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A B S T R A C T

Introduction: Accelerated imbalance between bone formation and bone resorption is associated with bone loss in
postmenopausal osteoporosis. Studies have shown that this loss is accompanied by an increase in bone marrow
adiposity. Melatonin was shown to improve impaired bone formation capacity of bone marrow-derived mesen-
chymal stem cells from ovariectomized rats (OVX-BMMSCs).
Objectives: To investigate whether the anti-osteoporosis effect of melatonin involves regulation of the equilibrium
between osteogenic and adipogenic differentiation of osteoporotic BMMSCs.
Methods: To induce osteoporosis, female Sprague–Dawley rats received ovariectomy (OVX). Primary BMMSCs
were isolated from tibiae and femurs of OVX and sham-op rats and were induced towards osteogenic or adipo-
genic differentiation. Matrix mineralization was determined by Alizarin Red S (ARS) and lipid formation was
evaluated by Oil Red O. OVX rats were injected with melatonin through the tail vein. Bone microarchitecture was
determined using micro computed tomography and marrow adiposity were examined by histology staining.
Results: OVX-BMMSCs exhibited a compromised osteogenic potential and an enhanced lineage differentiation
towards adipocytes. In vitro melatonin improved osteogenic differentiation of OVX-BMMSCs and promoted matrix
mineralization by enhancing the expression of transcription factor RUNX2 in a dose-dependent manner. More-
over, melatonin significantly inhibited lipid formation and suppressed OVX-BMMSCs adipogenesis by down-
regulating peroxisome proliferator-activated receptor γ (PPARγ). Intravenous injection of melatonin prevented
bone mass reduction and bone architecture destruction in ovariectomized rats. Importantly, there was a signifi-
cant inhibition of adipose tissue formation in the bone marrow. Mechanistic investigations revealed that SIRT1
was involved in melatonin-mediated determination of stem cell fate. Inhibition of SIRT1 abolished the protective
effects of melatonin on bone formation by inducing BMMSCs towards adipocyte differentiation.
Conclusions: Melatonin reversed the differentiation switch of OVX-BMMSCs from osteogenesis to adipogenesis by
activating the SIRT1 signaling pathway. Restoration of stem cell lineage commitment by melatonin prevented
marrow adipose tissue over-accumulation and protected from bone loss in postmenopausal osteoporosis.
The translational potential of this article: Determination of stem cell fate towards osteoblasts or adipocytes plays a
pivotal role in regulating bone metabolism. This study demonstrates the protective effect of melatonin on bone
mass in estrogen-deficient rats by suppressing adipose tissue accumulation in the bone marrow. Melatonin may
serve as a promising candidate for the treatment of osteoporosis in clinics.
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1. Introduction

Osteoporosis, characterized by low bone mass and bone micro-
architecture deterioration, is a prevalent skeletal disorder that is also an
important global public health problem. Multiple factors, such as aging,
estrogen withdrawal, long-term glucocorticoid use, and alcohol abuse
among others are associated with the development of osteoporosis [1].
Primary osteoporosis refers to postmenopausal osteoporosis that is
associated with decreased estrogen levels, and senile osteoporosis that is
associated with aging [2]. The disruption in bone remodeling, in which
osteoclast-mediated bone resorption process is faster than
osteoblast-mediated bone formation, has been proven to induce the
pathogenesis of primary osteoporosis. Current anti-osteoporosis strate-
gies, such as calcitonin, bisphosphonates andmonoclonal antibodies (e.g.
denosumab), focus on osteoclasts to inhibit bone resorption [3]. These
therapeutic options can only slow down osteoporosis progression and
cannot reverse its pathogenesis. Recombinant human parathyroid hor-
mone teriparatide (rhPTH 1–34) is a prevailing bone catabolic agent that
can promote bone formation. However, several side effects, such as
post-dose hypercalcaemia, risk of tumor formation, and cardiovascular
complications limit its continued use [4]. Therefore, it is necessary to
develop safer and more effective strategies for promoting bone formation
in osteoporosis patients.

Bone resorption is a major contributor to bone mass reduction and is
accompanied by increased marrow adiposity. Bone marrow-derived
mesenchymal stem cells (BMMSCs) are the major sources of osteoblasts
and they can also differentiate into adipocytes, chondrocytes, and muscle
cells upon specific stimulation [5]. Determination of stem cell fate to-
wards osteoblasts or adipocytes plays a pivotal role in regulating bone
metabolism. In senile osteoporosis, there is a significant reduction in
bone formation and a remarkable increase in adipose tissue formation in
the bone marrow. Increased marrow adiposity is attributed to the shift
from osteogenic to adipogenic differentiation of BMMSCs. Singh et al.
found that transplantation of young BMMSCs into old mice retained a
strong differentiation preference for adipogenesis rather than osteo-
genesis, implying that age-related microenvironmental alterations are
responsible for imbalanced lineage commitment [6]. Several important
transcriptional factors have been implicated in determination of stem cell
lineage fate. Among them, RUNX2 is a crucial factor regulating stem cell
osteogenesis, whereas peroxisome proliferator-activated receptor γ
(PPRAγ) promotes adipocyte-related genes expression. Sui et al. isolated
BMMSCs from naturally aging and accelerated senescence (SAMP6) mice
and demonstrated a shift from osteogenesis to adipogenesis, accompa-
nied by suppressed RUNX2 expression levels and up-regulated PPARγ
levels [7].

Melatonin, a neurohormone synthesized in the pineal gland, plays an
important role in bone homeostasis regulation [8]. Melatonin has been
shown to enhance bone formation and, consequently, prevents bone loss
in osteoporosis patients [9]. Igarashi-Migitaka et al. reported that orally
administered melatonin successfully increased bone strength and bone
mass in naturally aged mice [10]. In contrast, withdrawal of melatonin
through pinealectomy in sheep led to a significant reduction in bone
mass, accompanied by an increase in bone resorption [11]. Moreover, the
results of two randomized trials showed that melatonin supplementation
significantly increase BMD of the femoral neck in osteoporotic women
[12], and it restored the imbalance in bone remodeling in healthy peri-
menopausal women [13]. At pharmacological concentrations, melatonin
inhibited osteoclast differentiation by attenuating intracellular reactive
oxygen species (ROS) [14]. Ikegame et al. confirmed the inhibitory ef-
fects of melatonin on osteoclast activation during space flight by sup-
pressing the expression of receptor activator of nuclear factor κB ligand
(RANKL) in goldfish [15].

Regarding bone formation, melatonin increases matrix mineraliza-
tion by promoting the differentiation of adult MSCs into osteoblasts
through the extracellular signal-regulated kinases (ERK) 1/2 signaling
cascade [16]. In addition, melatonin protects MSCs from apoptosis and
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preserves the capacity for osteogenic differentiation even in the presence
of pro-inflammatory cytokines such asIL-1β [17] and TNF-α [18]. How-
ever, the effect of melatonin on adipogenic differentiation has not been
elucidated. Zhang et al. reported that melatonin inhibits adipogenic
differentiation of MSCs by suppressing PPARγ expression [19], whereas
Kato et al. documented that melatonin promotes adipogenic differenti-
ation of 3T3-L1 embryo fibroblasts by up-regulating PPARγ expression
and promoting mitochondrial biogenesis [20]. Therefore, it is necessary
to investigate the effect of melatonin on the balance between osteo-
genesis and adipogenesis of BMMSCs during postmenopausal
osteoporosis.

SIRT1 is a member of the sirtuin protein family and well known as a
longevity gene, regulates energy metabolism, response to oxidative
stress, cell survival and differentiation [21]. Importantly, SIRT1 is a po-
tential target for treating osteoporosis, because overexpression of SIRT1
in mandibular mesenchymal stems cells elevated alveolar bone volume in
Sirt1 transgenic mice (Sirt1TG) [22], while its knockout reducted cortical
bone thickness and trabecular volume [23]. Tseng et al. reported that
SIRT1 activation by resveratrol enhanced FOXO 3 A-dependent tran-
scriptional activity and, subsequently, up-regulated RUNX2 expression to
promote osteogenic differentiation of human MSCs [24]. Our previous
studies revealed that melatonin prevented stem cell premature senes-
cence [25] and rescued titanium nanoparticle-impaired osteogenic ca-
pacity of BMMSCs via activation of SIRT1 [26]. However, it has not been
established whether the SIRT1-related signaling pathway is involved in
determination of stem cell lineage fate by melatonin.

In this study, we hypothesized that melatonin prevents bone marrow
adiposity by reversing stem cell imbalance between osteogenesis and
adipogenesis in postmenopausal osteoporosis. BMMSCs were isolated
from ovariectomized rats (OVX-BMMSCs) and induced towards osteo-
genic or adipogenic differentiation in the presence of melatonin. OVX
rats were injected with melatonin through the tail vein, and after three
months, bone microarchitecture and marrow adiposity were examined.
Involvement of SIRT1 in melatonin-mediated regulation of stem cell
lineage fate was also investigated.

2. Materials and methods

2.1. Animals and ovariectomy

A total of 52 eight-week-old (178.4� 12.4 g) female Sprague–Dawley
(SD) rats were provided by the animal center of Soochow University. All
the rats were kept in cages under controlled conditions (pathogen-free,
24 �C, 50% humidity) with free access to appropriate diet and water.
Ovaries were surgically removed in half of rats as previously described
[27]. After anesthetization (pentobarbital, 30 mg/kg, intraperitoneal
injection, Yuanye, Shanghai, China), the ovaries from both sides were
exposed and excised. Similar operations were performed in the sham rats
except that ovaries were left intact. All the animals were sutured and
injected with penicillin for three days (80,000 Units/rat, intramuscu-
larly, Yuanye) after surgery. To isolate BMMSCs from OVX rats, three
months after the surgery, twenty sham and OVX rats were euthanized for
cell isolation for in vitro experiments. For in vivo experiments, one week
following ovariectomy surgery, thirty-two sham and OVX rats were
administrated with melatonin for three months.

2.2. Ethics statement

All experiments involving animals were conducted according to the
ethical policies and procedures approved by the ethics committee of
Soochow University (Approval no. SUDA20210531A01).

2.3. Isolation of BMMSCs and cell culture

Primary BMMSCs were isolated from the tibiae and femurs of OVX- or
Sham-operated rats according to a previously published protocol [28].



Table 1
Primers used for quantitative real-time polymerase chain reaction (RT-PCR).

Gene Forward Primer sequence(50-30) Reverse Primer sequence(50-30)

Sirt1 GAAAATGCTGGCCTAATAGACTTG TGGTACAAACAAGTATTGATTACCG
Runx2 CCAACTTCCTGTGCTCCGTG GTGAAACTCTTGCCTCGTCCG
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Cells were cultured in alpha minimum essential medium (α-MEM) con-
taining 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (all
from Thermo Fisher Scientific, Waltham, MA) in a 37 �C incubator with a
5% CO2 atmosphere. All the BMMSCs were passaged at 90% confluence
by being treated with 0.25% trypsin.
Sp7 CCCAACTGTCAGGAGCTAGAG GATGTGGCGGCTGTGAAT
Bglap GACCCTCTCTCTGCTCACTCT GACCTTACTGCCCTCCTGCTTG
Pparg CCTATTGACCCAGAAAGCGATT CATTACGGAGAGATCCACGGA
Lpl ACAAGAGAGAACCAGACTCCAA AGGGTAGTTAAACTCCTCCTCC
Fabp4 AACCTTAGATGGGGGTGTCCTG TCGTGGAAGTGACGCCTTTC
Gapdh GCAAGTTCAACGGCACAG CGCCAGTAGACTCCACGAC
2.4. Treatments with melatonin and sirtinol

Melatonin (Sigma–Aldrich) was dissolved in absolute alcohol (EtOH)
to achieve a storage solution at the concentration of 250 mM. For in vitro
experiments, melatonin solution was diluted to 1 μM or 100 μM with the
culture medium, while an equal volume of α-MEM containing 0.04%
ethanol was used in the vehicle (EtOH) group. To inhibit SIRT1 activity,
40 μM of sirtinol (Sigma–Aldrich), along with 100 μM of melatonin was
supplemented in the culture medium.
2.5. Cell viability and proliferation assays

The cell viability and proliferation of BMMSCs was determined with
CCK-8 assay (Beyotime, Shanghai, China). To assess cell viability,
BMMSCs were seeded on a 96-well plate at the density of 10,000 cells/
well and after 48 h, working solution of CCK-8 (100 μL per well) was
added and was then incubated at dark 37 �C in 5% CO2 for 2 h. To assess
cell proliferation, BMMSCs were seeded on a 96-well plate at the density
of 1000 cells/well. At days 1, 3, 5 and 7, working solution was added and
was then incubated at dark. The optical density at 450 nm wavelength
was read by a multifunctional microplate reader (BioTek, Winooski,
USA). Cell morphologies were observed by a microscope (Olympus,
Tokyo, Japan).
2.6. Osteogenic differentiation of BMMSCs

To induce osteogenic differentiation, BMMSCs in a 12-well plate were
incubated in osteogenic induction medium (α-MEM containing 10% FBS,
100 nM dexamethasone, 10 mM β-glycerol phosphate, 50 μg/mL L-
ascorbic acid and 1% penicillin-streptomycin). After two weeks, differ-
entiated cells would be fixed by 4% paraformaldehyde for 15 min. After
fixation, 0.1% alizarin red S (ARS) solution (Sigma–Aldrich) was added
to each well for 20 min. An Olympus IX51 microscope was used to take a
picture of stained matrices. For mineralization quantification, the stain
was dissolved by 5% perchloric acid solution (Sigma–Aldrich) for 30min,
followed by measurement of absorbance at 420 nm using a
spectrophotometer.
2.7. Adipogenic differentiation of BMMSCs

Adipogenic differentiation of BMMSCs was induced for 14 days using
a Mesenchymal Stem Cell Adipogenic Differentiation Kit according to the
manufacture's protocol (RASMD-90031, Cyagen, Guangzhou, China)
[28]. Adipocyte formation was assessed with Oil Red O (Sigma–Aldrich)
staining method. After fixation of the differentiated cells, oil red O
working solution was added in each well for 30 min. An Olympus IX51
microscope was used to take a picture of stained fat droplets in the adi-
pocytes. For quantification, isopropanol was used to dissolve the stained
fat droplets and absorbance at 510 nm was spectrophotometrically.
2.8. Quantitative analysis of RT-PCR

The TRIzol® reagent (Thermo Fisher Scientific) was used to isolate
RNA of all the cells. Afterwards, total RNA (1 μg) was reverse-transcribed
into cDNA. Quantitative RT-PCR reaction was performed on a CFX96TM
PCR system (Bio-Rad). All the primer sequences were presented in
Table 1. Differences in gene expression were analyzed by the compara-
tive Ct (2�ΔΔCt) method after normalizing by the Gapdh gene.
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2.9. Western blot

All protein expression was measured byWestern blot. Briefly, 20 μg of
protein for each sample were denatured at 100 �C for 5–10 min and
separated on 10% SDS-PAGE. The proteins were eletrophoretically
transferred onto nitrocellulose membranes (Beyotime, Shanghai, China).
After being blocked, the blots were incubated overnight using primary
antibodies at 4 �C. All the primary antibodies used were provided by
Abcam: anti-SIRT1 (1:5000, ab189494), anti-RUNX2 (1:2000, ab76956),
anti-PPARγ (1:2000, ab272718) and anti-α Tubulin (1:10000, ab7291).
Afterwards, the blots were incubated using secondary antibodies
(1:10000, ab6721 or ab6789) at RT for 1 h. The blots were detected with
the chemiluminescence reagent (Thermo Fisher Scientific). The ImageJ
software (NIH, Bethesda, MD) was used to measure all band intensities.

2.10. In vivo administration of melatonin

Melatonin was dissolved in absolute EtOH and further diluted in sa-
line (0.9% NaCl) to give a final concentration of 5 mg/mL (containing
10% EtOH). One week following ovariectomy surgery, thirty-two sham
and OVX rats were randomly assigned to four groups: sham, sham þMT,
OVX, and OVXþMT. The rats were injected with melatonin solution (10
mg/kg) via the tail vein twice per week for 3 months according to a
previously published protocol [27]. Other rats that had not been assigned
to melatonin treatment were administered with the same amount of
ethanol through the tail vein. Melatonin was injected during
10:00–10:30 AM daily with an infusion of about 5 s per rat to avoid
possible physiological interference.

2.11. Micro computed tomography (μCT) analysis

Rats were euthanized with diethyl ether 3 days after the last mela-
tonin administration. The entire femur of the rat was isolated and distal
portion of femur tissue samples were evaluated using a high resolution
Skyscan 1176 system (Bruker, Aartselaar, Belgium) at a spatial resolution
of 9 μm (65 kV, 385 μA, 200 ms integration time) as previously described
[27]. No. 51 to 150 cancellous bone sections below the top of epiphyseal
line were chosen as the region of interest. Cancellous bonemorphometric
data from 3D reconstructed images of the region of interest containing
bone mineral density (BMD, g/cm3), bone volume ratio (BV/TV, %) and
trabecular separation (Tb.Sp, mm) were calculated using a micro-CT
analysis software according to international guidelines [29].

2.12. Histological staining and in vivo oil red O staining

After μCT scanning, femurs for histological staining were decalcified
in 10% EDTA for 6 weeks. After that, embedded femur specimens were
cut into 9-μm-thick sections by a paraffin microtome. The obtained sec-
tion were subjected to hematoxylin and eosin (H&E) staining.

To evaluate the adipose tissue in bone marrow, frozen sections were
stained by Oil red O solution. Femur specimens were equilibrated in 15%
and 30% sucrose each for 24 h. The sucrose-penetrated samples were
subsequently covered with optimal cutting temperature (OCT) com-
pound and snap-frozen. Frozen blocks were cut into 9-μm-thick sections
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using a Leica CM3050S cryostat (Leica Microsystems, Nussloch, Ger-
many). The obtained frozen section were pre-treated by 60% isopropanol
for 10 min, stained with 3% Oil Red O solution for 15 min, and counter-
stained in hematoxylin for 1 min. Image acquisition was performed on an
Axiovert 200 microscope (Zeiss, Oberkochen, Germany).

2.13. Statistics

After passing Shapiro–Wilk normality test, all the results were pre-
sented as mean � standard deviation (S.D.). Differences between 2
groups were analyzed using Student's t-test and more than 2 comparisons
were conducted by one-way analysis of variance (ANOVA) followed by
Tukey's HSD post-hoc test. Differences were proved statistically signifi-
cant if p � 0.05 (*) or highly significant if p � 0.01 (**). All the analysis
was performed by SPSS 14.0 software (SPSS Inc., Chicago, USA).

3. Results

3.1. OVX-BMMSCs exhibited lineage commitment towards adipocytes
rather than osteoblasts

BMMSCs isolated from Sham and OVX rats exhibited similar cell
morphologies (Fig. 1A), while cell proliferation levels of OVX-BMMSCs
were significantly lower than those from the sham group (Fig. 1B). Due
to the important role of SIRT1 in regulating stem cell lineage differen-
tiation, we evaluated the expression of SIRT1 in BMMSCs. Transcript
levels of Sirt1 in OVX-BMMSCs were 55.8% lower than those of the sham
group (Fig. 1C). Protein expression of SIRT1 in OVX-BMMSCs was 26.3%
lower than that of the Sham group. RUNX2 and PPARγ are two critical
transcription factors that determine stem cell fate. In OVX-BMMSCs,
protein levels of RUNX2 were 25.9% low while those of PPARγ were
36.0% higher when compared to sham cells (Fig. 1D&E), suggesting that
OVX-BMMSCs had a lineage preference for adipocyte differentiation.

Next, we examined differences in lineage-specific differentiation in
both cells. OVX-BMMSCs exhibited a weak osteogenic differentiation
ability. The level of matrix mineralization of OVX-BMMSCs was 85.0%
lower than that of the Sham group (Fig. 1F). Consistently, expression of
osteoblast-specific markers, containing Runx2, Sp7 (osterix) and Bglap
(osteocalcin) were significantly suppressed in the OVX group (Fig. 1G).
Following adipogenic induction, lipid formation in the OVX group was
2.6-fold more than that in the Sham group (Fig. 1H), while gene
expression levels of adipocyte-specific markers, including Lpl, Pparg and
Fabp4 exhibited similar elevated levels, implying that OVX-BMMSCs had
an enhanced adipogenic potential and a compromised osteogenic dif-
ferentiation (Fig. 1I).

In vitro treatments with melatonin restored differentiation equilib-
rium between osteogenesis and adipogenesis for OVX-BMMSCs.

OVX-BMMSCswere treated with 1 or 100 μMmelatonin. Cell viability
assay showed that melatonin treatment even at 100 μM had no cytotoxic
effect on BMMSCs (Supplementary Fig. 1A). Cell morphologies of OVX-
BMMSCs were not altered in the presence of melatonin, while cell den-
sities of melatonin-treated cells were higher than those of the controls
(Fig. 2A). Consistently, CCK-8 analysis revealed that melatonin signifi-
cantly improved cell proliferation levels of OVX-BMMSCs. At day 7,
melatonin was found to have enhanced cell proliferation by 27.7% at 1
μM and by 51.1% at 100 μM, respectively (Fig. 2B). Compared to con-
trols, gene expression levels of Sirt1 in melatonin-treated cells were found
to have been up-regulated by 32.8% at 1 μM and by 92.7% at 100 μM,
respectively (Fig. 2C). Western blot assays confirmed that melatonin
treatment significantly elevated SIRT1 protein expression in OVX-
BMMSCs in a dose-dependent manner. Interestingly, protein expression
levels of RUNX2 were up-regulated by 87.8% in the presence of 100 μM
melatonin, while PPARγ expression levels were down-regulated by
28.8% (Fig. 2D&E). These results indicate that melatonin reverses line-
age commitment of OVX-BMMSCs toward osteogenesis.

We further investigated whether melatonin restored differentiation
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equilibrium between osteogenesis and adipogenesis for OVX-BMMSCs.
ARS staining revealed that melatonin significantly enhanced calcium
deposition in a dose-dependent manner. Compared to the control group,
matrix mineralization levels were increased 1.2-fold and 2.7-fold after 1
and 100 μM melatonin treatments, respectively (Fig. 2F&G). Transcript
levels of osteoblast-specific markers were also found to have been up-
regulated by melatonin. In particular, mRNA expression levels of Bglap
exhibited a 1.2-fold and 3.6-fold increase after 1 and 100 μM melatonin
treatments, respectively (Supplementary Fig. 1B). Oil red O staining
revealed that melatonin suppressed OVX-BMMSCs differentiation to-
wards adipocytes. Compared to the controls, levels of mature lipids were
suppressed by 46.5% and 70.3% in the presence of 1 and 100 μM
melatonin, respectively (Fig. 2H&I). Accordingly, gene expression levels
of adipocyte-specific markers were significantly down-regulated by
melatonin. For example, compared to the control group, treatment with
100 μM melatonin inhibited gene expression of Lpl by 61.8%, Pparg by
55.5% and Fabp4 by 55.7% (Supplementary Fig. 1C).

Inhibition of SIRT1 expression abrogated the effects of melatonin on
the differentiation balance of OVX-BMMSCs.

To establish the potential role of SIRT1 in regulating stem cell fate,
OVX-BMMSCs were treated with sirtinol to inhibit SIRT1 activity in the
presence of 100 μM melatonin. Compared to the MT group, cell prolif-
eration levels of sirtinol-treated cells were significantly decreased by
30.3% (Fig. 3A&B). Treatment with sirtinol suppressed the gene and
protein expression of SIRT1 by 37.0% (Figs. 3C) and 29.2% (Fig. 3D),
respectively. Protein expression levels of RUNX2 were suppressed by
40.4%, while those of PPARγ were elevated by 57.2% after sirtinol
treatment (Fig. 3D&E).

After osteogenic induction, matrix mineralization in sirtinol-treated
OVX-BMMSCs was decreased by 70.8% compared to the MT group
(Fig. 3F&G). Consistently, compared to the melatonin-treated cells, sir-
tinol treatment down-regulated mRNA expression levels of Runx2 by
37.3%, Sp7 by 80.9% and Bglap by 88.2% (Supplementary Fig. 2A).
Moreover, sirtinol treatment improved adipogenic differentiation of
OVX-BMMSCs. Compared to the MT group, lipid formation levels were
increased 2.3-fold in sirtinol-treated cells (Fig. 3H&I). Sirtinol signifi-
cantly up-regulated mRNA expression levels of Lpl by 1.9-fold, Pparg by
82.5% and Fabp4 by 1.3-fold compared to the MT group (Supplementary
Fig. 2B). These findings show that inhibition of SIRT1 by sirtinol sup-
pressed the advantages of melatonin on osteogenesis, while stimulating
adipogenic differentiation of OVX-BMMSCs.

Melatonin treatment protected against OVX-induced bone loss by
suppressing adipose tissue accumulation in the bone marrow.

To determine the protective effects of melatonin against estrogen
deficiency-induced bone loss, sham and OVX rats were treated with
melatonin (10 mg/kg) through the tail vein for three months. In OVX
rats, estrogen deficiency was associated with less trabecular bone in
distal femur. However, melatonin injection protected trabecular micro-
architecture structure and preserved bone mass (Fig. 4A). Three-
dimensional (3D) reconstruction analysis revealed that, compared to
their controls, BMD and BV/TV of OVX rats were significantly decreased
by 47.6% and 60.0%, respectively. However, compared to the OVX
group, melatonin treatment significantly improved BMD by 44.7% and
BV/TV by 73.6% (Fig. 4B&C). In contrast, Tb.Sp in the OVX group was
increased by 67.4%, whereas melatonin treatment down-regulated it by
22.2% (Fig. 4D).

Histology revealed a significant bone loss in OVX rats, while mela-
tonin administration protected trabecular bone microarchitecture in the
OVX rats (Fig. 4E). To observe changes in osteogenic and adipogenic
lineage differentiation in vivo, we evaluated adipocyte formation in the
bone marrow of sham and OVX rats (Fig. 4F). There was an increased
abundance of adipose tissues in the bone marrow milieu of OVX rats,
accompanied by bone loss. Oil red O staining proved that the number of
adipocytes and fatty marrow area in OVX rats were significantly
increased by 28.8-fold and 27.1-fold, respectively, implying that estrogen
deficiency resulted in a lineage differentiation disorder in OVX rats.



Fig. 1. BMMSCs from ovariectomized rats (OVX-BMMSCs) exhibited impaired osteogenic potential and enhanced adipogenic differentiation ability (A) BMMSCs from
Sham and OVX rats exhibited similar cell morphologies. Scale bar, 100 μm. Magnificantion, 100X. (B) Proliferation of Sham- and OVX-BMMSCs (C) Gene expression of
Sirt1. (D–E) Protein expression of SIRT1, RUNX2 and PPARγ (F) Representative images and quantitative analysis of ARS staining that was conducted to evaluate matrix
mineralization. Scale bar, 100 μm. Magnificantion, 100X. (G) Osteoblast-related gene expression: Runx2, Sp7 and Bglap (H) BMMSCs were induced towards adi-
pogenesis for 14 days and stained by oil red O. Representative images and quantitative analysis were used to examine lipid formation in mature adipocytes. Scale bar,
100 μm. Magnificantion, 100X. (I) Adipocyte-specific gene expression: Lpl, Pparg and Fabp4. Values are the mean � S.E.M of six independent experiments (n ¼ 6) in
cell proliferation assays, four independent experiments (n ¼ 4) in RT-PCR experiments, ARS assays, and Oil Red O staining assays, and three independent experiments
(n ¼ 3) in Western blot assays. Statistically significant differences are indicated by * where p < 0.05 or ** where p < 0.01 between the indicated groups.
Abbreviations: BMMSCs, bone marrow mesenchyml stem cells; OVX, ovariectomized; SIRT1, Silent information regulator type 1; RUNX2, runt-related transcription
factor 2; Sp7, osterix; Bglap, bone gamma carboxyglutamate protein; PPARγ, peroxisome proliferator-activated receptor γ; Fabp4, fatty acid binding protein 4; LPL,
lipoprotein lipase.
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Fig. 2. Effects of melatonin on cell proliferation and lineage commitment of OVX-BMMSCs (A) Melatonin treatments (1 or 100 μM) did not alter cell morphologies of
OVX-BMMSCs. Scale bar, 100 μm. Magnificantion, 100X (B) Proliferation levels of OVX-BMMSCs were significantly elevated by melatonin. (C) Gene expression of
Sirt1 (D–E) Protein expression levels of SIRT1, RUNX2 and PPARγ. (F–G) Representative images and quantitative analysis of ARS staining that was conducted to
evaluate matrix mineralization in the presence of 1 or 100 μM melatonin. Scale bar, 100 μm. Magnificantion, 100X (H–I) Lipid formation in mature adipocytes in the
presence of 1 or 100 μM melatonin were determined by oil red O staining. Scale bar, 100 μm. Magnificantion, 100X. Values are the mean � S.E.M of six independent
experiments (n ¼ 6) in cell proliferation assays, four independent experiments (n ¼ 4) in RT-PCR experiments, ARS assays, and Oil Red O staining assays, and three
independent experiments (n ¼ 3) in Western blot assays. Statistically significant differences are indicated by * where p < 0.05 or ** where p < 0.01 between the
indicated groups.
Abbreviations: MT, melatonin; EtOH, ethyl alcohol; SIRT1, Silent information regulator type 1; RUNX2, runt-related transcription factor 2; Sp7, osterix; Bglap, bone
gamma carboxyglutamate protein; PPARγ, peroxisome proliferator-activated receptor γ; Fabp4, fatty acid binding protein 4; LPL, lipoprotein lipase.
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However, after melatonin treatment, the number of adipocytes in the
OVX rat bone marrow was reduced by 88.6% (Fig. 4G) while the fatty
marrow area was decreased 94.2% (Fig. 4H). These findings suggest that
intravenous injection of melatonin prevented OVX-induced bone loss by
inhibiting adipose tissue formation in the bone marrow.

3.2. In vivo treatment with melatonin preserved the differentiation balance
of OVX-BMMSCs

To investigate the effect of melatonin on the differentiation equilib-
rium, we isolated BMMSCs from melatonin-treated OVX and sham rats
and verified their differentiation potentials in vitro. BMMSCs derived
from melatonin-treated and untreated OVX rats exhibited similar cell
morphologies, while the proliferative capacity of the OVX þ MT group
was significantly higher than that of the OVX group (Fig. 5A&B). The
mRNA expression level of Sirt1 in BMMSCs from the melatonin-treated
OVX rats was 88.8% higher than that of the OVX group (Fig. 5C).
Meanwhile, compared to the OVX group, protein expression levels of
SIRT1 and RUNX2 in the OVX þMT group were increased by 38.8% and
33.2%, respectively, while PPARγ expression levels were suppressed by
28.4% (Fig. 5D&E).

We further evaluated the osteogenic and adipogenic potentials of
BMMSCs from melatonin-treated OVX rats. Matrix mineralization in the
OVX þ MT group was found to be 2.8-fold higher than in the OVX group
(Fig. 5F&G) while transcript levels of osteoblast-specific markers were
significantly up-regulated in the OVX þ MT group (Supplementary
Fig. 3A). In contrast, following adipogenic induction, levels of lipid for-
mation in the OVX þMT group were 61.6% lower than those of the OVX
group (Fig. 5H&I). In the OVX þ MT group, gene expression levels of Lpl
were down-regulated by 57.2%, Pparg by 54.7% and Fabp4 by 43.5%
compared to those of the OVX group (Supplementary Fig. 3B). These
findings show that melatonin administration rescued the dysregulated
lineage commitment of BMMSCs in OVX rats by favoring osteogenesis
rather than adipogenesis.

4. Discussion

Increased marrow adiposity is correlated with progressive bone loss
and increased facture risk in aged osteoporosis patients [30]. One puta-
tive cellular mechanism is that, with age, BMMSCs gradually lose their
potential to differentiate into bone forming osteoblasts, while retaining
their adipogenic differentiation capacity. The shift from osteogenic to
adipogenic differentiation of BMMSCs results in impaired bone forma-
tion and elevated accumulation of marrow adipose tissues that eventually
leads to osteoporosis [31]. However, the role of stem cell differentiation
equilibrium in estrogen deficiency-induced osteoporosis was not estab-
lished. We found that BMMSCs derived from OVX rats exhibited a dys-
regulated lineage commitment with an impaired osteogenic potential
and an enhanced adipogenic differentiation. Significant increases in
adipocyte numbers and marrow adipose tissue areas were confirmed in
distal femurs of OVX rats. This is consistent with a recent study that re-
ported a stronger adipogenic activity in BMMSCs derived from post-
menopausal rats, accompanied with a low expression level of CXC
chemokine receptor type 4 (CXCR4) and a reduced homing efficiency of
BMMSCs [32]. Increased adipocytes in bone marrow negatively regulate
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bone metabolism and suppresse osteogenesis by releasing inflammatory
cytokines (e.g. IL-1β, IL-6, and TNF-α) into bone marrow microenviron-
ment [33]. Therefore, targeting the imbalance of osteogenesis and adi-
pogenesis of BMMSCs is a promising way to improve bone formation
during the development of osteoporosis.

Melatonin suppressed adipogenic and promoted osteogenic differ-
entiations of OVX-BMMSCs in a dose-dependent manner. It was shown in
Fig. 6 that activating SIRT1 signaling pathway regulated stem cell fate by
inhibiting the PPARγ signaling pathway and activating the RUNX2
signaling pathway. In line with our findings, it has also been reported
that melatonin directly inhibited adipogenic differentiation of normal
human MSCs by suppressing PPARγ expression [19]. The nuclear re-
ceptor, PPARγ, is a master transcriptional regulator that induces adipo-
genic differentiation and promotes lipid storage and lipogenesis [34].
PPARγ binds the C/EBPα to recruit the expression of adipocyte-specific
marker genes and activation of adipogenic signaling pathways [35].
Meanwhile, activation of PPARγ promotes cellular senescence by
inducing p16INK4a expression, leading to the G0/G1 cell cycle arrest in
human diploid fibroblasts [36]. Stimulatory effects of PPARγ on cellular
senescence may also contribute to the shift of the balance between
osteogenesis and adipogenesis in aged MSCs, as evidenced by the fact
that adipogenic potential was better preserved over osteogenesis in MSCs
subjected to extensive passages [37]. Melatonin treatment can effectively
prevent replicative senescence and preserve the osteogenic potential of
long-term passaged BMMSCs [38]. These findings show that regulation of
PPARγ by melatonin may be a crucial factor in regulating lineage
commitment of MSCs toward adipocytes or osteoblasts.

Studies have reported the advantages of melatonin on bone forma-
tion. Melatonin rescued the impaired osteogenic ability of OVX-BMMSCs
by enhancing their intracellular antioxidant functions, particularly the
activities of superoxide dismutase 2 (SOD2) [27]. Activation of ERK1/2
signaling cascade was proved to play a significant role in
melatonin-facilitated in vitro osteogenesis of MSCs. Elevated levels of
phosphorylated ERK1/2 have also been reported in bone tissues of mice
that had been orally administrated with melatonin for one year [39].
Mechanistically, regulation of bone formation was possibly through the
MT2 melatonin receptors. Knockout of MT2 rather than MT1 receptors in
mice led to a decrease in bone mass without affecting bone resorption
parameters. Osteoblasts isolated from MT2 knockout mice exhibited a
cell intrinsic defect in osteogenic potential and mineralization abilities
[40]. In addition, pro-inflammatory cytokines enhance osteoporosis by
inhibiting osteoblast maturation and by promoting osteoclast-mediated
bone resorption [41]. Melatonin is effective in rescuing
pro-inflammatory cytokine-inhibited osteogenesis of human MSC, such
as that of TNFα, possibly by decreasing SMURF1-mediated ubiquitination
and subsequently stabilizing SMAD1 protein levels [18]. The direct
inhibitory effect of melatonin on osteoclast differentiation has been re-
ported in our previous study, in which melatonin suppressed Titanium
nanoparticle-induced osteoclast activity via activation of the Nrf2/Ca-
talase signaling pathway and successfully ameliorated periprosthetic
osteolysis, a late complication of joint replacement [42]. More impor-
tantly, melatonin inhibits bone resorption via modulating the osteoblast
functions. Maria et al. reported that, in layered cocultures of osteoblasts
and osteoclasts, melatonin inhibited RANKL secretion from osteoblasts
and thus suppressed osteoclast differentiation, suggesting that melatonin
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Fig. 3. Inurehibition of SIRT1 reversed melatonin-mediated effects on cell proliferation and stem cell lineage commitment (A) OVX-BMMSCs were treated with 40 μM
sirtinol in the presence of 100 μM melatonin. Sirtinol treatment did not alter cell morphologies but suppressed cell densities of OVX-BMMSCs. Scale bar, 100 μm.
Magnificantion, 100X. (B) Proliferation was suppressed by sirtinol treatment (C) Gene expression of Sirt1 in melatonin-treated OVX-BMMSCs were down-regulated by
sirtinol treatment. (D–E) Protein expression levels of SIRT1, RUNX2 and PPARγ (F–G) OVX-BMMSCs were induced toward osteoblast differentiation with or without
sirtinol. Matrix mineralization was evaluated by ARS staining. Scale bar, 100 μm. Magnificantion, 100X. (H–I) BMMSCs were induced toward adipogenesis with or
without sirtinol. Lipid formation in mature adipocytes were determined by oil red O staining. Scale bar, 100 μm. Magnificantion, 100X. Values are the mean � S.E.M of
six independent experiments (n ¼ 6) in cell proliferation assays, four independent experiments (n ¼ 4) in RT-PCR experiments, ARS assays, and Oil Red O staining
assays, and three independent experiments (n ¼ 3) in Western blot assays. Statistically significant differences are indicated by * where p < 0.05 or ** where p < 0.01
between the indicated groups.
Abbreviations: MT, melatonin; SIRT1, Silent information regulator type 1; RUNX2, runt-related transcription factor 2; PPARγ, peroxisome proliferator-activated re-
ceptor γ.
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may play an important role in regulating the interaction between bone
formation and bone resorption [39].These findings show the potential
therapeutic value of melatonin in prevention of estrogen
deficiency-induced osteoporosis.

SIRT1, a key factor that regulates bone metabolism and determines
Fig. 4. Injection of melatonin ameliorated estrogen deficiency-induced bone loss and
was injected into Sham or OVX rats through the tail vein (10 mg/kg). Rats administe
images of distal femurs of melatonin-treated and untreated rats. Effects of melatonin
of H&E staining of femoral sections from Sham and OVX with or without melatoni
Representative images of oil red O staining of femoral sections that were used to labe
field view was quantified (H) Area of marrow adipose tissue was quantified. Values a
reconstruction assays, and ten samples in each group (n ¼ 10) in histological staining
* where p < 0.05 or ** where p < 0.01 between the indicated groups.
Abbreviations: OVX, ovariectomized; MT, melatonin; BMD, bone mineral density; BV
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stem cell fate of BMMSCs, is involved in melatonin-mediated anti-oste-
oporosis effects. Deficiency of SIRT1 in a mouse model of separation-
based anorexia led to a significant decrease in bone mass and alter-
ation of bone architecture, along with an obvious increase in bone
marrow adiposity, whereas recovery of SIRT1 expression returned
suppressed marrow fat accumulation in OVX rats. After ovariectomy, melatonin
red with the same amount of ethanol served as controls (A) Representative μCT
administration on BMD (B), BV/TV (C) and Tb.Sp (D) (E) Representative images
n administration. Scale bar, 500 μm (upper panels), 200 μm (lower panels) (F)
l the marrow adipose tissue. (G) Number of adipocytes in the distal marrow per
re the mean � S.E.M of ten samples in each group (n ¼ 10) in micro-CT and 3D
and oil red O staining in vivo. Statistically significant differences are indicated by

/TV, bone volume ratio; Tb.Sp, trabecular separation.



Fig. 4. (continued).
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adiposity and bone mass to normal levels [43]. SIRT1 elevated the
transcription activity of RUNX2 through its deacetylation activity and
enhanced the expression of RUNX2-related osteogenic genes, while
SIRT1 knockdown using antisense oligonucleotides induced Runx2
acetylation and suppressed osteoblast differentiation [44]. When SIRT1
interacts with forkhead box O3a (FOXO3A), the SIRT1-FOXO3A complex
enhances RUNX2 promoter activity by binding to a distal FOXO response
element. Activation of the SIRT1-FOXO3A axis modulates lineage
commitment of MSCs to osteogenesis by up-regulating RUNX2 gene
expression [24]. The decreased SIRT1 expression reduced deacetylation
of RUNX2 and FOXO3A and thus inhibited their activity of suppressing
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adipogenesis. In addition to its deacetylation functions, SIRT1 promotes
osteogenesis and bone formation via regulating intracellular antioxidant
functions. Zhang et al. reported that melatonin-mediated activation of
SIRT1 rescued titanium (Ti) wear particle-inhibited osteogenic differ-
entiation of MSCs and protected mouse cranium from Ti particle-induced
osteolysis [26]. Melatonin has also been shown to promote the expres-
sion and nuclear translocation of SIRT1 as well as the subsequent in-
crease in SIRT1-mediated p53 deacetylation to protect mouse testes from
palmitic acid-induced lipotoxicity and DNA damage [45].

In vivo experiments showed that intravenous injection of melatonin
protected against estrogen deficiency-induced bone loss in OVX rats by
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Fig. 6. A schematic diagram illustrating the underlying mechanism of melatonin-mediated anti-osteoporosis effect. BMMSCs derived from ovariectomized rats (OVX-
BMMSCs) exhibit a lineage preference for adipocyte differentiation. In vitro treatment with melatonin enhances osteogenesis and suppresses adipogenesis of OVX-
BMMSCs. In vivo administration of melatonin prevents bone mass loss and inhibits marrow adiposity. Activation of SIRT1 by melatonin is responsible for the
restored equilibrium between osteogenesis and adipogenesis that promotes RUNX2 and down-regulates PPARγ.

Fig. 5. Melatonin injection preserved osteogenic potential of BMMSCs in OVX rats while suppressing their adipogenic differentiation ability (A) BMMSCs were
isolated from Sham and OVX rats with or without melatonin injection. BMMSCs exhibited similar cell morphologies. Scale bar, 100 μm. Magnificantion, 100X. (B)
Proliferations of BMMSCs in OVX rats were increased by melatonin (C) Gene expression of Sirt1. (D–E) Protein expression of SIRT1, RUNX2 and PPARγ (F–G) BMMSCs
from melatonin-treated or untreated rats were induced towards osteoblast differentiation. Matrix mineralization was evaluated by ARS staining. Scale bar, 100 μm.
Magnificantion, 100X. (H–I) BMMSCs from melatonin-treated or untreated rats were induced toward adipogenesis. Lipid formation in mature adipocytes were
determined by oil red O staining. Scale bar, 100 μm. Magnificantion, 100X. Values are the mean � S.E.M of six independent experiments (n ¼ 6) in cell proliferation
assays, four independent experiments (n ¼ 4) in RT-PCR experiments, ARS assays, and Oil Red O staining assays, and three independent experiments (n ¼ 3) in
Western blot assays. Statistically significant differences are indicated by * where p < 0.05 or ** where p < 0.01 between the indicated groups. Abbreviations: OVX,
ovariectomized; MT, melatonin; SIRT1, Silent information regulator type 1; RUNX2, runt-related transcription factor 2; PPARγ, peroxisome proliferator-activated
receptor γ.
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preventing the over-accumulation of adipose tissues in the bone marrow.
Consistent with our results, Qu et al. reported that overexpression of
SIRT1 in MC3T3-E1 cells suppressed PPARγ expression and inhibited the
adipogenic differentiation, whereas treatment with Rosiglitazone (an
PPARγ agonist) reversed the inhibitory effect of SIRT1 on adipocyte
formation by promoting the expression levels of FABP4 [46]. Qu et al.
showed that reduction of SIRT1 was responsible for activation of PPARγ
due to the increased acetylation activity and acetylated PPARγ further
improved the transcription of its downstream molecules such as C/EBPα
in MSCs [47]. During remodeling of white adipose tissue, SIRT1 deace-
tylates PPARγ on Lys293 and Lys268 to promote formation of the brown
adipose tissue, implying that SIRT1-dependent PPARγ deacetylation
plays a crucial role in modulating adipose production as well as insulin
resistance [48]. Positive regulation of PPARγ by SIRT1 has been reported
in a recently published study, in which fibroblast growth factor 19
(FGF19) promoted the expression of PPARγ in brown adipose tissues by
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activating SIRT1 and PGC-1α [49]. However, the exact mechanisms by
whichmelatonin regulates SIRT1 and PPARγ duringMSC lineage-specific
differentiation have not been established. Considering the toxicity of
sirtinol, in vivo experiments were not performed to investigate the effect
of sirtinol on bone marrow adiposity in OVX rats. Future studies will
focus on the role of SIRT1 in bone marrow fat accumulation using
Sirt1�/� mice and liposomes will be used to load sirtinol to reduce its
toxicity. Furthermore, biomaterials have been widely used in tissue en-
gineering and regenerative medicine due to their biocompatibility and
controllable drug delivery [50]. Future studies will be focused on the
combination of melatonin and biomaterials to repair osteoporotic bone
defects.

Increased bonemarrow adiposity promotes osteoclast activity of bone
resorption that is responsible for bone loss in postmenopausal osteopo-
rosis. In the bone marrow of aged mice, pre-adipocytes expressing Pref-1
were found to secrete RANKL and were able to generate osteoclasts from
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bone marrow macrophages. Early adipogenic transcription factors, C/
EBPβ and C/EBPδ, in these cells stimulated RANKL gene expression by
binding the RANKL promoter [51]. Yu et al. identified marrow adipo-
genic lineage precursors (MALPs) from the BMMSC population and
showed that these adipocyte precursors promote osteoclastogenesis
through expression of RANKL [52]. In addition, microRNAs, small
non-coding RNAs that post-transcriptionally regulate gene expression,
are involved in the regulation of osteoclast differentiation. Inhibition of
miR-99a, which was found to be elevated during the initial stages of MSC
adipogenic differentiation, promoted osteogenic differentiation and
elevated osteoprotegerin (OPG) secretion to inhibit the formation of
mature osteoclasts regulate [53]. However, it has not been established
whether melatonin regulates osteoclast activity by suppressing the adi-
pogenic differentiation of BMMSCs in the bone marrow. Regulatory
mechanisms associated with the interactions between adipocytes and
osteoclasts should be evaluated further. In this study, we injected mela-
tonin via the tail vein of OVX rats. This method was similar to intrave-
nous injection in clinical practice that is potentially effective considering
the high bioavailability and short time to reach the maximal concentra-
tion. However, one of the limitations is lack of targeting effect. Since
bisphosphonates is one of the bone-targeted radiopharmaceuticals, it can
be used for developing lanthanide based radiolabeled hydroxyapatite
nanoparticles (HAP NPs) by anchoring to the surface of polymers [54].
The present study also showed that no side effects were observed among
melatonin-treated rats, indicating that administration of melatonin is
safe to treat OP animals. Therefore, future studies will focus on the
incorporation of melatonin with bisphosphonates to target osteocytes
and osteoclasts.

5. Conclusion

Estrogen deficiency impaired the osteogenic potential of OVX-
BMMSC, accompanied by an enhanced adipogenic differentiation. In
vitro melatonin promoted osteogenic differentiation of OVX-BMMSCs by
elevating RUNX2 levels, while suppressing adipogenic differentiation by
suppressing PPARγ levels. Intravenous injection of melatonin prevented
OVX-induced bone mass reduction and bone architecture destruction,
and more importantly, inhibited adipose tissue formation in the bone
marrow. As illustrated in Fig. 6, the SIRT1 signaling pathway played a
key role in stem cell fate determination and in melatonin-mediated anti-
osteoporosis effects. This study shows that by restoring the disturbed
differentiation equilibrium between osteogenesis and adipogenesis of
BMMSCs, melatonin is a promising therapeutic strategy to treat post-
menopausal OP.
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