., 2016; Owino
et al, 2019). Identifying the specific receptor responsible for
melatonin’s thermogenic effects is essential for developing targeted
therapies to combat metabolic disorders, including diabesity.

Clinical trials further support melatonin’s therapeutic potential in
obesity and metabolic syndrome (Delpino and Figueiredo, 2021). Daily
melatonin administration (5 mg for 2 months) improved dyslipidemia
and blood pressure (Kozirdg et al,, 2011). Another trial in patients
revealed that melatonin reduced oxidative stress (Morvaridzadeh et al.,
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2020), which is strongly associated with insulin resistance and
abdominal fat accumulation that are key contributors to obesity and
metabolic dysfunction (Azzeh et al., 2024). A recent systematic review
and meta-analysis of 23 studies found that melatonin supplementation
led to significant weight loss in 11 studies, with better outcomes
observed at higher doses (8 mg/day) and longer treatment durations
(48 weeks) (Delpino and Figueiredo, 2021). Despite these promising
results, melatonin’s clinical efficacy remains variable, potentially due to
genetic polymorphisms in MTNRIB and MTNRIA (Nikolaev et al,
2021; Li et al, 2023). These genetic differences may influence
therapeutic responses to melatonin and other drugs used to treat
type 2 diabetes, such as repaglinide (Wang et al., 2019). Further
research involving diverse populations is necessary to fully elucidate
these genetic influences and optimize melatonin-based therapies.

Thus, in the present work, we investigated whether MTNRIB
mediates melatonin’s thermogenic effects in cultured human
primary myoblasts via MT2 receptor activation. Our research aims
to provide new insights into melatonin’s role as a thermogenic agent
and its therapeutic potential for treating diabesity.

2 Materials and methods
2.1 Bioinformatics analysis

A PPI analysis was conducted, combined with a functional
enrichment analysis. Initially, HuGE Navigator database (https://
phgkb.cdc.gov/PHGKB/hNHome.action) was consulted, and through
i (https://phgkb.cdc.gov/PHGKB/
startPagePhenoPedia.action) was obtained, a valuable resource for
exploring phenotype-gene relationships. In Phenopedia, the
following  keywords “obesity,”  “diabetes,” “type
2 diabetes,” and “sleep disorders.” Duplicated genes were removed

it, access to  Phenopedia

were used:
and a list of genes associated with different phenotypes was obtained.

The resulting list of genes was then subjected to functional
enrichment analysis using g:Profiler (https://biit.cs.ut.ee/gprofiler/
gost). G:Profiler is a widely used tool set for interpreting genes,
protein, or genomic variant lists in terms of biological categories,
including metabolic pathways and relevant cellular processes
(Raudvere et al., 2019; Kolberg et al., 2023).

For data visualization, STRING (http://string-db.org/) was used, a
tool for constructing protein-protein interaction networks. In the
generated PPI network, each colored node represents a gene, while
the edges between represent interactions between the corresponding
proteins (Cheng et al., 2017; Reimand et al., 2019). The PPI network
was constructed using a minimum interaction confidence score of 0.4.
The resulting PPI network was imported into Cytoscape (version 3.10.
3), an open-source software platform for visualizing and analyzing
complex networks, such as PPIs (Majeed and Mukhtar, 2023; Zhang
et al,, 2025). Cytoscape enabled the evaluation of three topological
parameters of interest: Degree, Betweenness, and Closeness.

2.2 Cell culture

Primary Human Skeletal Muscle Cells (hSKM) were purchased
from ATCC (cat# PCS-950-010, American Tissue Culture
Collection, Manassas, Virginia).

frontiersin.org
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TABLE 1 List of siRNA sequences.

Name Sequence

siRNA J-005670-05 MTNR1B GCUACUUACUGGCUUAUUU
siRNA J-005670-06 MTNR1B GUACGACCCACGCAUCUAU
siRNA J-005670-07 MTNR1B GGUAAUUUGUUCUUGGUGA
siRNA J-005670-08 MTNR1B GAGAACGGCUCCUUCGCCA
Scramble-Silencer-S UAACGACGCGACGACGUAA
Scramble-Silencer-AS UUACGUCGUCGCGUCGUUA

hSKM cells were seeded in flask at equal densities (5 x 10° cells per
cm?) in T-75 culture flasks with 10 mL of complete culture medium (CM)
consisting of complete Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco, Life Technologies, Spain) supplemented with L-glutamine
(2 mM), 10% Fetal Bovine Serum (FBS, Gibco, Life Technologies,
Spain) and 2% penicillin/streptomycin (P/S, Sigma, Spain) and
cultured in an incubator at 37°C with a humidified atmosphere
containing 5% CO,. The cell culture medium was replaced twice a
week. Freshly isolated cells were grown in monolayer culture up to
passage 4-5 at a seeding density of 5 x 10° cells per cm” at each passage.

Cells were divided into three experimental groups: untransfected
cells (control group, C), cells transfected with a non-specific
Scrambled siRNA (negative control group, siRNA C7), and cells
transfected with siRNA targeting the MTNRIB gene (experimental
group, MTNRIB siRNA).

2.3 MTNR1B knockdown

Once cells achieved 80% confluency, 1 x 10° cells per well were
plated in a 6-well plate. SIRNA specific for the human MTNRIB gene
(ON-TARGETplus Human MTNRIB siRNA (SmartPool 5 nmol),
Horizon, United Kingdom) and a non-targeting scrambled siRNA
sequence (MISSION® siRNA Universal Negative Control, Sigma-
Aldrich, Spain) were purchased, with the following sequences
provided (Table 1).

The Scrambled siRNA mix (Silencer-S and -AS) and MTNRIB
siRNA mix (J-005670-05, -06, -07, and -08) were prepared as a 10 uM
stock solution and subsequently diluted in Opti-MEM reduced-serum
medium (cat#31985062, Thermo Fisher Scientific, Spain) to the
following working concentrations: 5 nM, 10 nM, 25 nM, 40 nM,
80 nM, 100 nM, and 120 nM following manufacturer’s instructions.
These concentrations were selected to evaluate the knockdown
efficiency and determine the optimal dosage. No cell death was
observed after knockdown treatment. Lipofectamine RNAIMAX
(cat#13778075, Thermo Fisher Scientific, Spain) was employed as
the transfection reagent to facilitate transfection process and also
diluted in Opti-MEM

following  manufacturer’s  protocol.

TABLE 2 List of primers pair used in semi-quantitative RT-PCR.

Forward sequence (5’ — 3’)

10.3389/fphar.2025.1633326

Lipofectamine RNAIMAX and siRNA mix were combined 1:1,
incubated for 20 min at RT, and then added to cells maintained in
DMEM  supplemented only with 10% FBS as the
transfection medium.

The knockdown was allowed to proceed for 72 h, ensuring
adequate gene silencing. After this period, the transfection medium
was carefully removed and replaced with CM to support subsequent
experimental assays.

2.4 Melatonin treatment

Following 72 h post-knockdown, the in vitro treatment with
melatonin is initiated. Melatonin was added to the cells at a
concentration of 1 mM based on results of previous dose-
response studies showing that in acute melatonin in vitro
treatments, high doses are needed to reach significant effects in
C2CI12 myoblast (Kim et al., 2012; Chen et al., 2019). Once added,
the melatonin treatment was maintained in the cells for 24 h.

2.5 Total RNA extraction and
complementary DNA (cDNA) synthesis

To extract total RNA from hSKM cells, the RNeasy Mini Kit
(cat#74104 and cat#74106, QIAGEN, Germany) was used according
to the manufacturer’s instructions. Once isolated, RNA was quantified
by spectrophotometric absorption at 230, 260, and 280 nm using a
Nanodrop One/One (cat#ND-ONE-W, Thermofisher Scientific, Spain).

Subsequently, complementary DNA (cDNA) synthesis was
conducted using 1.0 pg of RNA from each sample with the M-MLV
Reverse Transcriptase Kit (ref#P0073), which includes M-MLV Reverse
Transcriptase (200 U/uL) and Reaction Buffer (10x). The reaction also
included RNase inhibitor (RiboLock RNase Inhibitor, Ref#EOQ0381,
Thermofisher Scientific, Spain), Oligo d(T)16 (50 pM, ref¥N8080128,
Thermofisher Scientific, Spain), dNTP Set (100 mM, ref#R0181,
Thermofisher Scientific, Spain), and nuclease-free water (Ref#P119 E,
Promega Biotech Ibérica, S.L., Spain). The reverse transcription process
was performed in a final reaction volume of 20 pL.

2.6 Gene expression analysis by reverse
transcriptase semi-quantitative polymerase
chain reaction (semi-quantitative RT-PCR)

For semi-quantitative RT-PCR, DreamTaq Polymerase Master
Mix (cat#K1082, Thermofisher Scientific, Spain) was used following
the manufacturer’s instructions. Primers used for amplifying the
gene of interest (MTNRIB) were designed using the Primer-Blast
platform from the National Center for Biotechnology Information
(NCBI) and are listed below in Table 2.

Reverse sequence (5’ — 3')

B2M TGCTGTCTCCATGTTTGATGTATCT

MTNRIB GCTGCCCAACTTCTTTGTGG

TCTCTGCTCCCCACCTCTAAGT

GACACGACAGCGATAGGGAG
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Amplification was performed using a GeneAmp PCR System
2700 thermocycler (Applied Biosystems, Spain). The housekeeping
gene B2M was used as an internal control. To confirm the results
and validate cDNA quantification, standard curves were performed
by amplifying first-strand cDNA for 25 to 40 cycles.

To further ensure RT-PCR quality, amplified products were
separated on a 1.5% agarose gel containing SYBR Green I 10000 X
(cat#S7563, Thermofisher Scientific, Spain), Orange DNA Loading
Dye (cat#R0631, Thermofisher Scientific, Spain) as loading buffer,
and Tracklt Ultra Low Range DNA Ladder (cat#10488023,
Thermofisher Scientific, Spain) as DNA ladder. Densitometry
analysis of bands was used to measure the gene expression as
described in previous studies (Izzo et al., 2010; Wang, 2021).

2.7 Total protein extraction and protein
expression analysis by Western Blot

Proteins were extracted from hSKM cells using the RIPA lysis
buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM
ethylenediaminetetraacetic acid (EDTA), and 0.1% sodium
dodecyl sulfate (SDS). To improve the protein extraction process,
1% Triton X-100, 1% protease inhibitor cocktail, and 1%
phosphatase inhibitor cocktail were added to the lysis buffer.
Homogenization was performed using an ultrasonic homogenizer
for two cycles of 10 s each. The homogenates obtained were
subjected to centrifugation at a speed of 15,000 g for 15 min at
4°C. The supernatant was transferred to a new tube. Protein
concentration was determined using the Bradford method, using
bovine serum albumin (BSA) as a standard. A temperature of 4°C
was maintained throughout the extraction process.

For the analysis and quantification of the extracted proteins,
30-50 pg of protein were separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). After electrophoresis, the gels were
transferred onto a nitrocellulose membrane (Bio-Rad Trans-Blot SD,
Bio-Rad Laboratories, CA, United States). Following the transfer, the
membranes were washed once with Phosphate Buffer Saline (PBS,
137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, and 1.8 mM KH,PO,,
pH 7.4) (PBS) supplemented with 0.1% Tween-20 (PBS-T) for 10 min.
The membranes were then blocked for 1 h at room temperature using a
blocking solution (PBS-T supplemented with 5% BSA). After blocking,
the membranes underwent a 15-min wash followed by three 10-min
washes with PBS-T and were incubated overnight at 4°C with the
primary antibody. The primary antibody was generated in goat against
MT?2 (cat#sc-13177, Santa Cruz Biotechnology, United States) and
PGCla (cat#SAB2500781, Sigma-Aldrich, Spain); in mice against
Calcineurin (cat#H00005530-M03, Abnova, United States), SERCA2
(cat#S1439, Sigma-Aldrich, Spain), CaMKII (cat#SC-13141, Santa Cruz
Biotechnology, United States), and P-CaMKII (cat#SC-32289, Santa
Cruz Biotechnology, United States); and in rabbit against SLN
(cat#MBS713457,  MyBiosource, ~ United  States), = SERCAIl
(cat#SAB5701310, Sigma-Aldrich, Spain), AMPK (cat#SAB4502329,
Sigma-Aldrich, Spain), and P-AMPK (cat#SAB4503754, Sigma-
Aldrich, Spain); all diluted 1:1,000 in PBS-T with 10% blocking
solution. After overnight incubation, the membranes were washed
again for 15 min, followed by three 10-min washes with PBS-T to
remove unbound primary antibodies. Anti-a-tubulin (cat#SC-5286;
Santa Cruz Biotechnology, United States) and anti-GAPDH antibody
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TABLE 3 Phenotypes and number of associated genes.

Phenotype Genes

obesity 2211
diabetes 1,663
type 2 diabetes 140
sleep disorders, intrinsic 474
sleep disorders 72
sleep disorders, circadian rhythm 13

(cat#SC-365062; Santa Cruz Biotechnology, United States) generated in
mice was used as an internal loading control. The membranes were
subsequently incubated at room temperature for 2.5 h with the
respective anti-mouse (cat#MBS674947, MyBiosource, United States),
anti-rabbit (cat#A16035, Thermofisher Scientific, Spain), and anti-goat
(cat#A5420, Sigma-Aldrich, Spain) horseradish peroxidase (HRP)-
conjugated secondary antibodies at a dilution of 1:2,000 in PBS-T
with 10% blocking buffer. Following this incubation, the membranes
were washed again for 15 min, followed by three 10-min washes with
PBS-T to remove unbound secondary antibodies. Immunoreactive
proteins were detected using the Pierce™ ECL Western Blotting
Substrate kit (cat#32106, Thermofisher Scientific, Spain) according to
the manufacturer’s instructions. Signal intensity was captured using the
Image Station 4000MM Pro Molecular Imaging system (Kodak,
United States) and quantitatively analyzed with Image] software
version 133 (National Institutes of Health, Bethesda, MD,
United States). The results were normalized to o-tubulin or
GAPDH levels.

2.8 Statistical analysis

All experiments were repeated at least three times. Data are
expressed as means * standard deviation (SD). Means were
compared between groups using one-way analysis of variance
(ANOVA), adjusted by post hoc Tukey’s test. SPSS, version 22,
for Windows (SPSS, Michigan, IL, United States) was used for data
analyses. P-Value < 0.05 was considered statistically significant, and
the levels of significance were labeled on the figures as follows: * P <
0.05 and ** P < 0.01, melatonin treated vs. non-treated groups; # P <
0.05and ## P < 0.01, siRNA MTNRIB vs. Scrambled siRNA negative
control (siRNA C7) transfected cells.

3 Results

3.1 MTNRI1B is strongly associated with
diabesity and circadian syndrome among
melatonin receptors family

Through HuGE Navigator and Phenopedia, 4,573 genes
associated with the desired phenotypes (obesity, diabetes, type
2 diabetes, intrinsic sleep disorders, sleep disorders, and circadian
rhythm) were identified (Table 3). After removing duplicated genes,
a total of 3,182 distinct genes associated with the mentioned
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phenotypes were obtained and considered for further analysis. The
complete list of genes of interest analyzed can be found in
Supplementary Table S1.

This gene list was subjected to functional enrichment analysis
using g:Profiler. As a result, it was observed that the set of introduced
genes is associated with a wide variety of categories. Most of the
introduced genes (2,646) are related to biological processes (GO:
BP), followed by a smaller number of genes (303) linked to
molecular activities (GO: MF), metabolic pathways related to
diseases (210, WP), and cellular components (182; GO: CC). The
results of the enrichment analysis can be found below in Figure 1,
and the list with the most significant terms can be found in Table 4.
Regarding the most important terms, the GO: BP terms such as
“response to chemical,” “response to hormone,” and “response to
stimulus” indicates that the introduced genes might be involved in
cellular response to drugs and/or adaptation/defense mechanism to
different external and internal stimulus like hormones and increased
oxidative stress present in diabesity condition. Also, the term
“temperature homeostasis” is found to be relevant in our gene
list showing the close relationship between diabesity-associated
genes and thermogenesis. The terms “lipid homeostasis” and
“response to lipid” are important in diabesity, as remarked by its
low P-adjusted value (P,g) after enrichment analysis of the studied
genes. Moreover, the highlighted GO: CC terms “cell periphery,”
“cell surface,” “plasma membrane” and “extracellular space”
accompanied by the GO: MF terms “signaling receptor binding
and activity” and “protein binding” suggest that these genes could
play a key role in cellular communication and regulation, binding to
different molecules in the plasma membrane region and placing
greater importance on membrane receptors than nuclear or
cytosolic ones in diabesity. Furthermore, REAC terms “signaling
by GPCR” and “GPCR downstream signaling” suggest that the
receptors located at the plasma membrane are coupled to G
proteins regulation different cellular processes key for diabesity
control. Membranal melatonin receptors MT1 and MT2 are two
high-affinity G protein-coupled receptors which, together with the
WP term “circadian rhythm genes” also highlighted for their
importance after the functional enrichment analysis, showed the
close relationship between melatonin, diabesity and circadian
syndrome. In addition, the presence of terms related to metabolic
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pathways and metabolism regulation, such as “abnormality of

metabolism/homeostasis“,  “adipogenesis,” and  “lipid and
atherosclerosis,” implies that the analyzed genes may be involved
in energy production and lipid storage. Finally, many terms related
to diabesity complications such as meta-inflammation, cancer, and
cardiovascular diseases were also found: “interleukin-4 and
interleukin-13 signaling,” “cancer pathways,” “abnormal systemic
blood pressure,” and “abnormal cardiovascular system physiology.”

The gene list was inputted into the STRING platform to construct

a protein-protein interaction (PPI) network. The network generated

» « » «

for the clusters “diabetes mellitus,” “disease of metabolism,” “glucose

sleep disorder”, and “type 2 diabetes

» o«

metabolism disease”, “obesity”,
mellitus” contained a total of 397 nodes and 5,315 edges. The average
node degree was 26.8, meaning that, on average, each node is
connected to more than 26 proteins within the network. In the
visualization given in Figure 2, red nodes represent “disease of
metabolism,” green nodes represent “glucose metabolism disease,”
purple nodes represent “diabetes mellitus”, brown nodes represent
“obesity”, blue nodes represent “sleep disorder”, and orange nodes
represent “type 2 diabetes mellitus.”

Among the studied melatonin receptor genes, MTNRIB MTNRIA,
and RORA showed strong association with both diabetes and obesity.
Moreover, as shown in Figure 2 and Supplementary Table S2,
MTNRIB is included in the purple, green, and red disease clusters,
corresponding to the diabetes mellitus cluster, glucose metabolism
disease cluster, and disease of metabolism cluster, respectively.
However, MTNRIA and RORA are not included in the main
disease cluster studied, showing that MTNRIB, among melatonin
receptors, has a stronger association to metabolic diseases such as
obesity and diabetes. Furthermore, MTNRIB was found to be located
in close proximity to other thermogenic genes, such as UCPI,
PPARGCIA and PPARG, suggesting its potential role in metabolic
regulation and thermogenesis.

The PPI network was imported into Cytoscape. To identify
critical targets within the network, three topological parameters
were evaluated: Betweenness Centrality, Closeness Centrality, and
Degree (Table 5).

Degree indicates the number of direct connections a node has
with other nodes in the network, representing its level of interaction.
PPARG, PPARGCIA, and PPARA (peroxisome proliferator-activated
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TABLE 4 Functional enrichment analysis results for the selected gene list, highlighting the most significant terms with the highest p-values.

Source Term name Padj
GO:BP Response to chemical 1.566 x 107>*°
GO:BP Response to stimulus 1.080 x 102"
GO:BP Cellular response to chemical stimulus 5.556 x 107"
GO:BP Cellular response to stimulus 3.234 x 107
GO:BP Positive regulation of biological process 1.114 x 1077°
GO:BP Response to endogenous stimulus 7511 x 1071
GO:BP Response to hormone 7277 x 107'*
GO:BP Response to lipid 7.164 x 1071¢
GO:BP Cellular response to endogenous stimulus 2245 x 10712
GO:CC Cell periphery 2.287 x 107
GO:CC Extracellular space 4.575 x 107
GO:MF Signaling receptor binding 1.066 x 107
GO:CC Extracellular region 9.996 x 107
GO:CC Plasma membrane 1.148 x 10°7%
GO:MF Protein binding 3.983 x 107°
GO:CC Cell surface 3425 x 10°°°
GO:BP Temperature homeostasis 1.645 x 10°°°
GO:MF Signaling receptor activity 9.859 x 107*
GO:BP Lipid homeostasis 1.058 x 107**
REAC Signaling by GPCR 2909 x 107
REAC GPCR downstream signaling 1.113 x 107
KEGG Neuroactive ligand-receptor interaction 1.393 x 107
KEGG Lipid and atherosclerosis 4.147 x 107°
WP Adipogenesis 8.307 x 107
REAC Interleukin-4 and Interleukin-13 signaling 2.335 x 10°%*
WP Cancer pathways 2.109 x 107
HP Abnormality of metabolism/homeostasis 4.928 x 107>
HP Abnormal systemic blood pressure 4.125 x 107
HP Abnormal cardiovascular system physiology 8.842 x 107
WP Circadian rhythm genes 1.134 x 10*°
GO:CC Transcription regulator complex 7.349 x 107
HP Abnormal homeostasis 2126 x 107*®
HP Type II diabetes mellitus 6.331 x 1072

P,agj Adjusted P-value for each category in the enrichment analysis; GO:MF, Molecular Function; GO:BP, Biological Process; GO:CC, Cellular Component; KEGG, Kyoto Encyclopedia of Genes

and Genomes; REAC, Reactome Pathways; WP, WikiPathways; and HP, Human Phenotype.

receptor alpha) present high degrees, consolidating their relevance as
pivotal points in the metabolic network (476, 286, and
306 respectively). Genes such as insulin (INS), albumin (ALB),
interleukin 6 (IL6), apolipoprotein E (APOE), leptin (LEP), protein
kinase B (AKT1I), tumor necrosis factor (TNF), signal transducer and
activator of transcription 3 (STAT3), tumor protein 53 (TP53) and
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sirtuin 1 (SIRTI) have high degrees, indicating that they are highly
involved in a well-connected network (739, 633, 707, 375, 383, 731,
719, 535, 659, and 320 respectively). The degree of MTNRIB is
relatively low compared to other genes (68), but it indicates that it
has some interactions with other nodes in the network. Although it is
not as interconnected as the more central genes, its presence in the PPI
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FIGURE 2

Protein-protein interaction network generated with the 397 genes associated with obesity, diabetes, type 2 diabetes, and sleep disorders. Nodes of

red color represent diseases of metabolism, nodes of green color represent glucose metabolism diseases, nodes of purple color represent diabetes
mellitus, nodes of brown color represent obesity, nodes of blue color represent sleep disorders, and nodes of orange color represent type 2 diabetes
mellitus. MTNR1B is circled in dark pink. In the zoomed-in view, thermogenic genes can be observed in yellow color.

network suggests that it may have an impact on specific metabolic
processes, such as the circadian regulation of metabolism and its
influence on insulin secretion rhythms and other metabolic processes.
In comparison to MTNRIB, MTNRIA has a much lower Degree value
(26), reinforcing that it is MTNRIB, not MTNRIA, the target gene. In
contrast, RORA and RORC exhibit slightly higher values (74 and 86,
respectively) than MTNRIB, suggesting a more generalized, possibly
as intermediate in multiple pathways, rather than a specific function in
a particular molecular pathway like MTNRIB.

Betweenness Centrality measures the ability of a node to
function as a mediator in communication between other nodes
in the network. Proteins with high values for this parameter are

Frontiers in Pharmacology

essential for signal integration and can control the flow of metabolic
information between different nodes. The genes PPARG,
PPARGCIA, and PPARA show high values for this parameter
(0.011, 0.005, and 0.004 respectively), indicating that they are key
intermediaries in the network interactions. Other genes with
elevated values include INS, ALB, APOE and LEP, all of which
are involved in the regulation of glucose metabolism, lipid signaling,
and the control of energy balance (0.034, 0.022, 0.008, and
0.007 respectively). Elevated values are also observed for the
genes AKT1, TNF, IL6, TP53, interleukin 1 beta (ILIB), STATS3,
and SIRTI, which are primarily involved in the regulation of
inflammation and the cellular response, potentially influencing
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TABLE 5 Main results of the topological parameters (degree, betweenness centrality, and closeness centrality) measured in genes of interest.

Gene Degree Betweenness centrality Closeness centrality

INS 739 0.03394041935620997 0.5587939698492462
AKTI 731 0.026503660449040425 0.5583450492066679
TNF 719 0.02165030373341461 0.5562224889955982
L6 707 0.018427701375878593 0.5518062723302898
TP53 659 0.03003541540673274 0.5498417721518987
ALB 633 0.02198878161278208 0.5449911782003529
ILIB 608 0.01076677883853121 0.5377176015473888
STAT3 535 0.009733774752207424 0.5301296720061022
PPARG 476 0.010678629406070313 0.5234419130107324
LEP 383 0.006610982139489241 0.5039883973894126
APOE 375 0.007926660804770879 0.5083196196745292
IGF1 371 0.0036288995813550163 0.5059144676979072
GSK3B 342 0.006168079486173016 0.5053626613343029
SIRTI 320 0.003795947165601392 0.5001799208348326
PPARA 306 0.004405973809048973 0.493432729854455
CRP 287 0.00214221025165658 0.48005525815921263
PPARGCIA 286 0.00463464469178503 0.4924712134632418
ADIPOQ 278 0.0029160842546203662 0.4881474978050922
CAVI 257 0.004227504372634952 0.4909058802754724
GCG 247 0.004304910630081138 0.4828065300451546
IRSI 243 0.0021617027100882353 0.4863540937718684
HNF4A 210 0.0027366688519582442 0.47898001378359756
SLC2A4 215 0.002646806536723463 0.47889750215331606
UcP1 125 519 x 107* 0.44889391248183436
UcP2 120 569 x 107 0.4473049074818986
RORC 86 263 x 107* 0.4139985107967238
RORA 74 356 x 107 0.4263803680981595
MTNRIB 68 725 x 107* 0.416791604197901
ucp3 61 991 x 10°* 0.4079835632521279
RORB 37 135 x 107 0.3716577540106952
MTNRIA 26 835 x 10°° 0.39143094841930115

energy metabolism (0.027, 0.022, 0.018, 0.030, 0.011, 0.009, and
0.004 respectively). The Betweenness Centrality value for MTNRI1B
is low (7.25 x 107*), suggesting that although this gene may be
relevant in some network interactions, it does not occupy a critical
position in signal transmission compared to other genes. This does
not mean it is unimportant, but rather that its influence may be
mediated more indirectly. Compared to MTNRIA (8.35 x 107°), the
Betweenness Centrality value of MTNRIB is almost 10 times higher.
Furthermore, RORA and RORC show lower values (3.56 x 10~* and
2.63 x 107%, respectively) than MTNRIB, reinforcing the idea that
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MTNRIB plays a more significant role in the interactions within the
network, although in a less central manner.

Closeness Centrality reflects how close a node is to all others in
the network, indicating its efficiency in transmitting information to
other proteins. If the distance between two nodes is smaller than the
distance between other nodes, then information will pass more
quickly between these nodes. Therefore, these nodes may have an
influential role in the network. PPARG, PPARGCIA, and PPARA,
similar to the previous parameter, show high values, suggesting that
these proteins are strategically positioned to influence the network
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TABLE 6 In vitro dose-effect curve data. All values are expressed as mean +
SD of three independent experiments in triplicate. A one-way ANOVA

followed by Tukey's post hoc test was performed for statistical analysis (#
P < 0.05 and ## P < 0.01, siRNA MTNR1B vs. Scrambled negative control).

Relative MTNR1B expression (AU)

siRNA C- siRNA MTNR1B
0 1.000 + 0.007 1.000 + 0.012
5 0.995 + 0.056 0.891 + 0.031
10 0.958 + 0.100 0.757 £ 0.139
25 0.985 + 0.154 0.579 £ 0.133 #
40 1.015 £ 0.134 0.203 £ 0.071 ##
80 1.038 + 0.123 0.163 + 0.096 ##
100 0.989 + 0.098 0.172 + 0.069 ##
120 1.002 + 0.145 0.122 + 0.055 ##
Yo = Max Effect — 0.1455
ICsp (28.20 nM) — 0.4273
1Cyo (39.83 nM) — 0.2964

centrally, consistent with their key roles in metabolic regulation and
lipid metabolism (0.523, 0.492, and 0.493, respectively). UCPI and
uncoupling protein 2 (UCP2) have intermediate values (5.19 x 10~* and
5.69 x 107" respectively), which may reflect their involvement in
specific processes within energy metabolism, such as thermogenesis.
INS and ALB also have elevated values (0.559 and 0.545 respectively),
further emphasizing their importance in regulating energy balance and
glucose, and the same occurs with AKTI, TNF, IL6, ILIB, STAT3,
SIRTI, and TP53 highlighting their importance (0.558, 0.556, 0.552,
0.538, 0.530, 0.500, and 0.550 respectively). MTNRIB does not show
high values for Closeness Centrality, indicating that it does not affect a
large number of genes in the network (0.418). This also suggests that
MTNRIB may have a more specialized and localized role in regulating
specific processes. MTNRIA has an even lower value (0.391),
indicating that its influence on the network is even more limited.
RORA and RORC have values (0.426 and 0.414, respectively) similar to
MTNRIB, which could indicate that all are equally involved in the
network, potentially working together in related processes, although
they have different roles.

3.2 Dose-effect curve

A clear dose-dependent relationship was observed in the
expression of the MTNRIB gene when the concentration of
siRNA increased. Cells transfected with siRNA against MTNRIB
significantly reduced the expression of MT2 starting from 25 nM
siRNA concentration compared to Scrambled siRNA negative
control (siRNA C7) transfected cells. 25 nM siRNA MTNRIB-
transfected cells decreased the MTNRIB expression compared to
cells transfected with siRNA C™ (siRNA C~ 25 nM, 0.985 + 0.154 vs
siRNA MTNRIB 25 nM, 0.579 + 0.133, P < 0.05). Increased
concentration of siRNA MTNRIB decreased the MTNRIB gene
expression in transfected cells (40 nM, 0.203 + 0.071; 80 nM, 0.163 +
0.096; 100 nM, 0.172 + 0.069; 120 nM, 0.122 + 0.055) compared to
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siRNA Ctransfected cells (40 nM, 1.015 + 0.134; 80 nM, 1.038 *
0.123; 100 nM, 0.989 £ 0.098; 120 nM, 1.002 £ 0.145; P < 0.01;
Table 6; Figure 3a). With siRNA concentration greater than 120 nM,
a plateau effect was reached, indicating that maximum possible
efficacy in gene silencing was achieved (Figure 3a). The dose-effect
curve analysis determined that the half-maximal inhibitory
concentration (IC50) of the siRNA was 28.20 nM, while the 70%
inhibitory concentration (IC70) was 39.83 nM. This confirmed that
at a siRNA concentration of approximately 40 nM, 70% or more
inhibition of mRNA expression was achieved, indicating that the
silencing was effectively performed. The knockdown effects on
MTNRIB expression can also be observed in the agarose gel
electrophoresis of RT-PCR products shown in Figure 3b. From
the obtained dose-effect values shown in Table 6, the dose-effect
curve was fitted using the following sigmoidal equation, where the
estimated parameter values were a = 0.8890, b = —9.8469, x, =
20.6369, and y, = 0.1455:

_xTxp

f(x)=yo+1

3.3 Effect of melatonin on MT2 expression
No differences found between the
MT2 expression values obtained for cells transfected with siRNA
C™ (40 nM, 0.600 + 0.025; 120 nM, 0.583 + 0.033) and the control
untransfected cells (0 nM, 0.610 + 0.007). After melatonin treatment, a
significant increase in MT2 expression was observed in untransfected
and siRNA Ctransfected cells (0 nM, 0.751 + 0.035; 40 nM, 0.790 +
0.025; 120 nM, 0.769 + 0.037; P < 0.05), demonstrating that
MT2 expression is upregulated by melatonin. Knockdown of
MTNRIB mRNA yielded a significant decrease of MT2 protein
expression compared to siRNA Ctransfected cells (siRNA
MTNRIB 40 nM, 0.460 + 0.009, and siRNA MTNRIB 120 nM,
0.209 + 0.038; P < 0.05 and P < 0.01, respectively; Figure 4a). While, at
the mRNA level, a gene expression inhibition of 70% or more was

significant were

achieved with a siRNA MTNRIB concentration of approximately
40 nM (Figure 3a), at the protein level, this was achieved at a
concentration of 120 nM (Figure 4a). In siRNA MTNRIB-
transfected cells, the addition of melatonin did not increase
MT?2 expression compared to melatonin untreated cells at both
concentrations studied. Moreover, melatonin-treated and untreated
siRNA MTNRIB-transfected cells presented lower MT2 protein levels
than melatonin-treated untransfected and siRNA C transfected cells
(40 nM, 0.427 + 0.042; 120 nM, 0.256 + 0.010; P < 0.01; Figure 4a).
These results show that MTNRIB knockdown effectively reduces
MT2 melatonin receptor expression at the protein level as well and
that melatonin treatment does not alter MT2 expression when the
receptor is silenced. The effects of melatonin on MT2 expression are
also shown in Figure 4b.

3.4 MT2 modulates melatonin’s effects on
SERCA and SLN expression

SLN is responsible for Ca®*-dependent muscle thermogenesis
through SERCA activity uncoupling. For this reason, SERCAI,
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(a) Dose-effect curve. Black dots correspond to the MTNR1B expression in Scrambled siRNA negative control (siRNA C7)-transfected cells, and white

dots correspond to the relative MTNR1B expression in siRNA MTNR1B-transfected cells. (b) Agarose gel electrophoresis of representative RT-PCR
products. All values are obtained from a densitometry analysis of mMRNA expression and expressed as mean + SD of three independent experiments in
triplicate (# P < 0.05 and ## P < 0.01, siRNA MTNR1B vs. Scrambled negative control).

SERCA2, and SLN expression were also analyzed. No
significant differences were found between the SERCAIL/
2 and SLN expression values obtained for cells transfected
with siRNA C~ (SERCA1 40 nM, 0.26 + 0.048 and 120 nM,
0.31 £ 0.013; SERCA2 40 nM, 0.26 + 0.018 and 120 nM, 0.28 +
0.012; and SLN 40 nM, 0.047 + 0.0014 and 120 nM, 0.044 +
0.0019) and the control untransfected cells (SERCA1, 0.33 +
0.035; SERCA2, 0.27 + 0.008; and SLN, 0.042 + 0.0044).
After treatment, siRNA
Ctransfected cells showed a significant increase of SERCA1
(untransfected, 0.44 + 0.022; P < 0.05; 40 nM, 0.48 + 0.035 and
120 nM, 0.49 0.037; P < 0.01; Figure 5a), SERCA2
(untransfected, 0.35 + 0.008; 40 nM, 0.37 + 0.028; and
120 nM, 0.36 + 0.029; P < 0.05; Figure 5b) and SLN
expression (untransfected, 0.059 + 0.0013; 40 nM, 0.060 *
0.0043; and 120 nM, 0.056 + 0.0042; P < 0.05; Figure 5c¢),
suggesting that melatonin promotes SERCA/SLN uncoupling

melatonin untransfected and

+

by increasing the expression of these proteins.
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MTNRIB knockdown at 40 nM showed no differences in
SERCA1 (0.31 + 0.006) and SLN (0.043 + 0.0008) expression
compared to untransfected and siRNA Ctransfected cells, and
SERCA1 expression was also unchanged after MTNRIB silencing
at 120 nM (0.29 * 0.006). However, SERCA2 expression was
observed to be lowered in siRNA MTNRIB transfected cells
compared to untransfected and siRNA C-transfected cells at both
concentrations (40 nM, 0.11 + 0.021; and 120 nM, 0.14 + 0.003; P <
0.01; Figure 5b) and SLN expression was also decreased in 120 nM
siRNA MTNRIB transfected cells (0.022 + 0.0015; P < 0.05;
Figure 5¢). This indicates that an inhibition of more than 50% of
MT?2 receptor expression is essential for a significant decrease in
SLN levels. After melatonin treatment, siRNA MTNRIB-transfected
cells at both concentrations showed no differences in SERCA1/2 and
SLN expression, suggesting that MT2 functionality and expression
are required for increased melatonin-mediated SERCA/SLN
uncoupling. The effects of melatonin on SERCA1, SERCA2, and
SLN expressions are shown in blots from Figure 5d.
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Effect of melatonin on MT2 expression. (a) Densitometry quantification of MT2 amount in unsilenced and MTNR1B-silenced human myoblast. (b)
Representative blot of MT2 expression. a-tubulin was used as loading control. All values are expressed as mean + SD of three independent experiments in
triplicate. A one-way ANOVA followed by Tukey's post hoc test was performed for statistical analysis (* P < 0.05, Melatonin treated vs. Non-treated; # P <
0.05 and ## P < 0.01, siRNA MTNRIB vs. Scrambled negative control, siRNA C°).

3.5 MT2 modulates melatonin’s effects on
Ca?*-dependent thermogenic pathway
activation

SERCA/SLN uncoupling usually leads to increased cytosolic Ca*"
levels, which can activate Ca®*-dependent pathways via CaMKII and
AMPK phosphorylation and/or calcineurin overexpression. This, in
turn, promotes the upregulation of mitochondrial biogenesis and
thermogenesis regulatory proteins such as PGCla.

No differences were observed between untransfected and siRNA C™-
transfected cells in P-CaMKII (untransfected, 0.26 + 0.033; 40 nM, 0.27 +
0.018 and 120 nM, 0.26 + 0.012), CaMKII (untransfected, 0.48 + 0.051;
40 nM, 0.48 +0.013 and 120 nM, 0.49 + 0.022), P-AMPK (untransfected,
0.17 £ 0.018; 40 nM, 0.15 + 0.015 and 120 nM, 0.17 + 0.007), AMPK
(untransfected, 0.93 + 0.11; 40 nM, 0.90 + 0.03 and 120 nM, 0.86 + 0.04),
PGCla (untransfected, 0.12 + 0.019; 40 nM, 0.15 + 0.024 and 120 nM,
0.13 + 0.018) and calcineurin expression (untransfected, 0.043 + 0.004;
40 nM, 0.040 + 0.012 and 120 nM, 0.035 + 0.015). The ratios P-CaMKII/
CaMKII and P-AMPK/AMPXK also remains unaltered in untransfected
(P-CaMKII/CaMK1], 0.57 + 0.03; and P-AMPK/AMPXK, 0.18 + 0.010)
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and siRNA C -transfected cells at 40 nM (P-CaMKII/CaMKII, 0.58 +
0.05; and P-AMPK/AMPK, 0.19 + 0.006) and 120 nM (P-CaMKII/
CaMKII, 0.54 + 0.03; and P-AMPK/AMPK, 0.19 + 0.014). Melatonin
enhanced P-CaMKII and P-AMPK expression in untransfected
(P-CaMKII, 043 + 0.063; P < 0.05; and P-AMPK, 0.31 + 0.007; P <
0.01) and siRNA C transfected cells at 40 nM (P-CaMKII, 0.39 + 0.028;
P <0.05; and P-AMPK, 0.32 + 0.023; P < 0.01) and 120 nM (P-CaMKI]I,
0.42 +0.032; P < 0.05; and P-AMPK, 0.34 + 0.025; P < 0.01) as shown in
Figures 6a,d. However, CaMKII and AMPK levels were maintained
unchanged after melatonin treatment (Figures 6b,e respectively).
Therefore, melatonin increased in untransfected and siRNA C -
transfected cells the ratio P-CaMKII/CaMKII (untransfected, 0.90 +
0.02; 40 nM, 0.87 + 0.15 and 120 nM, 0.99 + 0.12; P < 0.01; Figure 6c)
and P-AMPK/AMPK (untransfected, 0.36 + 0.032; 40 nM, 0.35 +
0.012 and 120 nM, 0.38 + 0.027; P < 0.01; Figure 6f). Furthermore,
as shown in Figures 6gh, melatonin promoted PGCla and calcineurin
expression in untransfected (PGCla, 0.39 + 0.010; and calcineurin,
0.135 +0.009; P < 0.01) and siRNA C -transfected cells (40 nM: PGCla,
0.32 + 0.042; calcineurin, 0.135 + 0.010; and 120 nM: PGCla, 0.30 +
0.061; calcineurin, 0.138 + 0.010; P < 0.01).
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Knockdown of MTNRIB at both concentrations lowered the levels
of P-CaMKII (40 nM, 0.10 + 0.018; and 120 nM, 0.07 + 0.010; P < 0.01;
Figure 6a), CaMKII (40 nM, 0.38 £ 0.010; and 120 nM, 0.33 + 0.055; P <
0.05; Figure 6b) and P~-AMPK (40 nM, 0.09 + 0.007; and 120 nM, 0.08 +
0.016; P < 0.01; Figure 6d), also lowering the ratios P-CaMKII/CaMKII
(40 nM, 0.22 + 0.06; and 120 nM, 0.19 + 0.08; P < 0.01; Figure 6¢) and
P-AMPK/AMPK (40 nM, 0.11 + 0.009; and 120 nM, 0.10 + 0.020; P <
0.01; Figure 6f). No differences at 40 nM MTNRIB gene knockdown
were observed in AMPK (0.81 + 0.05), PGCla (0.15 + 0.031) and
calcineurin expression (0.033 + 0.006), nor expression differences were
found in these last two proteins at 120 nM (PGCla, 0.16 + 0.022; and
calcineurin, 0.036 + 0.007; Figures 6gh respectively) compared to
untransfected and siRNA Ctransfected cells. However, AMPK
expression was observed to be lowered in 120 nM siRNA MTNRIB
transfected cells (0.71 £ 0.04; P < 0.05), as shown in Figure 6e. After
melatonin treatment, siRNA MTNRIB-transfected cells at 40 nM
showed increased levels of P-CaMKII (0.16 + 0.025; P < 0.05;
Figure 6a), CaMKII (0.46 + 0.019; P < 0.05; Figure 6b), P-AMPK
(0.15 £ 0.007; P < 0.05; Figure 6d), Ratio P~-AMPK/AMPK (0.15 £
0.012; P < 0.05; Figure 6f), and PGCla (0.23 + 0.015 P < 0.05;
Figure 6g). However, 120 nM siRNA MTNRIB-transfected cells
presented no differences in protein expression and either in both
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ratio levels after melatonin treatment, suggesting that more than
50% of MT2 receptor expression is essential for an effective gene
knockdown and that MT2 plays a key role in melatonin activation
of the Ca**-dependent thermogenic pathway through CaMKII/AMPK/
PGCla. The effects of melatonin on CaMKII, AMPK, PGCla, and
calcineurin expression are shown in blots from Figure 6i.

4 Discussion

Regarding the bioinformatic study, the functional analysis of
genes associated with obesity, type 2 diabetes, and sleep disorders
identified 397 key genes using advanced tools such as g: Profiler,
STRING and Cytoscape. The construction of a protein-protein
interaction (PPI) network revealed a complex interaction among
these genes, encompassing 397 nodes and 5,315 edges, and an
of 26.8. This
interconnected network underscores the existence of shared

average node degree robust and densely
biological mechanisms underlying these phenotypes. A key
finding was the strong association of the MTNRIB gene with
metabolic phenotypes, including type 2 diabetes and obesity.

Notable, MTNRIB gene showed a more prominent association
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with clusters related to metabolic diseases, including glucose
metabolism, compared to related genes such as MTNRIA or
RORA (Lyssenko et al., 2009). RORA and RORC exhibit higher
Degree and Betweenness values than MTNRIB in the PPI network,
suggesting a higher centrality of these genes in the studied pathway
maybe acting as downstream signal transducer intermediary or
second messenger, and in agreement with recent studies
indicating that these genes act more as mediators of melatonin’s
effects rather than as direct receptors. Furthermore, it has been
discovered that they potentially function independently of
melatonin-induced signaling (Ma et al, 2021). In contrast,
MTNRIB, which encodes the MT2 receptor, is considered a key
player in mediating melatonin’s direct impact on metabolic
processes. This suggests a unique and direct role for MTNRIB in
metabolic regulation. Moreover, melatonin could potentially bind to
nuclear receptors that have yet to be identified (Panmanee et al.,
2025). This further highlights the importance of MTNR1B, which is
considered an active melatonin receptor, and its direct impact on
metabolic processes. MTNRIB showed low topological values in the
PPI network, suggesting that its role does not rely on a central
position as an intermediary, but rather on an initiator (receptor) or
effector of the studied pathways, and appearing to exert localized
effects, particularly on thermogenesis. These results align with
previous studies identifying the MT2 receptor as key in
regulating insulin secretion and glucose metabolism (Sharma
et al, 2015). Furthermore, the proximity of MTNRIB in the
network to thermogenesis-related genes such as UCPI, UCP3,
PPARGCIA, and PPARG, suggesting a dual role in regulating
glucose metabolism and thermogenesis. These findings highlight
MTNRIB as a promising therapeutic target for metabolic disorders.
It is also striking that TP53 was also identified in the list of diabesity-
related genes (Table 5), as it is one of the most frequently mutated
genes in cancer. This underscores the close relationship between
obesity, its associated metabolic complications, circadian syndrome
and an increased risk of cancer (Zwezdaryk et al., 2018). This is in
line with previous results from our group and others in which
melatonin inhibits tumor growth enhancing cancer prevention and
treatment (Li et al., 2017; Agil et al., 2020; Zolfagharypoor et al.,
2025). Moreover, sleep disturbances and circadian disruption have
been related to cancer risk (Haus and Smolensky, 2013) maybe due
to common pathways. Additionally, SIRT1, known for its role in
mitochondrial biogenesis and adipogenesis, was identified as
another key player, reinforcing its involvement in obesity
progression (Majeed et al., 2021) and its reduced expression in
the myocardium of diabetic patients (Du et al, 2024), further
emphasizing its connection to diabesity.

In the present study, we analyze for the first time the impact of
MTNRIB gene silencing in human myoblasts on melatonin-induced
thermogenesis, which is previously demonstrated in the muscle
from obese-diabetic rats, an in vivo model for the study of
diabesity closely resembling human T2DM (Salagre et al., 2024b).
Furthermore, the inhibition of MT2 protein expression was found to
be lower than MTNRIB gene knockdown, suggesting that
MT2 regulatory
mechanism, that human myoblast have MT2 reservoirs, and/or

expression underlies post-transcriptional

MT2 protein has low protein turnover rate (Wu et al, 2004;
Schwanhtiusser et al, 2011; Vogel and Marcotte, 2012). This
in MTNRIB gene inhibition

dose-dependent  relationship
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observed in this study may be useful in future research to
optimize experimental design in gene silencing models, especially
when aiming for effective inhibition without resorting to excessive
siRNA concentrations, which could lead to unwanted side effects or
cellular toxicity. These results provide evidence of the effectiveness
of siRNA in reducing MTNRIB expression and its potential utility as
a tool for studying the function of this gene in experimental models
related to metabolic disorders, such as obesity and type 2 diabetes.

Here, the role of melatonin on the MT2 receptor was also
investigated by evaluating its expression after the silencing of
MTNRIB. The results provide evidence that melatonin significantly
increases the expression of the MT2 receptor. It was observed that in the
Scrambled siRNA negative controls, the expression of MT2 remained
constant at concentrations of 40 nM and 120 nM, indicating a stable
basal expression of the receptor even after transfection. However, when
melatonin was added to the cells, the expression of MT2 increased
significantly. This increase in MT2 expression may confirm that
melatonin promotes the activation of this receptor, although direct
assessment of downstream signaling pathways need to be further
explored. Conversely, after the knockdown, melatonin addition
showed no variations in MT2 expression compared to cells not
treated with melatonin, suggesting that the functionality and proper
expression of the MT2 receptor is essential for its positive regulation by
melatonin. This indicates that the inhibition of MTNRIB reduces the
ability of cells to respond to melatonin effectively and suggests that the
functionality of MT2 is crucial for the observed melatonin effects in
obese-diabetic rats.

Our previous study showed that melatonin increased muscle NST
through SLN overexpression and SERCA uncoupling via Ca-
dependent  pathway (Salagre 2024b).
MT?2 expression was found to be related to Ca®* homeostasis in the
skeletal muscle of obese-diabetic rats (Agil et al., 2015; Salagre et al,
2024a) and human myocytes (Sasaki et al., 2021), also being essential for
SERCA2 expression in heart (Prado et al., 2020) and other tissues (Ren
et al., 2024). Furthermore, MT2 was shown to be the key receptor for

activation et al,

melatonin effects increasing lipolysis and thermogenesis (Tripathy and
Bhattamisra, 2025). These results are coherent with those obtained in
the present study in which MT2 functionality and expression was
essential for increased SERCA1/2 and SLN expression by melatonin in
human myoblast. Gene knockdown of MTNRIB reversed the observed
melatonin effects recovering basal or even further decreasing SERCA1/
2 and SLN expression. Moreover, decreased SERCA2 expression but no
SERCAL1 was observed in MT2 silenced human myoblast suggesting a
closer relationship between MT2 and SERCA2 than SERCALI in the
thermogenic effects of melatonin. This association was also observed in
our previous study showing SERCA2, but not SERCALI, overexpression
after melatonin treatment in the muscle of obese-diabetic rats (Salagre
et al,, 2024b). SLN is an important protein involved in Ca*"-dependent
muscle thermogenesis, and its function is closely related to the
activation of the thermogenic pathway (Salagre et al., 2024b). In this
study, a significant increase in SLN expression was observed in cells
treated with melatonin, indicating that this hormone may promote SLN
expression, which is consistent with previous research showing that
melatonin has a positive effect on the expression of proteins involved in
muscle thermogenesis (Aouichat et al., 2022; Salagre et al., 2024b).
These results support the idea that melatonin can promote
thermogenesis through the positive regulation of SLN and MT?2,
increasing SERCA activity uncoupling. Moreover, the increase in
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SERCA1/2 expression could also be explained as a compensatory
mechanism to maintain calcium transport due to the reduced
SERCA activity. Previous results from our team showed that
melatonin increased both SERCA activity and expression in obese-
diabetic rats supporting the close association between SERCA function
and melatonin (Salagre et al,, 2024b), although the lack of SERCA
activity measurements in the present study could be a limitation and
further research focusing the association of SERCA activity and
MT2 knockdown is needed. Our results demonstrate that SLN
expression was significantly reduced when the MTNRIB gene was
silenced using 120 nM siRNA, highlighting the importance of effective
MT2 silencing to achieve the expected effects on the expression of
thermogenic proteins. The decrease in the expression SLN and
SERCA2 in MTNRIB knockdown human myoblast reinforces the
hypothesis that the activity of MT2 is crucial for metabolic function,
particularly thermogenesis regulation. In the presence of melatonin, no
recovery of SLN and SERCAI/2 expression was observed in the
MTNRIB siRNA-transfected cells, indicating that the functionality of
the MT2 receptor is crucial for melatonin-induced regulation of
SERCA/SLN uncoupling and, therefore, for the activation of the
Ca**-dependent thermogenic pathway in which similar effects were
found in CaMKII/AMPK/PGCla activation. In human myoblasts with
unchanged MT2 protein levels, P-CaMKII, P-AMPK, PGCla and
calcineurin expression were increased after melatonin treatment
confirming the previously observed results in the muscle of obese-
diabetic rats in which melatonin activated the Ca’"-dependent
thermogenic pathway via SERCA/SLN uncoupling (Salagre et al,
2024b;  2025). slightly increased the
phosphorylation levels of key thermogenic pathway mediators,
including CaMKII, AMPK, and PGCla, in MTNRIB silenced cells
at 40 nM but not at 120 nM suggesting that only at 120 nM an effective
gene knockdown was achieved as previously mentioned. Cells with
effective  MTNRIB gene knockdown, also presented decreased
activation by phosphorylation of CaMKII and AMPK proteins and

Furthermore, melatonin

no effects after melatonin treatment showing the close relationship
between MT2 functionality and the activation of Ca*'-dependent
pathways. These results are coherent with previous works in
pancreatic cells from rats that showed increased insulin secretion
after melatonin treatment through MT2 receptor and a Ca*-
dependent pathway activation via CaMKII (Bazwinsky-Wutschke
et al, 2012; 2014). Moreover, melatonin recovered the sleep phase
delayed in mice via CaMKII regulation after MT2 activation (Wang
et al, 2020). Similarly, studies in vitro in mammalian reproductive
endocrine cells showed that melatonin regulates progesterone/
testosterone production through an AMPK-mediated pathway via
MT2 activation promoting mitochondrial function (Zhao et al,
2024) and autophagy (Duan et al., 2024). AMPK was also shown to
be a key regulator of melatonin thermogenic effects in obese-diabetic
rats enhancing skeletal muscle mitochondria biogenesis (Salagre et al.,
2024b), function (Salagre et al., 2025), and autophagy (Salagre et al,
2023), reducing muscle organellar stress (Salagre et al., 2024a).

In conclusion, the present study provides compelling clear evidence
that the MT2 receptor encoded by MTNRIB, plays, at least partially, a
pivotal role in melatonin-induced skeletal muscle NST by promoting
SERCA uncoupling by SLN upregulation and activating Ca**-dependent
thermogenic pathways via CaMKII/AMPK/PGCla signaling. These
findings position melatonin as an effective and safe therapy against
diabesity and circadian syndrome by enhancing thermogenic activation,
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however, further in-depth functional assay studies are needed to
corroborate the direct thermogenic effect of melatonin on human
myoblasts via the MT2 receptor. Future research should focus on
further elucidating the role of MT2 and MT1 polymorphisms in the
thermogenic effects of melatonin in humans, and investigating other
melatonin receptors, such as MT1 and its gene MTNRIA, to gain a
comprehensive understanding of melatonin’s role in metabolic
regulation and the involvement of its receptor expression, being this
a limitation of the present study. This study lays the groundwork for
developing novel melatonin-based therapies to combat obesity and its
associated type 2 diabetes.
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