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1. Introduction

Melatonin induces fat browning by
transdifferentiation of white adipocytes and de
novo differentiation of mesenchymal stem cells+
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Maria-Jesus Oliveras-Lopez,© Antonio Munoz-Hoyos,b Miguel Navarro-Alarcon, (&
Gumersindo Fernandez-Vazquez® and Ahmad Agil (2 *?
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The role of melatonin in obesity control is extensively accepted, but its mechanism of action is still
unclear. Previously we demonstrated that chronic oral melatonin acts as a brown-fat inducer, driving sub-
cutaneous white adipose tissue (sWAT) into a brown-fat-like function (beige) in obese diabetic rats.
However, immunofluorescence characterization of beige depots in SWAT and whether melatonin is a
beige-fat inducer by de novo differentiation and/or transdifferentiation of white adipocytes are still
undefined. Lean (ZL) and diabetic fatty (ZDF) Zlcker rats were subdivided into two groups, control (C) and
oral melatonin-supplemented (M, 10 mg kg™ day™) for 6 weeks. Mesenchymal stem cells (MSCs) were
isolated from both rat inguinal fat and human lipoaspirates followed by adipogenesis assays with or
without melatonin (50 nM for 12 h in a 24 h period, 12 h+/12 h-) mimicking the light/dark cycle.
Immunofluorescence and western-blot assays showed the partial transdifferentiation of white adipocytes
in both ZL and ZDF rats, with increasing thermogenic and beige markers, UCP1 and CITED1 and decreas-
ing white adipocyte marker ASC-1 expression. In addition, melatonin increased UCP1, CITED1, and PGC1-
o expression in differentiated adipocytes in both rats and humans. These results demonstrate that melato-
nin increases brown fat in obese diabetic rats by both adipocyte transdifferentiation and de novo differen-
tiation. Furthermore, it promotes beige MSC adipogenesis in humans. This may contribute to the control
of body weight attributed to melatonin and its metabolic benefits in human diabesity.

and oxidative stress.”> The modern lifestyle enhances obesity
and overweight through a large energy imbalance caused by a

Obesity is the result of a complex interaction between genetics,
lifestyle and environment, including social and cultural
factors." In addition, this disease carries other comorbidities
that include type 2 diabetes mellitus (DM2) among others.”
Obesity and its complications are also associated with metain-
flammation, mitochondrial dysfunction, cellular apoptosis,
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higher caloric intake with lack of physical activity.’> The latest
studies from the World Health Organization revealed that the
global prevalence of obesity has tripled between 1975 and
2016." In 2016, more than 1.9 billion adults aged 18 years and
over were overweight (39%; body mass index >25 kg m™2) and
650 million of them were obese (13%; body mass index >30 kg
m™?). In the same year, 340 million children and adolescents
between the ages of 5 and 19, and another 41 million under
the age of 5, were obese or overweight, also raising a growing
concern about childhood obesity. Obesity in humans and
other mammals leads to the storage of excess energy as trigly-
cerides in adipose tissue. While white adipose tissue (WAT)
functions as a lipid storage reservoir, brown adipose tissue
(BAT) provides a mechanism for thermogenesis, dissipating
energy in the form of heat.” Brown-colored adipocytes have
also been found within WAT. They are called beige or brite
(brown on white) adipocytes. Interestingly, these beige/brite
cells resemble white adipocytes in the basal state, but respond
to thermogenic stimuli with higher levels of thermogenic
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genes and higher respiration rates. Furthermore, beige/brite
cells have a different gene expression pattern than white or
brown fat cells.® While the alanine-serine-cysteine transporter-
1 (ASC-1) is highly expressed in WAT with little or no
expression in thermogenic adipose tissues such as BAT,
suggesting that this transporter is a specific surface marker for
WAT,””® the Cbp/The transactivator that interacts with p300
with the Glu/Asp-rich carboxy-terminal domain 1 (CITED1) is a
marker selectively expressed in beige adipocytes of uncoupling
protein 1 (UCP1) positive in mice, as well as in humans.” "
Melatonin is a hormone produced at night by the pineal
gland"®'* and also in many other tissues.">'® In addition to
physiological circadian rhythm regulation, melatonin has anti-
oxidant, anti-inflammatory, and anti-obesogenic effects.
Melatonin is a powerful antioxidant, and its presence in
numerous plants and foods has been described as beneficial
for human and animal health.'”*® Melatonin limits obesity in
rodents without influencing food intake'®>* with inconsistent
changes in locomotor activity, either increase,'®>* decrease®*
or no changes.>® Moreover, in this same rat strain, we have
shown that melatonin does not affect locomotor activity.>®
Furthermore, in this same rat strain, we have shown that
chronic melatonin supplementation has an antidiabetic effect
accompanied by an improvement of insulin resistance, as evi-
denced by a lower HOMA-IR index®® and increases systemic
levels of adiponectin which improves insulin sensitivity by
increasing energy expenditure and fatty acid oxidation through
the activation of AMP activated protein kinase (AMPK) and by
increasing the expression of PPARy target genes®” like PGCla,
the master regulator of the thermogenic program and mito-
chondrial biogenesis, and UCP1 its molecular effector.® This
suggests that melatonin may act as a thermogenic agent. In
fact, many previous reports indicated that melatonin enhances
the growth and function of thermogenic adipose tissue.>’ In
addition, white subcutaneous fat contains patches of beige
adipocytes, in both animals and humans.”*® These fat cells
have structural and functional properties similar to brown
adipocytes.*** Beige deposits can be induced in animals and
humans by physiological stimuli, such as cold exposure, which
increases adrenergic tone,>"** and by physical activity through
irisin, a myokine recently identified in animals and humans.*
This discovery is of utmost interest since the search for safe
and effective thermogenic agents is a promising strategy to
fight obesity. Therefore, melatonin, besides stimulating the
growth and thermogenic activity of thermogenic adipose
tissue, could have an “irisin-like” effect by inducing the
appearance of “brown-like” adipocytes in areas of WAT. In this
sense, a study of our group has shown that the chronic oral
administration of melatonin induces the appearance of
“brown-like” adipocyte nests in the subcutaneous inguinal
WAT from ZDF rats.>> Moreover, we have observed a basal ingu-
inal thermogenic activity and a cold-induced sensitizing
regional action in response to the systemic administration of
melatonin. The current epidemic of obesity has increased the
interest in studying adipocyte formation (adipogenesis),
especially in beige/brite adipocytes, as they could shed light on
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the search for new effective treatments.***> Numerous lineage
experiments provide evidence that adrenergic stimulation and/
or cold exposure increase beige adipocyte biogenesis (brown-
ing) in WAT by de novo differentiation of pre-adipocyte cells
found in WAT depots (adipogenesis), and/or reversible trans-
differentiation of mature white adipocytes whose commitment
reversibly changes to a beige phenotype, leading to the direct
differentiation of mature white to beige adipocytes.®3¢™**
Several studies also revealed that melatonin and other hormo-
nal factors like triiodothyronine (T3), parathyroid hormone
(PTH), glucagon-like peptide 1 (GLP1), leptin and natriuretic
peptides also induce the browning of WAT and/or BAT thermo-
genesis stimulation.*® A recent transcriptional and epigenomic
study showed specific expression patterns in beige adipocytes
from mice, suggesting a distinct lineage and an epigenomic
memory of prior cold exposure for beige adipocytes.*® These
pieces of evidence may support the hypothesis that beige adi-
pocytes contribute to adipose tissue plasticity and adjusting
their gene expression patterns and morphology, depending on
the presence and frequency of different stimuli,*>*! for a rapid
thermogenic response.*®

In the present study, we investigated the characterization of
beige depots in sWAT in ZDF rats and the elucidation of
whether melatonin induces beige adipocytes by the differen-
tiation of ZDF rat and human subcutaneous WAT-derived
mesenchymal stem cells (MSC) and/or the trans-differentiation
of white adipocytes to beige ones in ZDF inguinal fat.

2. Materials and methods
2.1 Animals and experimental protocols

This study was carried out in accordance with the European
Union guidelines for animal care and protection and the
Ethical Committee of the University of Granada (Granada,
Spain). The permit project number is 4-09-2016-CEEA. Male
ZDF rats (fa/fa n = 16) and male lean littermates (ZL, fa/- n =
16) were obtained at the age of 5 weeks. Animals were main-
tained on Purina 5008 rat chow (protein 23%, fat 6.5%, carbo-
hydrates 58.5%, fiber 4%, and ash 8%; Charles River, France)
and housed 2 per clear plastic cage in a climate-controlled
room at 28-30 °C and 30-40% relative humidity, with a 12 h
dark/light cycle (lights on at 7 a.m.). In the first week after
arrival, the animals were acclimated to room conditions, and
the water intake was recorded. Then, both ZL and ZDF rats
were subdivided into four groups. Animals were supplemented
for 6 weeks either with melatonin in drinking water (melato-
nin-supplemented, M-ZDF, n = 8 and M-ZL, n = 8) or the
vehicle (controls, C-ZDF, n = 8 and C-ZL, n = 8). Melatonin was
dissolved in a minimum volume of absolute ethanol and
diluted in drinking water to yield a dose of 10 mg per kg body
weight (BW) per day, with a final concentration of 0.066%
(w/v) ethanol. Water intake and BW were recorded twice
weekly. Fresh melatonin and vehicle solutions were prepared
twice a week, and the melatonin dose was adjusted to the BW
throughout the study period. Water bottles were covered with
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aluminum foil to protect from light. At the end of the sup-
plementation period, the animals were anesthetized with
sodium thiobarbital (thiopental) and sacrificed.

2.2  Immunofluorescence

Inguinal adipose tissue from Ziicker rats was fixed by immer-
sion in 10% formaldehyde for 12 h and after dehydration by
immersion in increasing concentrations of ethanol (70-100%),
they were included in paraffin forming blocks. Paraffin-
embedded inguinal adipose tissue from Ziicker rats was cut
into 7 um sections. Before staining, the cuts were deparaffi-
nized with xylene and decreased concentrations of ethanol
(100-70% and water). They were subjected to citrate-based
antigen retrieval using Antigen Retrieval Citra Solution
(Biogenex) and blocked for 1 h at room temperature with
rabbit polyclonal antibodies. The sections were incubated for
1 h at room temperature with a mouse monoclonal antibody
against CITED1 at a dilution of 1:1000 (Sigma, Spain) or a
rabbit monoclonal antibody against UCP1 at a dilution of
1:1000 (Sigma, Spain) or immunoglobulin G (IgG) as a nega-
tive control. Secondary detection was performed for 1 h at
room temperature using anti-mouse Fluorescein isothio-
cyanate (FITC) and anti-rabbit Cyanine 3 (Cy3) (Invitrogen,
Carlsbad, CA, USA). The cuts were labeled with 4',6-diamidino-
2-phenylindole (DAPI). Images were captured using an
Olympus IX2 microscopy. Image analysis and quantification
was carried out by measuring signal intensities using the
Image] programmer.

2.3 Isolation of mesenchymal stem cells

Adipose tissue samples (~300 mg) from Ziicker rats were
excised from brown-like (beige) and white fat regions of the
inguinal fat pad and washed in PBS with 1% (w/v) antibiotics
(penicillin-streptomycin (P/S), Sigma, Spain). MSCs from
beige (bMSCs) and white (WMSCs) inguinal adipose tissue
were isolated by enzymatic digestion (Collagenase type I,
Sigma, Spain) at 37 °C for 1 h. The enzymatic solution was
inactivated by adding complete Dulbecco’s Modified Eagle’s
Medium (DMEM, Gibco, Life Technologies, Spain) sup-
plemented with 10% Fetal Bovine Serum (FBS) and 1% P/S.
The mixture was centrifuged at 400 G for 10 min and the pellet
was resuspended in growth medium (complete DMEM sup-
plemented with r-glutamine 2 mM, 10% FBS, 1% P/S and 1%
doxycycline).

Human MSCs were isolated from lipoaspirates’ adipose
tissue. Human abdominal fat was obtained from healthy
donors (n = 8) undergoing liposuction plastic surgery (range of
age 44-61). All samples used in this study were collected with
informed consent and Institutional Review Board approval
(ethic permission number: 02/022010 Hospital Virgen de la
Victoria, Malaga, Spain). Briefly, lipoaspirates were washed
and treated for 1 h at 37 °C with 1% collagenase type IA
(Sigma Aldrich, Spain) in Hank’s Balanced Salt Solution
(Sigma Aldrich, Spain) under gentle agitation. The digested
tissue was centrifuged, and the supernatant discarded. The
cell pellet obtained was washed twice in DMEM supplemented

3762 | Food Funct., 2022,13, 3760-3775

View Article Online

Food & Function

with 10% FBS and resuspended in growth medium.
Approximately 1.8 x 105 (range 1.6-2 x 105) cells were obtained
from 1 g of lipoaspirate.

2.4 Cell culture

MSCs from inguinal adipose tissue of Ziicker rats and human
lipoaspirates were seeded and expanded in the appropriate
sterile plastic flask at equal densities (5 x 103 cells per cm?) in
T-75 culture flasks with 10 ml of complete culture medium
consisting of DMEM (Gibco, Life Technologies, Spain) sup-
plemented with r-glutamine (2 mM), 10% FBS (Gibco, Life
Technologies, Spain), 1% P/S (Gibco, Life Technologies, Spain)
and 1% doxycycline (Sigma, Spain) and cultured in an incuba-
tor at 37 °C with a humidified atmosphere containing 21% O,
and 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 103 cells per cm?
at each passage.

2.5 MSC characterization

After two passages, MSC specific surface markers were ana-
lyzed by flow cytometry with non-conjugated antibodies and
in vitro differentiation assay to be characterized. Mouse anti-
rat/human CD-73 (1:100; BD, Pharmingen, San Jose, CA,
USA), mouse anti-rat/human CD-90 (1:100; BD, Pharmigen,
San Jose, CA, USA), mouse anti-rat/human CD-105 (1:100; BD,
Pharmigen, San Jose, CA, USA), mouse anti-rat/human CD-29
(1:100; BD, Pharmingen, San Jose, CA, USA), mouse anti-rat
anti-SCA-1 (1:100; BD, Pharmingen, San Jose, CA, USA),
mouse anti-rat CD-133 (1: 100; BD, Pharmingen, San Jose, CA,
USA), mouse anti-rat/human CD-45 (1:100; Millipore,
Burlington, MA, USA) and mouse anti-rat/human CD-34
(1:100; BD, Pharmigen, San Jose, CA, USA) were used. As a
secondary antibody, bovine anti-mouse FITC (fluorescein iso-
thiocyanate, green fluorescence, Santa Cruz Biotechnology
Inc., Santa Cruz, CA, USA) was used for all samples. Isotype
control could not be carried out because all the primary anti-
bodies were produced in mice. As negative controls, cell ali-
quots were incubated only with isotype-matched mouse IgG
conjugated to FITC (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA) under the same conditions. To carry out this
procedure, cultured cells in a T-175 flask were washed with
PBS and detached by incubation with trypsin diluted 1:1 in
PBS. After trypsin inactivation with complete medium and cen-
trifugation at 1500 rpm for 5 min, pellets were resuspended
with 10 ml of Blocking Buffer, which contains 2-4% of bovine
serum albumin (BSA) and 2 pM ethylenediaminetetraacetic
acid (EDTA) in PBS. During 1 h incubation at 37 °C, this solu-
tion blocked nonspecific binding between the antibody and
other regions. Then, 6 ml of the resuspension was distributed
into 6 cytometer tubes, 1 ml in each one. The samples were
centrifuged at 1500 rpm for 5 min and the pellet was resus-
pended with 90 pl of PBS and 10 pl of each primary antibody,
for the two cell lines, not including the controls. After incu-
bation at 37 °C for 15-20 min, the samples were washed with
5 ml of PBS by centrifugation at 1500 rpm for 5 min to elimin-

This journal is © The Royal Society of Chemistry 2022
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ate the antibody excess and reduce false positives and back-
ground signal. 10 pl of the secondary antibody and 90 pl of
PBS were added, to each sample, which were then incubated at
37 °C for 20 min under dark conditions. After that, the
samples were washed with 5 ml of PBS by centrifugation at
1500 rpm for 5 min before being analyzed using a FACScan
flow cytometer (BD Biosciences, San Jose, CA, USA).

For the MSC multipotent differentiation potential charac-
terization, in vitro adipogenic, osteogenic, and chondrogenic
differentiation assays were performed. MSCs were plated at the
density of 300 000 cells per well in a three 6-well plate one for
each differentiation assay with adipogenic (DMEM, 10% FBS,
1% P/S, 1 mM dexamethasone, 500 uM isobutyl methyl-
xanthine (IBMX), 60 pM indomethacin and 10 pg ml™
insulin), osteogenic (DMEM, 10% FBS, 1% P/S, 10 nM dexa-
methasone, 5 mM p-glycerophosphate and 50 ug ml~" ascorbic
acid) and chondrogenic (DMEM, 10% FBS, 1% P/S, 1%
insulin-transferrin-selenium, 100 nM dexamethasone, 40 pg
ml™" proline, 10 ng ml™" transforming growth factor-beta 3
(TGFB3) and 50 pug ml™" ascorbic acid) medium, respectively.
Cells were cultured for 21 days at 37 °C in a humidified atmo-
sphere containing 21% O2 and 5% CO,, changing the medium
twice a week to perform complete MSC differentiation into adi-
pocytes, osteocytes, and chondrocytes. After the in vitro differ-
entiation assay, differentiated cells and MSCs were fixed with
4% paraformaldehyde (30 min at room temperature), washed
twice with PBS, stained with Oil Red O (adipocytes), Alizarin
Red (osteocytes) or toluidine (chondrocytes) (30 min at room
temperature) followed by three washes with PBS, and visual-
ized with an optical microscope and photographed.

2.6 Invitro melatonin treatment

ZDF rat and human MSCs were subjected to an in vitro melato-
nin treatment to differentiate them into adipocytes. MSCs
were plated at the density of 30 000 cells per ecm” in a 12-well
plate with pre-adipocyte growth medium (PGM) consisting of
DMEM, 10% FBS and r-glutamine (2 mM) and grown to con-
fluence for 2 days. Cells were then incubated for 10 days in a
pre-adipocyte differentiation medium (PDM), to achieve the
commitment of cells to the adipogenesis, with or without mel-
atonin. Melatonin was used at 50 nM and was added intermit-
tently in melatonin-treated samples (for 12 h in a 24 h period,
12 h+/12 h—, mimicking the light/dark cycle). The PDM con-
sisted of PGM with 1 pM dexamethasone (Sigma, St Louis,
MO, USA), 60 pM indomethacin (Sigma, Spain), 500 pM 3-iso-
butyl-1-methylxanthine (IBMX, Sigma, Spain) and 0.01 mg
ml ™" insulin (Sigma, Spain). Then, the PDM was replaced with
an adipogenic differentiation medium (ADM, Lonza, Basel,
Switzerland) and cells were incubated 10 days more.
Adipogenesis was monitored by the morphological examin-
ation of the cellular accumulation of lipid droplets by
AdipoRed Assay Reagent (Lonza, Basel, Switzerland) following
the manufacturer’s protocol. The stained lipid droplets were
visualized with an optical microscope and photographed. To
quantify adipogenesis, the absorbance of the stained cultures
was measured at 520 nm using a microplate reader.

This journal is © The Royal Society of Chemistry 2022
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2.7 Quantification of UCP1, ASC-1, PGC1x and CITED1

ZDF rat and human MSCs and adipocytes obtained after
in vitro melatonin treatment were harvested in 10 mM Tris-
HCL (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1% Triton X-100,
10% glycerol (all from Sigma, Spain) and protease inhibitor
cocktail (Thermo Fisher Scientific, Waltham, MA, USA), and
placed on ice for 20 min. Following centrifugation (13 000g,
4 °C, 30 min), the protein content of the supernatant was
determined using Protein Assay Kit II (BioRad, Spain). For
inguinal adipose tissue samples from Ziicker rats, about
100 mg were homogenized in lysis buffer (150 mM NacCl,
5 mM EDTA, 50 mM Tris-HCl, pH 7.4) without Triton X-100
and homogenized with a Teflon pestle. The homogenates were
centrifuged (3000g, 4 °C, 15 min), and the upper-fat layer was
removed from the supernatant. Then, Triton X-100 was added
to a final concentration of 1%. After incubating at 4 °C for
30 minutes, extracts were cleared by centrifugation at 15 000g
at 4 °C for 15 min and the protein content of the supernatant
was determined using Protein Assay Kit II. 100 pg of total
protein of each sample was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
gels for immunoblot analyses were transferred to a nitrocellu-
lose membrane (BioRad Trans-Blot SD; BioRad Laboratories,
Hercules, CA, USA). Blots were reacted with a 1:2000 dilution
of primary antibodies (anti-UCP1, anti-ASC-1, anti-PGCla and
anti-CITED1, all produced in rabbit, Sigma, Spain) in blocking
solution (PBS, 5% BSA). The anti-f-actin antibody generated in
mice (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was
used as a control. After overnight incubation at 4 °C with the
primary antibody, horseradish peroxidase-conjugated anti-
rabbit and anti-mouse secondary antibody incubation was per-
formed. Immune reactive signals were detected by enhanced
chemiluminescence using a Clarity Western ECL Substrate kit
(BioRad, Spain). Blots were digitally recorded with Kodak
Image Station 4000 PRO and analyzed by image analysis for
molecular weight determinations. Fold changes in relative
expression were calculated from the signal intensities derived
using the Image] programmer.

2.8 Statistical analysis

All experiments were repeated at least three times. Data are
expressed as means + SEM. Means were compared between
groups using one way-ANOVA, adjusted by Tukey. SPSS, version
22, for Windows (SPSS, Michigan, IL, USA) was used for the
data analyses. P-Value < 0.05 was considered statistically signifi-
cant, and the levels of significance were labeled on the figures
as follows: **P < 0.01; *P < 0.05; and ##P < 0.01; #P < 0.05.

3. Results

3.1 Invivo melatonin supplementation induces partial white
to beige adipocyte transdifferentiation in the inguinal WAT of
obese diabetic (ZDF) rat

In order to immunocharacterize beige depots, we carried out
an immunofluorescence study of inguinal WAT on ZDF and ZL

Food Funct., 2022,13, 3760-3775 | 3763


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo04360a

Open Access Article. Published on 01 March 2022. Downloaded on 2/13/2026 1:26:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

rats, supplemented either with melatonin (M-ZDF and M-ZL)
or the vehicle (controls, C-ZDF and C-ZL). DAPI blue fluo-
rescence (Fig. 1A) showed a decreased number of cells in the
inguinal WAT from ZDF rats compared to lean littermates,
with a higher relative cell number in the M-ZDF group com-
pared to the C-ZDF one (C-ZL, 1.046 + 0.066; C-ZDF, 0.102 =+
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0.019; M-ZDF, 0.488 + 0.044; P < 0.01; Fig. 1B).
Immunofluorescence assay showed a significant decrease in
the fluorescence signal of all measured markers in the C-ZDF
group which is reversed by in vivo melatonin supplementation
in ZDF rats (Fig. 1C and E). Also, no differences between C-ZL
and M-ZL groups were observed in none of the markers deter-
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Fig. 1 Immunofluorescence characterization of the “brown-like” cell nests of the melatonin-induced inguinal WAT of the Zlcker rats. (A)
Representative microscopy image showing blue labeled nucleus (DAPI); (B) quantitative analysis of relative nucleus number corresponding to adipo-
cyte cell number quantification; (C) representative microscopy image showing immunofluorescence in red corresponding to anti-rabbit-mono-
clonal-UCP1 (Cy3) thermogenic marker; (D) quantitative analysis of the relative expression of thermogenic cell marker UCP1; (E) representative
microscopy image showing immunofluorescence in green corresponding to the anti-mouse-monoclonal-CITED1 (FITC) specific beige-cell marker;
and (F) quantitative analysis of the relative expression of specific beige-cell marker CITED1. ZL, Zlcker lean rats; ZDF, Zlicker diabetic fatty rats; C,
control-unsupplemented; M, melatonin-supplemented. Magnification 20x. Scale bar 50 pm. All values are expressed as mean + SEM of four inde-
pendent experiments in triplicate. **P < 0.01; *P < 0.05; ##P < 0,01; #P < 0,05.

3764 | Food Funct., 2022,13, 3760-3775 This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo04360a

Open Access Article. Published on 01 March 2022. Downloaded on 2/13/2026 1:26:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

mined by immunofluorescence. In vivo melatonin supplemen-
tation induces higher UCP1 expression in the inguinal WAT
from ZDF rats (C-ZDF, 0.378 + 0.013; M-ZDF, 0.842 + 0.020; P <
0.01; Fig. 1D). Furthermore, unsupplemented C-ZDF rats
slightly expressed UCP1 and not C-ZL the UCP1 expression of
which was higher (C-ZDF, 0.378 = 0.013; C-ZL, 1.144 + 0.028; P
< 0.01; Fig. 1D). CITED1 expression in unsupplemented obese
rats was lower than that in unsupplemented lean littermates
too (C-ZDF, 0.296 + 0.029; C-ZL, 0.489 + 0.013; P < 0.05;
Fig. 1F). In vivo melatonin supplementation also significantly
induces CITED1 expression in the inguinal WAT from ZDF rats
compared to the corresponding control (C-ZDF, 0.296 + 0.029;
M-ZDF, 0.425 + 0.042; P < 0.05; Fig. 1F). No differences
between M-ZDF and C-ZL groups were found, recovering the
decreased expression of CITED1 observed in C-ZDF rats.
Moreover, to evaluate whether melatonin induces the trans-
differentiation of white to beige adipocytes and/or differen-
tiation of MSCs to mature beige adipocytes, white adipocyte
quantification in inguinal WAT, UCP1 expression study in
MSCs from in vivo studies of both lean and obese non-sup-
plemented and melatonin-supplemented rats, and an in vitro
melatonin treatment study of MSCs from the inguinal fat of
Zicker rats were accomplished.

For white adipocyte quantification, the expression of ASC-1,
a specific cell surface marker, was measured. Western blot ana-
lysis revealed that in vivo melatonin supplementation
decreases the expression of ASC-1 both in lean (C-ZL, 2.276 +
0.011; M-ZL, 1.488 + 0.041; P < 0.01) and diabetic fatty rats
(C-ZDF, 2.702 + 0.079; M-ZDF, 2.025 + 0.026; P < 0.01) as
shown in Fig. 2. These results could explain the origin of mela-
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Fig. 2 Effects of in vivo melatonin supplementation on specific white
adipocyte marker ASC-1 expression in inguinal adipose tissue from
Zucker rats. ZL, Zucker lean rats; ZDF, Zicker diabetic fatty rats; C,
control unsupplemented; M, melatonin-supplemented. All values are
expressed as mean + SEM of three independent experiments in dupli-
cate. **P < 0.01; #P < 0.05.
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tonin-induced beige adipocytes by partial transdifferentiation
of white to beige adipocytes. However, more studies are
needed to understand this biological process. Also, ASC-1
expression in non-supplemented obese rats is significantly
higher than that in control lean ones (C-ZL, 2.276 + 0.011;
C-ZDF, 2.702 + 0.079; P < 0.05; Fig. 2).

3.2 Invivo melatonin supplementation effects on UCP1
expression in Ziicker rat MSCs

MSCs of inguinal WAT from in vivo melatonin-supplemented
Zicker rats were isolated to study the effect of melatonin in
the commitment of MSCs to the brown-like thermogenic adi-
pocyte lineage. As shown in Fig. 3, a significantly increased
UCP1 expression was measured by western blot after in vivo
melatonin supplementation in MSCs from both lean (C-ZL,
1.241 + 0.035; M-ZL, 1.592 + 0.102; P < 0.05) and diabetic fatty
rats (C-ZDF, 0.761 + 0.022; M-ZDF, 1.230 = 0.154; P < 0.01) com-
pared to their respective controls, with no differences in UCP1
expression between MSCs from obese melatonin-sup-
plemented rats and lean control ones. In addition, MSCs from
unsupplemented obese rats showed less UCP1 expression
levels than samples from unsupplemented lean rats (C-ZL,
1.241 + 0.035; C-ZDF, 0.761 + 0.022; P < 0.01; Fig. 3) showing
the effect of obesity in the UCP1 expression of MSCs.

3.3 Characterization of MSCs isolated from inguinal fat of
Ziicker rats and human lipoaspirates

MSCs were isolated from the inguinal fat pad of Ziicker rats
and human lipoaspirates. Flow cytometry was carried out to
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Fig. 3 Effects of in vivo melatonin supplementation on thermogenic
protein UCP1 expression in MSCs of inguinal adipose tissue from Zlcker
rats. ZL, Zucker lean rats; ZDF, Zicker diabetic fatty rats; C, unsupple-
mented control; M, melatonin-supplemented. All values are expressed
as mean + SEM of three independent experiments in duplicate. **P <
0.01; *P < 0.05; ##P < 0.01.

Food Funct., 2022,13, 3760-3775 | 3765


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo04360a

Open Access Article. Published on 01 March 2022. Downloaded on 2/13/2026 1:26:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Paper

characterize the isolated cells using rat MSC specific
markers CD-133 and stem cell antigen 1 (SCA-1), and CD-90,
CD-73, CD-105, CD-34, CD-29, and CD-45 markers in both
human and rat MSC. Cells were positive to CD-29, SCA-1,
CD-105, CD-90 and CD-73, and negative to CD-45, CD-34
and CD-133 (Fig. 4A and B). Multipotency of isolated cells
was tested by adipogenic, chondrogenic and osteogenic
differentiation, and detected by oil red-O, toluidine, and
alizarin red staining, respectively, after differentiation
(Fig. 5A and B).

A) ZDF rat

CONTROL
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3.4 Analysis of differentiated adipocytes

After cell isolation from the inguinal WAT of ZDF rats and
from human lipoaspirates, MSCs were subjected to adipogen-
esis assay to differentiate them into adipocytes (see Material
and methods). Adipogenesis was successfully induced, and
adipocytes were fully differentiated. Lipid droplet formation
was examined by fluorescence microscopy (Fig. 6). AdipoRed
staining enables the quantification of lipid droplets by
measuring the absorbance at 520 nm, demonstrating a higher
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Fig. 4 Flow cytometry analysis of MSC isolated from (A) inguinal adipose tissue of Ziicker rats and (B) human lipoaspirates. Samples without

markers were used as a control. CD45, SCA-1, CD133, CD29 CD34, CD73,
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CD90 and CD105 were used as markers for MSC characterization.

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1fo04360a

Open Access Article. Published on 01 March 2022. Downloaded on 2/13/2026 1:26:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Food & Function

A) ZDF rat
1)

Differentiated
cells

B) Human
1)

Differentiated
cells

View Article Online

Paper

Fig. 5 In vitro characterization of cultured (A) Zlcker rats and (B) human MSC. In both, in the upper panels, the images show MSC and in the lower
panels, the differentiated cells from MSC after 21 days: (1) adipogenic, (2) chondrogenic and (3) osteogenic differentiation assay from optical

microscopy. Magnification 40x. Scale bar 50 pm.

lipid content in differentiated adipocytes from both Ziicker
(MSC, 0.154 + 0.015; differentiated adipocytes, 0.822 + 0.029; P
< 0.01; Fig. 6A) and human (MSC, 0.170 + 0.027; differentiated
adipocytes, 0.733 + 0.051; P < 0.01; Fig. 6B) isolated cells.

3.5 Invitro melatonin treatment effects on UCP1, CITED1
and PGC1-o expression in ZDF rat MSCs

The thermogenic protein UCP1 expression was measured by
western blot in ZDF MSC, untreated adipocyte (adipocytes)

This journal is © The Royal Society of Chemistry 2022

and melatonin-treated adipocyte (Adipocytes + MLT) samples
from both WMSC and bMSC iWAT from ZDF rat. No differ-
ences between WMSC and bMSC groups in UCP1 expression
were found. Therefore, the WMSC and bMSC data were used
interchangeably by recalculating the UCP1 expression of each
group as the mean of the WMSC and bMSC expression.
Melatonin in vitro treatment significantly induces UCP1
expression in differentiated adipocytes from ZDF MSCs
(Adipocytes, 0.876 + 0.044; Adipocytes + MLT, 1.063 + 0.018; P
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Fig. 6 Adipogenic differentiation of cultured MSC into adipocytes. Fluorescence microscopy images showed the lipid content in MSCs and differ-
entiated adipocytes after in vitro melatonin treatment, measured by quantification of AdipoRed staining (absorbance at 520 nm) from (A) Zuicker rats
and (B) humans. All values are expressed as mean + SEM of three independent experiments in duplicate. MSC, mesenchymal stem cells; Adipocytes,
differentiated adipocytes after 21 days. Magnification 63x. Scale bar 50 pm. **P < 0.01.

< 0.05; Fig. 7) resulting in higher brown-like adipogenesis. No
differences in UCP1 expression between MSCs and untreated
differentiated adipocytes were found.

PGC1-a and CITED1 expression in ZDF MSCs, untreated
adipocytes and melatonin-treated adipocytes was also evalu-
ated by the western blot technique. WMSC and bMSC inguinal
adipose tissue from ZDF rats were isolated to study the extent
to which melatonin achieves commitment of MSCs to the
beige phenotype adipogenic lineage. MSCs from bMSC present
both higher PGC1-a (bMSC, 0.534 + 0.026; WMSC, 0.476 =+

3768 | Food Funct, 2022,13, 3760-3775

0.015; P < 0.05; Fig. 8A) and CITED1 (bMSC, 0.323 + 0.009;
WMSC, 0.236 + 0.012; P < 0.05; Fig. 8B) expression levels than
WMSC, suggesting a greater MSCs commitment to thermo-
genic beige adipocytes. After adipogenesis, no significant
differences in CITED1 and PGC1-a expression between adipo-
cytes differentiated from bMSC and WMSC were found regard-
less of the adipogenic differentiation assay. However, compar-
ing groups, the melatonin-treated adipogenesis assay induces
a significantly greater PGC1-a expression in differentiated ZDF
adipocytes from both bMSCs (Adipocytes + MLT, 0.731 + 0.043;

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Effects of in vitro melatonin treatment on thermogenic protein
UCP1 in differentiated adipocytes from WMSCs and bMSC inguinal
adipose tissue from ZDF rats. MSC, mesenchymal stem cells;
Adipocytes, differentiated adipocytes after 21 days, Adipocytes + MLT,
differentiated adipocytes after 21 days incubated with melatonin. All
values are expressed as mean + SEM of three independent experiments
in duplicate. #P < 0.05.

Adipocytes, 0.503 + 0.034; P < 0.05) and WMSCs (Adipocytes +
MLT, 0.724 + 0.066; Adipocytes, 0.558 + 0.054; P < 0.05),
suggesting that melatonin increases the commitment of MSCs
to differentiated brown-like adipocytes (Fig. 8A). Furthermore,
the adipogenesis assay increases CITED1 expression in ZDF
differentiated adipocytes compared to MSCs regardless of their
origin, with significantly higher CITED1 expression in melato-
nin-treated adipocytes than in treated ones (MSC, 0.280 +
0.052; Adipocytes, 0.528 + 0.054; Adipocytes + MLT, 0.679 +
0.038; on average; P < 0.01; Fig. 8B).

3.6 Invitro melatonin treatment effects on UCP1, CITED1
and PGC1-o expression in human MSCs

Western blot techniques were accomplished to measure UCP1,
PGC1-a and CITED1 expression levels in lipoaspirate-derived
human MSCs (hMSC), untreated hMSC-differentiated adipo-
cytes (Adipocytes) and melatonin-treated hMSC-differentiated
adipocytes (Adipocytes + MLT). In vitro melatonin treatment
induces the expression of both thermogenic markers UCP1
(Adipocytes, 1.135 + 0.038; Adipocytes + MLT, 1.284 + 0.030; P
< 0.05; Fig. 9A) and PGC1l-a (Adipocytes, 3.130 + 0.038;
Adipocytes + MLT, 3.483 + 0.130; P < 0.05; Fig. 9B) in hMSCs
from healthy donors’ lipoaspirates with significant expression
differences between untreated and melatonin-treated differen-
tiated adipocytes.

Moreover, the expression of the beige adipocyte marker
CITED1 experiences a highly significant increase with melato-
nin treatment (Adipocytes, 0.645 + 0.089; Adipocytes + MLT,
0.946 + 0.078; P < 0.01; Fig. 9C). No significant differences
between hMSCs and untreated adipocytes were found in any
expression of the measured thermogenic proteins.

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Effects of in vitro melatonin treatment on brown-like cell marker
(A) PGC1-a and (B) CITED1 expression in differentiated adipocytes from
WMSCs and bMSC inguinal adipose tissue from ZDF rats. MSC,
mesenchymal stem cells; Adipocytes, differentiated adipocytes after 21
days, Adipocytes + MLT, differentiated adipocytes after 21 days incu-
bated with melatonin. All values are expressed as mean + SEM of three
independent experiments in duplicate. **P < 0.01; *P < 0.05.

4. Discussion

We previously reported that melatonin induces inguinal WAT
browning in obese and diabetic Ziicker rats, validating these
results through the increased expression of UCP1. These
results demonstrated that chronic oral melatonin drives WAT
to brown multilocular fat function in ZDF rats.> In this study,
our group also demonstrated through light microscopy mor-
phological studies that unsupplemented ZDF rats present a
smaller but larger number of adipocytes with a single fat drop
and peripheral nucleus (white adipocytes) in the inguinal WAT
of ZDF rats compared to the thin ones.>® All these data are con-
sistent with the lower fluorescence signal in unsupplemented
ZDF rats and the partially recovered one in melatonin-sup-
plemented ZDF rats by the appearance of multilocular cells
(beiging) observed in this study. The increased expression of
UCP1 is related to thermogenically active brown and beige
adipose tissues.”” However, beige/brite cells have a different
gene expression pattern than white or brown fat cells.® Indeed,
CITED1 is known to be selectively expressed in beige cells and
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Fig. 9 Effects of in vitro melatonin treatment on thermogenic protein
(A) UCP1, (B) PGC1-a and (C) brown-like cell marker CITED1 expression
in differentiated adipocytes from hMSCs isolated from lipoaspirates’
adipose tissue. MSC, human mesenchymal stem cells; Adipocytes,
differentiated adipocytes after 21 days; Adipocytes + MLT, differentiated
adipocytes after 21 days incubated with melatonin. All values are

expressed as mean + SEM of three independent experiments in dupli-
cate. **P < 0.01; *P < 0.05.

Adipocytes
MSC  Adipocytes ATRORN!

Relative CITED1 amount (AU)

to act as a transcriptional coactivator for estrogen receptors
that were originally identified in a murine melanoma cell
line.'®™" In contrast, ASC-1 is found to be a large surface
marker for WAT due to its high expression in this tissue, with
negligible or no expression in BAT.”"®

Herein, we report for the first time that oral melatonin
administration not only induces UCP1 and CITED1 positive
beige adipocyte biogenesis in inguinal WAT from obese Ziicker
rats, but also decreases the ASC-1 expression in inguinal fat
from both obese and lean Ziicker rats, which confirm a
reduced white adipocyte amount in inguinal WAT depots, in
line with I. Murano et al. observations about the decline in the
number of white adipose cells.*® These results could explain
the origin of melatonin-induced beige adipocytes by the
partial transdifferentiation of white adipocytes to beige ones.
This direct conversion process has been also demonstrated
after cold acclimatization and concluded to be mainly
mediated by the B-3 adrenergic receptor.’’ However, more
studies are needed to understand this biological process.
Moreover, western blot analysis revealed that ASC-1 expression
is higher in obese rats than in lean ones, indicating increased
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inguinal WAT mass, typically observed in obese rodents.*’
Partial transdifferentiation shown alone cannot explain the
elevated beiging process observed in the inguinal WAT from
ZDF rats after melatonin supplementation, suggesting a MSC
de novo differentiation into beige adipocytes.

MSCs, which are multipotent stem cells, have the ability to
turn into mature adipocytes in the final phase of differen-
tiation under certain types of stimuli.’® Therefore, as partial
transdifferentiation was suggested in rats by the immunofluor-
escence assay, de novo differentiation studies of MSCs to
mature adipocytes were performed to assess both hypotheses
about the origin of melatonin-induced beige adipocytes in
inguinal WAT of obese rats and in humans.

The isolation and characterization of inguinal fat and lipo-
suction cells were performed by flow cytometry using, as pro-
posed by the International Society for Cell Therapy (ISCT),
positive MSC-specific surface markers such as CD-90, CD-73
and CD-105, and negatives like CD-34 and CD-45. In addition,
other commonly measured surface markers were used in MSC
characterization such as CD-29, a positive marker for both
human and rat MSCs, SCA-1, a positive marker only for
murine MSCs, and CD-133, a marker negative for MSC and
only positive for hematopoietic stem cells.”® After characteriz-
ation and the adipogenesis process, cells underwent in an
in vitro melatonin treatment that mimicked the light-dark life
cycle of circulating melatonin.>*>?

The high expression of UCP1 has been associated with ther-
mogenic adipose tissue, as well as with brown
adipocytes.®?”*"*” The specific differentiation of MSCs to
beige/brite adipocytes with rosiglitazone increases the
expression of thermogenic genes such as UCP1 in rodents™
and humans.>®® The cold-induced browning of WAT deposits
in rodents and humans is assessed by measuring the
expression of UCP1.>””® Cold exposure also induces MSC
browning by increasing UCP1 expression in adipocytes differ-
entiated from MSCs.>® In this study, we report that in vitro mel-
atonin treatment increases UCP1 expression in MSC-differen-
tiated adipocytes, suggesting increased brown-type adipogen-
esis in human and rat-treated MSCs. Another study that com-
pared the white and brown human adipogenesis of MSCs and
umbilical cord stem cells showed no differences in the
expression of UCP1 between MSCs and differentiated white
adipocytes,®® agreeing with the data observed in MSCs and
differentiated adipocytes from inguinal WAT of ZDF rats and
human lipoaspirates. Various studies in humans®" and
rodents® revealed that MSCs and preadipocytes involved in
adipogenesis showed the increased expression of thermogenic
genes such as UCP1, indicating their thermogenic potential.
These data are consistent with those obtained after in vivo mel-
atonin supplementation reported in this research, in which
MSC UCP1 expression increases in both lean and obese sup-
plemented Ziicker rats, showing a greater thermogenic poten-
tial for beige adipogenesis. Furthermore, we observed that the
expression of UCP1 in unsupplemented obese rats was lower
than that in unsupplemented lean rats, suggesting a decrease
in the compromise in MSCs derived from ZDF rats and a lower

This journal is © The Royal Society of Chemistry 2022
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thermogenic activity of future differentiated adipocytes. In
humans, subcutaneous WAT-derived MSCs from obese
patients also exhibit less expression of PGC1-a, CITED1, and
UCP1 than lean MSCs, with decreased changes in thermogenic
gene expression between pre- and post-differentiation.®* In
this study, we also report for the first time that melatonin
induces the expression of thermogenic proteins UCP1, CITED1
and PGC1-a in hMSC-derived adipocytes, revealing the role of
melatonin in human de novo beige adipogenesis. Although
some studies demonstrate the key role that the Wnt signaling
pathway plays in the melatonin-induced differentiation of
MSCs through the modulation of transcriptional activation of
peroxisome proliferator-activated receptor y (PPARy),*® SIRT1
being the key nutrient and energy sensor underlying Wnt/
B-catenin pathway activation. A recent study also showed that
PDGFRa positive progenitors are crucial for de novo brown adi-
pogenesis in interscapular adipose tissue under cold exposure,
being also a good candidate target for adipogenesis regulation
in the development of adipose tissue.** Further studies are
needed to better understand the mechanism by which melato-
nin could have a decisive effect on MSC involvement with ther-
mogenically active beige adipocytes in vivo increasing MSC
commitment.

To evaluate the beige biogenesis potential of melatonin in
cultured MSCs, we performed the characterization of differen-
tiated adipocytes by measuring CITED1 as a specific beige cell
marker.” Moreover, we determined the PGCl-a expression
commonly associated with adaptive thermogenesis and mito-
chondrial biogenesis in rodents®*®> and humans,*® besides
being highly expressed in brown-like adipocytes. CITED1 and
PGC1-a expression was higher in melatonin-treated differen-
tiated adipocytes compared to untreated ones and undifferen-
tiated MSCs in both studied species. This reaffirms the hypoth-
esis that melatonin increases specific beige adipogenesis.
Other studies demonstrated that cold®® and adrenergic stimu-
lation by sirtuin 1 (SIRT1)°”°® or bone morphogenetic protein
7 (BMP7)*® also promote the thermogenic gene program,
enhancing UCP1, PGCl-a and PR-domain containing 16
(PRDM16) expression, and high expression of beige adipocyte
markers like CITED1, purinergic receptor P2X 5 (P2RX5) and
CD137 in differentiated adipocytes. Recent studies in MSC
differentiation to BAT in humans revealed that the increased
expression of PGC1-a in MSCs is related to higher mitochon-
drial mass and activity, with higher UCP1 expression (mito-
chondrial biogenesis), typically observed in beige and brown
adipocytes.”® They also found by microarray analysis that
PGC1-a expressing MSCs has a shorter average linkage dis-
tance to mature brown adipocytes, showing a greater commit-
ment to brown-like adipogenesis.

CITED1 was highly expressed in adipocytes differentiated
from untreated inguinal MSCs, and the data are consistent
with many studies in mice where the authors demonstrated
that subcutaneous and especially inguinal adipose tissue are
more prone to become thermogenic beige adipose tissue.”"”?
We also observed that the expression of CITED1 and PGC1-a
was significantly higher in MSCs derived from beige deposits

This journal is © The Royal Society of Chemistry 2022
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of the inguinal fat pad than in white ones, which suggests a
greater commitment of MSCs with the differentiation of ther-
mogenic beige adipocytes in the bMSCs than WMSCs. This
could be explained by the epigenomic memory found in beige
adipocytes,’® which could be present in BAT and explain
similar data obtained in mice”® and human studies®*’*”> in
which derived MSCs from BAT were found to express higher
levels of thermogenic proteins. A long-term cold exposure
study in mice revealed that de novo beige biogenesis was
favored from adipogenic precursor cells,”® suggesting that the
beige biogenesis mechanism, either by darkening of pre-exist-
ing mature adipocytes or de novo differentiation, also depends
on the frequency and duration of stimuli such as cold.”
Therefore, these are two key variables in the melatonin regu-
lation of MSC adipogenesis as a promising therapeutic target
for obesity control. In addition, other effects of melatonin were
recently demonstrated on mesenchymal stem cells derived
from the umbilical cord blood of obese rodents that reduce
cholesterol accumulation and prevent apoptosis of MSCs, sup-
porting the therapeutic role of melatonin against obesity.”® A
recent meta-analysis of the effects of melatonin in human
obesity studies showed that, despite the evidence found in the
energy balance of rodents and humans,”®®® the real impact of
melatonin on body weight loss remains unclear due to the
inconsistent melatonin treatment schedule regarding duration
and low dose (0.01-0.1 mg kg day ') in all studies. Overall,
these data provide evidence that, under melatonin treatment,
the de novo differentiation of beige cells in ZDF rats and
humans probably occurs in conjunction.

Conclusions

In conclusion, with these results, it is demonstrated that the
administration of melatonin to obese and diabetic ZDF rats
induces beige biogenesis by the partial transdifferentiation of
white to beige adipocytes, reducing the amount of white
adipose cells and the differentiation of MSCs in the inguinal
adipose tissue. In addition, melatonin plays a key role in the
beige adipogenesis of human MSCs, promoting MSC engage-
ment with the brown-type thermogenic adipocyte lineage and
enhancing the expression of thermogenic markers. Therefore,
as a thermogenic inducer of browning, melatonin could be a
safe and effective strategy to combat obesity and metabolic dis-
eases. More studies on the nuclear-mitochondrial connection
are needed to better understand the thermogenic pathways
involved, with melatonin receptors and mitochondrial DNA
being fundamental study targets to identify mitochondrial-
nucleus communication in melatonin treatment for human
obesity and diabetes.
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