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Abstract
Melatonin, that regulates many physiological processes including circadian rhythms, is a molecule
able to promote osteoblasts maturation in vitro and to prevent bone loss in vivo, while regulating
also adipocytes metabolism. In this regard, we have previously shown that melatonin in combination
with vitamin D, is able to counteract the appearance of an adipogenic phenotype in adipose derived
stem cells (ADSCs), cultured in an adipogenic favoring condition. In the present study, we aimed at
evaluating the specific phenotype elicited by melatonin and vitamin D based medium, considering
also the involvement of epigenetic regulating genes. ADSCs were cultured in a specific adipogenic
conditioned media, in the presence of melatonin alone or with vitamin D. The expression of specific
osteogenic related genes was evaluated at different time points, together with the histone
deacetylases epigenetic regulators, HDAC1 and Sirtuins (SIRT) 1 and 2.
Our results show that melatonin and vitamin D are able to modulate ADSCs commitment towards
osteogenic phenotype through the upregulation of HDAC1, SIRT 1 and 2, unfolding an epigenetic
regulation in stem cell differentiation and opening novel strategies for future therapeutic balancing of
stem cell fate toward adipogenic or osteogenic phenotype.
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1. Introduction
Human
mesenchymal
stem
cells
are
undifferentiated cells exhibiting some main feature as
self-renewal and differentiation capability, they are
located in different areas of our body, organized in
specific places called niches, which capture and
integrate the environmental signals, influencing stem

cell behavior [1]. In particular, Adipose derived stem
cells (ADSCs) represent a valuable tool to study stem
cell commitment toward different phenotypes, even
though they retain a favored adipose commitment [2].
It is increasingly becoming evident that, besides being
a neurohormone related to the circadian rhythm,
http://www.medsci.org
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melatonin can exert a different number of functions,
spanning from mitochondrial activity and the
immune system, as well as anti-apoptotic, anti-tumor
and anti-ischemic properties [3][4].
Moreover, melatonin exerts different effects also
on stem cells, by controlling cell viability,
differentiation and apoptosis [5]. The molecular
pathway underlying these effects could be mediated
by the interaction through melatonin receptors,
among which MT1, 2, belonging to the G-protein
coupled receptor families, or through a receptor
independent manner [6]. Recent papers also describe
a role for melatonin as epigenetic modulator [7], by
controlling histone deacetylase (HDACs) superfamily,
among which Sirtuins (HDAC III) are related to aging
and metabolic homeostasis [8]. Sirtuins (SIRT) well
represent the epigenetic transduction molecules of
different external events, as for example metabolic
changes [9]. In particular, these families of enzymes
exhibit different activities, along with deacetylation,
all requiring NAD+ as coenzyme [10]. In particular,
SIRT 1, 3 5, are mostly implicated in metabolic
controls, while SIRT2 and SIRT6 control oxidative
stress and telomere length, being mainly related to
aging processes. Accordingly, it is also described that
SIRT expression and activity decline with age [11][12].
Great concentration of free fatty acids, released by
adipose tissue, coupled with oxidative stress, directly
results
in
endothelial
dysfunction,
early
atherosclerosis, and coronary artery disease risk
factor. SIRT4 is an ADP-ribosyltransferase of 59 kDa
variably expressed in liver mitochondria and in
skeletal muscle and is associated with homeostasis of
glucose/lipid metabolism [13]. Recently, some results
demonstrate that melatonin alleviates metabolic
inflammation by increasing cellular and exosomal
aKG level in adipose tissue [14]. Some data reveal a
novel function of melatonin on adipocytes as
macrophages communication, suggesting a new
potential therapy for this molecule to prevent and
treat obesity caused systemic inflammatory disease
[14]. Melatonin reduces body weight and
inflammation. The mechanism of action of this
molecule involve multiple levels, from subcellular to
intercellular. Mitochondria may be turned into key
inflammation promoters in vascular and adipose
tissue, and may become a potential pharmacological
target [15]. Melatonin protects against mitochondrial
dysfunctions. It also reduces blood pressure and
adipose
tissue
dysfunctions
by
multiple
anti-inflammatory/antioxidant actions and provides
potent protection against mitochondria-mediated
injury in hypertension and obesity [16].
In a previous study we highlighted that
melatonin, together with Vitamin D, was able to
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counteract adipogenic differentiation, even in an
adipogenic milieu created by a specific conditioned
medium [17]. In another work, we demonstrated the
role of melatonin, together with other molecules as
hyaluronic, butyric and retinoic acid in inducing an
osteogenic phenotype in dental pulp derived stem
cells [18]. It is well known that adipogenic and
osteogenic differentiation represent opposite fate,
which could be influenced by external stimuli [19].
Aim of the present study was to dissect the role
of melatonin with or without vitamin D as a
physiological agent able to influence stem cell fate. In
particular, we used ADSCs cultured in the presence of
melatonin, and vitamin D in an adipogenic medium
in the attempt to define the resulting stem cell
differentiation process. Here, we also provide
evidence for an epigenetic modulation of melatonin,
which is able to induce HADC1, SIRT1 and SIRT2
gene expression. Our findings unfold some main
mechanisms underlying stem cell differentiation and
could open the way to novel regenerative tool acting
as epigenetic modulators, finely balancing stem cell
fate toward the adipogenic or osteogenic phenotype.

2. Materials and Methods
2.1 Cell isolation and culturing
Adipose-derived Stem cells (ADSCs) were
obtained from omental adipose tissue of human adult
patients, males and females, during surgery processes
for different reasons (n=12, age=45± 15 years, BMI: 22
± 3 kg/m2). The study was approved by the Ethics
Committee Review Boards for Human Studies in
Sassari (n_ ETIC 240I/CE 26 July 2016, Ethical
committee, ASL Sassari). All patients signed written
informed consent.
The fat tissue was washed two times with sterile
Dulbecco’s phosphate buffered saline (DPBS)
(Euroclone, Milano, Italy) to remove blood cells and
immediately processed. The sample was mechanically
reduced to small fragments by sterile scalpels and
enzymatically digest in a solution of 0,1% Collagenase
Type I (Gibco Life Technologies, Grand Island, NY,
USA) at 37°C for 1 hour, to separate the two principal
cell populations of mature adipocytes, that were
removed, and the stromal vascular fraction (SVF) that
includes adipose-derived stem cells [20]. At the end of
incubation, to separate the different cell fractions,
samples were filtered in 70µm cell strainer (Euroclone,
Milano, Italy) and centrifuged 10 min at 600g. The
pellet of SVF was resuspended into a basic Dulbecco’s
modified
Eagle’s
Medium
(DMEM)
(Life
Technologies Grand Island, NY, USA) supplemented
with 20% fetal bovine serum (FBS) (Life Technologies,
Grand Island, NY, USA), 200mM L-glutamine
http://www.medsci.org
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(Euroclone, Italy), and 200 U/mL penicillin—0.1
mg/mL streptomycin (Euroclone, Milano, Italy) and
transferred in incubator at 37°C and 5% CO2. The
culture medium was changed every 3 days.
ADSCs at confluence were counted and then
magnetically separated from the stromal vascular
fraction and characterized by flow cytometry as
previously described [17].
One group of cells were maintained in a growth
basic medium (BM) used as undifferentiated control.
To define stem cell differentiation processes, ADSCs
at passage 5 were grown in an adipose differentiation
medium (ADM) (EUROMED Human Adipogenic
differentiation Kit) (Euroclone, Milano, Italia)
supplemented with 200 U/mL penicillin-0.1 mg/mL
streptomycin (Euroclone, Milano, Italy). Another
group of cells were exposed to the ADM with the
addition of 0,01M Melatonin (Melatonin+ADM) or the
ADM with the addition of melatonin plus 10-6 M
Vitamin
D
(Melatonin+VitaminD+ADM)
as
previously described [17]. As a positive control for
osteogenic differentiation were used ADSCs cultured
in a specific osteogenic differentiation medium
(ODM) containing DMEM (Life Technologies Grand
Island, NY, USA), 20% FBS (Life Technologies, Grand
Island, NY, USA), 100 nM dexamethasone, 200 µM
L-Ascorbic
acid
2-phosphate,
10mM
betaglycerol2-phosphate (all from Sigma Aldrich
Chemie
GmbH,
Munich,
Germany),
2mM
L-glutamine (Euroclone, Milan, Italy), 200 U/mL
penicillin-0.1 mg/mL streptomycin (Euroclone,
Milan, Italy), as previously described [18].

2.2 RNA Extraction and Quantitative
Polymerase Chain Reaction
Total RNA was extracted from undifferentiated
cells and ADSCs committed to the adipogenic and
osteogenic phenotype in the presence of the
previously described conditions, at days 3, 7, 14 and
21, using TRIzol Reagent (Thermo Fisher Scientific)
according to the manufacturer’s instructions. Total
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RNA was measured by spectroscopy with Nanodrop
ND-1000 UV-Vis Spectrophotometer (Nanodrop
Technologies, Wilmington, DE) to determine purity
and concentration. For cDNA synthesis, 1.5 µg of
RNA from each treatment was reverse transcribed
using the Superscript Vilo cDNA synthesis kit (Life
Technologies USA), according to the manufacturer’s
protocol.
Quantitative real-time PCR was performed using
a CFX Thermal Cycler (Bio-Rad). Each sample was
conducted in triplicate wells with all genes including
endogenous control and non-template control on the
same plate.
Amplification were run in 96-well reaction plates
(Applied Biosystems, Darmstadt, Germany) using
Platinum® Quantitative PCR SuperMix-UDG Kit
(Thermo Fisher Scientific). The reaction mix
contained, in 25 µL volumes, 3 µL cDNA generated
from 1.5 µg of the total RNA template, forward primer
(0.5 μM), reverse primer (0.5 μM), 2× SuperMix whit
SYBR Green I. Preincubation was performed 50 ◦C for
2 min, 95 ◦C for 2 min followed by 40 cycles of 30 secs
at 95°C for denaturation, 30 secs at 60-64 for annealing
and 1 min at 60°C for extension.
The relative expression of each transcript was
determined using target Ct values and normalized to
hGAPDH, considered as a reference gene, while the
mRNA levels of ADSCs treated with the different
conditioned media were expressed as fold of change
(2−∆∆Ct) of the mRNA levels observed in
undifferentiated ADSCs at time 0, define as a control.
The qRT-PCR analysis was performed for the
following set of genes: histone deacetylases class I
(HDAC1) histone deacetylases class III or Sirtuins
(SIRT 1 and 2), Stanniocalcin 1 (STC1), Osteocalcin
(bone 0gamma-carboxyglutamic acid-containing
protein BGLAP), Bone morphogenetic protein (BMP2)
and peroxisome proliferator-activated receptor
gamma (PPAR-γ). All primers used were from Life
Technologies and are reported in Table 1.

Table 1. Primers sequences.

http://www.medsci.org
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3. Results
3.1. Morphological features
of ADSCs cultured in
different condition

Figure 1. Optical microscope analysis of ADSC morphology during differentiation. Figure shows morphological
changes in cell treated with differentiation medium in the presence of melatonin (Melatonin+ADM) or both
melatonin and vitamin D (Melatonin+VitaminD+ADM), compared with undifferentiated cells (BM). ADSCs
cultured in adipogenic medium alone acquired the appearance of mature adipocytes (ADM). Scale bar=100 µm.

2.3 Alizarin Red Assay
Cells were cultured for 21 days on tissue culture
plate 24 wells (BD-falcon), in the presence of one of
differentiation media (ADM or Melatonin+ADM or
Melatonin+VitaminD+ADM). Control undifferentiated cells were cultured in the presence of only basic
medium. Positive control (CTRL+) was represented
by ADSCs cultured in osteogenic medium. Samples
were fixed with 10% formalin for 15 min at RT,
washed three times in distilled water (ddH2O), and
then were stained with 2% alizarin red S solution
(Santa Cruz Biotechnology) for 20min at RT. Cells
were thoroughly washed several times in ddH2O to
avoid excess of solution and observed by light
microscopy to analyze calcium deposition. The
analysis of mineralization was performed using image
analysis software (ImageJ, National Institutes of
Health).

2.4 Statistical Analysis
Data were analyzed using Statistical Package for
the Social Sciences version 13 Software (SPSS Inc.,
Chicago, IL, USA). Krustal-Wallis rank sum and
Wilcoxon signed-rank test were applied to evaluate
the distributions of each group variance at different
times of observation, assuming p value <0.05 as
statistically significant.

After
21
days
of
differentiation,
ADSC
morphology was evaluated by
optical
microscopy
(Leica,
Nussloch,
Germany).
We
observed significant changes in
morphology of ADSCs treated
with adipose differentiation
medium and melatonin (Figure
1, Melatonin+ADM) or in cells
treated
in
adipose
differentiation medium with
both melatonin and vitamin D
(Figure
1,
Melatonin+
VitaminD+ADM),
compared
with undifferentiated cells
(Figure 1, BM). The same figure
shows that ADSCs cultured in
adipogenic
medium
alone
exhibited a typical morphology
of mature adipocytes (Figure 1,
ADM).

3.2. Melatonin and Vitamin D induce the
molecular pattern of osteogenesis
Figure 2 shows the expression of the osteogenic
related genes Stanniocalcin (STC1) (Figure 2, A),
Osteocalcin (BGLAP) (Figure 2, B) and Bone
morphogenetic protein (BMP2) (Figure 2, C). All the
analyzed genes are not expressed in ADSCs cultured
in the adipogenic medium, while they are
significantly induced when melatonin was added to
the differentiation medium. Interestingly, the gene
expression of all the osteogenic related genes was
further upregulated when cells were cultured in the
adipogenic medium together with melatonin plus
vitamin D (Figure 2). On the other hand, the specific
master regulator of adipogenic differentiation,
PPAR-γ, showed an upregulation in ADSCs cultured
in a specific adipogenic differentiation medium, while
was dramatically decreased when cells were cultured
for 14 and 21 days in an adipogenic medium in the
presence of melatonin and vitamin D (Figure 2, D).

3.3 Melatonin and Vitamin D induce the
appearance of an osteogenic phenotype
Consistently with the gene expression analyses
of the main markers of osteogenic commitment, we
found that melatonin was able to induce cytosolic
calcium accumulation, despite the presence of an
http://www.medsci.org
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adipogenic-conditioned
medium
(Figure
3,
Melatonin+ADM). As expected, cells grown in an
adipogenic differentiation medium did not show any
accumulation but they assumed the appearance of
mature
adipocyte
(Figure
3,
ADM).
The
mineralization process and calcium accumulation
detected was higher when ADSCs were cultured in
the differentiation medium with both melatonin and
vitamin D (Figure 3, Melatonin+VitaminD+ADM).

3.4 Melatonin with or without vitamin D
induce HDAC1 and Sirtuins gene expression
Figure 4 shows the expression of HDAC1 (Figure
4, A) and SIRT1 (Figure 4, B) and 2 (Figure 4, C), in
ADSCs cultured in the previously described
conditions and in osteogenic medium, as a positive
control. All of the three genes were expressed in cells
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exposed to the adipogenic medium, but in the
presence of melatonin, they were significantly
upregulated, reaching a maximum after 21 days in
culture (Figure 4). Interestingly, when also vitamin D
was added to the differentiation medium (Figure 4,
red bar), the mRNA levels of HDAC1, SIRT1 and 2
significantly increased as compared to cells exposed
to the adipogenic medium alone, or to the adipogenic
medium containing melatonin. HDAC1, SIRT1 and 2
gene expression detected in ADSCs exposed to the
classical osteogenic medium, exhibited the same trend
previously described for the ADSCs exposed to the
three different differentiation media (ADM;
Melatonin+ADM;
Melatonin+VitaminD+ADM),
demonstrating a role of these epigenetic regulating
genes in the osteogenic differentiation.

Figure 2. Expression of osteogenic and adipogenic regulating gene. The expression of the osteogenic related genes Stanniocalcin (STC1) (Panel A), Bone
morphogenetic protein (BMP2) (Panel B) and Osteocalcin (BGLAP) (Panel C) and of the adipogenic regulating gene PPAR-γ (Panel D), was evaluated in ADSCs
cultured in adipogenic differentiation medium (green bar), or in adipogenic differentiation medium in the presence of melatonin (yellow bar) or in differentiation
medium with melatonin plus vitamin D (red bar). The mRNA levels for each gene were normalized to Glyceraldehyde-3-Phosphate-Dehidrogenase (GAPDH) and
expressed as fold of change (2−∆∆Ct) of the mRNA levels observed in undifferentiated ADSCs (black bar) defined as 1 (mean ±SD; n=6). ADSCs cultured in
osteogenic conditioned medium represented the positive control (blue bar). Data from differentiation medium together melatonin and vitamin D show upregulation
of osteogenic genes at 14 days and were significantly different after 21 days compared with the differentiation medium alone. Data are expressed as mean ± SD
referred to the control (* p ≤ 0.05).

http://www.medsci.org
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Figure 3. Effect of melatonin and vitamin D on calcium accumulation in ADSCs during differentiation. (A) calcium accumulation, after 21 days of treatment, in cells
cultured in basic medium (BM) and ADSCs exposed to differentiation medium (ADM) or ADM together Melatonin (Melatonin+ADM) or both Melatonin and vitamin
D (Melatonin+VitaminD+ADM). Positive control (CTRL+) are ADSCs cultured in osteogenic conditioned medium. Scale bar=100 µm. The percentage of
mineralization (B) was calculated using ImageJ, with ADSCs cultured for 21 days in osteogenic medium as positive control (black bar), considered as 1, and ADSCs
cultured in basic medium (white bar) as negative control for calcium accumulation. ADSCs were exposed for 21 days in the presence of ADM only (Blue bar), or ADM
with Melatonin (yellow bar) or with both Melatonin and Vitamin D (red bar). Data are expressed as mean ± SD and are representative of 6 different experiments. An
average was made from three technical replicates.

4. Discussion
Epigenetic modulators as for example butyric
acid have been previously used to orchestrate stem
cell fate. In particular, our group previously
demonstrated the capability of butyric acid, acting as
an inhibitor of HDAC, in a mixture with retinoic and
hyaluronic acids to obtain a high yield of
cardio-myocyte differentiation in murine embryonic
stem cells and in human mesenchymal stem cells,
obtained from different sources [21][22][23].
The same mixture of compounds induced the
appearance of an osteogenic phenotype in
dental-pulp-derived stem cells, when melatonin was
added to the differentiation medium [18]. More
recently, we demonstrated a major role of Hyaluronic
acid in counteracting stem cell senescence obtained

after prolonged passages [24], further compounding
the multifaceted action of this glycosaminoglycan
[25].
Adipogenic differentiation represents a favorite
fate for adipose derived stem cells, at the expense of
the osteogenic phenotype [26]. We have previously
shown that melatonin together with vitamin D was
able to counteract adipogenic differentiation, even in
the presence of an adipogenic differentiation medium
[17]. In the present study, we aimed at defining which
phenotype was acquired by cells cultured in these
defined conditions. As indicated in figure 2, the
molecular pathway controlling the osteogenic fate
was induced in our culturing medium based on
melatonin, vitamin D and a standard adipogenic
medium. Osteogenic differentiation was further
inferred by Alizarin red assay, indicating high
http://www.medsci.org
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calcium deposition in cells cultured in adipogenic
medium in the presence of both melatonin and
vitamin D (figure 3). HDACs are a group of enzymes
controlling the chromatin state [27], by removing
acetyl groups from histones, and thus repressing
transcription [28]. Among the two families of HDACs,
Class I (1,2,3, 8) and Class II (4, 5, 6 , 7, 9, 10), HDAC 1
have been previously described as regulators of stem
cell pluripotency in human cardiac mesenchymal
stromal cells, with their inhibition inducing an
overexpression of Oct4, Sox2, Nanog and Klf4
genes[29].
In the present paper, we show that during the
first three days of cell exposure to all the
differentiating
conditions,
HDACs
1
is
downregulated (figure 4). After 7 days of culturing,
HDACs is upregulated in all differentiating
conditions. In particular the medium containing
melatonin and vitamin D exhibited the higher gene
expression levels (figure 4) confirming that this gene
is upregulated during osteogenenis. Our results
describe a role of HDACs 1 during the osteogenic
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differentiation process, and are coherent with
previous observations by other Authors, describing
an inhibition of HDACs during the first days of
differentiation toward the osteogenic phenotype [30].
The same Authors highlight an activation of the same
HDACs 1 to obtain an adipogenic phenotype [31]. In
the present study, the culture conditions are actually
favoring adipogenesis, inducing HDAC1, while in the
presence of melatonin we show that HDACs gene
expression is downregulated as compared to the
adipogenic medium alone. However, when also
vitamin D was added to the culture medium, HDACs
was dramatically induced starting from day 7.
Considering our results and what previously shown
by other Authors about the HDAC regulation of
pluripotency [29], we can hypothesize that the
upregulation of HDAC gene expression described by
us could explain the establishment of an adipogenic
commitment at the beginning, followed by an
osteogenic differentiation and a loss of stemness
which is described when mesenchymal stem cells
acquire a specific phenotype [32].

Figure 4. HDAC1 and Sirtuins expression in ADSCs cultured in differentiation medium (green bar), or in differentiation medium in the presence of melatonin (yellow
bar) or in differentiation medium with melatonin plus vitamin D (red bar). ADSCs (blue bar) cultured in osteogenic medium were used as an osteogenic positive
control. The mRNA levels for each gene were normalized to Glyceraldehyde-3-Phosphate-Dehidrogenase (GAPDH) and expressed as fold of change (2−∆∆Ct) of the
mRNA levels observed in undifferentiated ADSCs (black bar) defined as 1 (mean ±SD; n=6). The mRNA levels of HDAC1, SIRT1 and 2 significantly increased as
compared to cells exposed to the adipogenic medium alone, especially when vitamin D was added at differentiation medium together melatonin. Data are expressed
as mean ± SD referred to the control (* p ≤ 0.05).
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Figure 5. Melatonin and vitamin D in epigenetic regulation of stem cells fate.

The NAD-dependent protein deacetylase SIRT1
has been shown to decrease the appearance of an
adipose phenotype in preadipocytes, by inhibiting the
PPAR-γ [33]. In the present paper, we demonstrate
that SIRT1 and 2 are upregulated in the presence of
the adipogenic medium, but are overexpressed to a
greater extent in the presence of melatonin, and
melatonin plus vitamin D (figure 4). Adipocytes and
osteocytes share a common stem cell progenitor
expressing PPAR-γ, which is than downregulated
when adipose derived stem cells undergo osteogenic
differentiation [34]. In this regard we have previously
shown that melatonin together with vitamin D were
able to downregulate the expression of the PPAR-γ
gene (figure 5) even in the presence of an adipogenic
conditioned medium [17]. Moreover, we also show
that in the presence of an osteogenic medium, ADSCs
exhibit the same trend in both HDAC 1 and SIRT1 and
2 gene expression along with the analysed time course
(figure 4, blue bars).
Melatonin was first described as a hormone
produced by the pineal gland at night, regulating not
only circadian rhythm and reproduction, but having a
number of pleiotropic effects and whose synthesis
decay with aging [35]. Sirtuin 1 and 2 are epigenetic
regulators also involved in counteracting a molecular
program of aging, which can be induced by different
bioactive compounds as for example resveratrol or
curcumin [36][37].
Nutritional epigenetics represent a novel branch
of science, addressing how bioactive molecules or
mixture of bioactive compounds can influence gene
expression [38], stem cell behavior, pluripotency and
differentiation, but also cancer cell proliferation [39].
In this regard, we have recently shown that a butyric
derivative of Honokiol, the main bioactive component
of Magnolia Obovata, was found effective in
counteracting tumoral hepatocytes cells proliferation
while fibroblast cells, used as control for the

toxicological effect of the drugs, were unaffected [39].
Even in this pro-apoptotic and pro-autophagic effect
of the synthetic compound the activation of SIRT3
seems to be crucial [40].
Also Vitamin D has recently emerged as an
important metabolic regulator, able to affect not only
calcium absorption, but also many cellular processes,
by modulating enzymes responsible for chromatin
modification [41]. This molecule is able to affect
chromatin remodeling by modulating HDACs and
DNA methylation [42].
The results exposed in the present paper for the
first time describe a direct link between melatonin and
HDAC and melatonin and Sirtuins in adipose derived
stem cells (figure 5). The effect elicited by melatonin
on these HDACs could represent a perfect circuit
embedding Sirtuin activated melatonin and the
adipogenic differentiation arrest induced by the
indole, defining future application of this drug for the
weight control.
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