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Melatonin inhibits RANKL‑induced osteoclastogenesis
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Abstract. Melatonin, secreted in a typical diurnal rhythm
pattern, has been reported to prevent osteoporosis; however, its
role in osteoclastogenesis remains unclear. In the present study,
the ability of melatonin to inhibit receptor activator of nuclear
factor‑κ B ligand (RANKL)‑induced osteoclastogenesis and
the associated mechanism were investigated. Raw264.7 cells
were cultured with RANKL (100 ng/ml) and macrophage
colony‑stimulating factor (M‑CSF; 30 ng/ml) for 7 days,
and tartrate‑resistant acid phosphatase (TRAP) staining was
used to detect osteoclastogenesis following treatment with
melatonin. In addition, the effect of melatonin on cathepsin K
and microRNA (miR)‑882 expression was investigated via
western blotting and reverse transcription‑quantitative PCR.
Melatonin significantly inhibited RANKL‑induced osteoclastogenesis in Raw264.7 cells. From bioinformatics analysis,
it was inferred that nuclear receptor subfamily 1 group D
member 1 (NR1D1/Rev‑erbα) may be a target of miR‑882.
In vitro, melatonin upregulated Rev‑erb α expression and
downregulated miR‑882 expression in the osteoclastogenesis
model. Rev‑erbα overexpression boosted the anti‑osteoclastogenesis effects of melatonin, whereas miR‑882 partially
diminished these effects. The present results indicated that
the miR‑882/Rev‑erbα axis may serve a vital role in inhibiting
osteoclastogenesis following RANKL and M‑CSF treatment,
indicating that Rev‑erbα agonism or miR‑882 inhibition may
represent mechanisms through which melatonin prevents
osteoporosis.
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Introduction
Osteoporosis is an increasingly serious life‑threatening
medical issue (1‑4). It often results in fractures, with associated complications such as hypostatic pneumonia, deep‑vein
thrombosis and bedsores, which can be fatal (5). Osteoporosis
occurs due to a decrease in the number/activity of osteoblasts
and/or increase in the number/activity of osteoclasts (6). The
pathogenesis of osteoporosis involves complex signaling
pathway regulation and protein modification, and a lot about
this process remains unknown (7‑9). In the past years, research
has identified key signalling molecules that modulate bone
formation and/or bone resorption, including Wnt (10,11),
Akt (12,13), MAPK (14,15), AMP‑activated protein kinase
(AMPK) (16,17), receptor activator of nuclear factor‑κ B ligand
(RANKL) (18,19), osteoprotegerin (OPG) (20,21) and tumor
necrosis factor superfamily member 14 (22). Currently, there is
no efficacious anti‑osteoporosis treatment with minimal side
effects; thus, there is an urgent unmet medical need for novel
treatment strategies.
Bone homeostasis is maintained through osteogenesis and
osteoclastogenesis (23). Osteoclasts originate via a process
of differentiation from hematopoietic stem cells or monocytes (24). Osteoclast differentiation (or osteoclastogenesis)
involves multiple steps, which include transformation into
tartrate‑resistant acid phosphatase (TRAP)‑positive cells,
merging into multinucleated cells, activating bone resorption
and finally undergoing spontaneous apoptosis (25). RANK, its
cellular ligand RANKL, macrophage colony‑stimulating factor
(M‑CSF) and OPG (a decoy soluble receptor for RANKL) are
four critical factors for osteoclastogenesis (26,27). RANKL
is highly conserved and is a member of the TNF family (28).
RANK (encoded by Tnfrsf11a) is a receptor activator of nuclear
factor‑κ B, which is expressed via M‑CSF stimulation on the
surface of Raw264.7 cells (29). OPG competitively inhibits the
binding of RANKL to RANK, and polymorphisms in the OPG
gene are associated with osteoporosis (30,31). Furthermore,
the interaction between M‑CSF and CSF1 receptor is crucial
for proliferation and differentiation in osteoporosis (32).
The existing drugs for osteoporosis are inefficient and
produce unsatisfactory results (33); therefore, it is critical
to develop safe and effective treatment options. Natural
substances provide a new avenue for the treatment of osteoporosis. Melatonin is a methoxyindole that is synthesized in, and
secreted predominantly from, the pineal gland (34). Although
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it is also synthesized in mitochondria, virtually every cell can
produce melatonin, including cells of the bone marrow (35).
This secretion is performed at night as part of the circadian
rhythm; the schedule of the circadian rhythm is orchestrated
by the suprachiasmatic nuclei and synchronized with the
light/dark cycle (34). Furthermore, light can inhibit melatonin
production (36). The biological rhythm of melatonin can be
estimated by the melatonin content in the plasma/saliva or
by measuring urinary 6‑sulfatoxymelatonin, the primary
hepatic metabolite (34,37,38). Some studies have determined
that melatonin may reinforce the coupling of rhythms, such
as the sleep/wake cycle and core temperature, although these
findings are based on clinical trial information (34,39,40).
Sánchez‑Barceló et al (41) summarized the physiological effect
of melatonin on the bone. Specifically, low concentrations
(in the µM range) of melatonin were found to promote the
proliferation and differentiation of osteoblasts and the expression levels of bone differentiation markers (such as type I
collagen, osteopontin, bone sialoprotein and osteocalcin) (41).
Additionally, melatonin can simultaneously inhibit osteoclast
differentiation by promoting OPG secretion and eliminating
the free radicals produced by osteoclasts (41). However, the
underlying mechanism by which melatonin exerts its effects
on individuals afflicted by osteoporosis remains to be identified. Thus, the current study aimed to investigate the effects
of melatonin on RANKL‑induced osteoclastogenesis in
Raw264.7 cells.
Materials and methods
Cell culture. Raw264.7 cells (The Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences) were cultured
in DMEM containing 10% FBS and 1% streptomycin and penicillin (all HyClone; Cytiva) in a 37˚C incubator with 5% CO2
and maximum humidity. The culture medium was replenished
daily. Cells were incubated in serum‑free medium 24 h before
treatment. Raw264.7 cells were cultured for 7 days with
100 ng/ml RANKL (R&D Systems, Inc.) and 30 ng/ml M‑CSF
(R&D Systems, Inc.) in the presence of varying concentrations
(0.1 or 1 µmol) of melatonin (Sigma‑Aldrich; Merck KGaA;
Fig. 1A) for 48 h at 37˚C. Raw264.7 cells were cultured in
the presence of varying concentrations of SR9009 (5, 10 and
15 µmol; MedChemExpress; Fig. 1B) or SR8278 (5, 10 and
15 µmol; MedChemExpress; Fig. 1C) for 48 h at 37˚C.
Synthetic RNA oligonucleotides and transfection. MicroRNA
(miR)‑882 mimics, miR‑882 mimic negative control (NC),
miR‑882 inhibitors and miR‑882 inhibitor NC were obtained
from Shanghai GenePharma Co., Ltd. Raw264.7 cells were
transfected with Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) for 6‑8 h at 37˚C, according to the manufacturer's instructions. The type of NCs used was a non‑sense
sequence. The concentration of miR‑882 mimics/inhibitors
used for transfection was 20 µM. RNA was extracted 24 h after
transfection, and protein was extracted 48 h after transfection.
The sequences of all miR‑882 mimics and inhibitors were as
follows: miR‑882 mimics sense, 5'‑AGGAGAGAGUUAGCG
CAU UAGU‑3' and antisense, 5'‑UAAUGCGCUA ACUCU
CUCCUUU‑3'; miR‑882 mimics NC sense, 5'‑UUCUCCGAA
CGUGUCACGUTT‑3' and antisense, 5'‑ACGUGACACGUU

CGGAGAATT‑3'; miR‑882 inhibitors, 5'‑ACUAAUGCGCUA
ACUCUCUCCU‑3'; miR‑882 inhibitors NC, 5'‑CAGUAC
UUUUGUGUAGUACAA‑3.
RNA extraction and reverse transcription‑quantitative PCR.
The TRIzol® Reagent kit (Qiagen Sciences, Inc.) was used to
extract total RNA from cells according to the manufacturer's
protocol. miRNA and mRNA reverse‑transcription PCR was
performed using the Mir‑X miRNA qRT‑PCR TB Green®
kit (cat. no. 638314; Clontech Laboratories, Inc.) for miRNA
and the PrimeScript™ RT reagent kit with gDNA Eraser
(cat. no. RR047A; Takara Biotechnology Co., Ltd.) for mRNA
according to the manufacturer's protocol. The QuantiTect
SYBR‑Green PCR kit (cat. no. RR820A; Takara Biotechnology
Co., Ltd.) was used to perform real‑time quantitative PCR. The
thermocycling conditions are as follows: Initial denaturation
at 95˚C for 30 sec, followed by 40 cycles at 95˚C for 5 sec and
60˚C for 30 sec, one cycle at 95˚C for 5 sec, 60˚C for 1 min and
95˚C, and finally annealing at 50˚C for 30 sec. The results were
analyzed using a Roche Light Cycler® 480 II system (Roche
Diagnostics). The relative expression of miR‑882 was standardized to U6 RNA expression, while mRNA relative expression
was standardized to GAPDH mRNA expression using the
well‑accepted 2‑ΔΔCq method (42). For detailed information see
section Performing a Basic Relative Quantification Experiment.
The following primer sequences were used: miR‑882 forward,
5'‑CGCAGGAGAGAGT TAG CGCATTAGT‑3' and reverse
primer was taken by Universal sequence; U6 forward, 5'‑CGC
TTCGGCAGCACATATAC‑3' and reverse, 5'‑TTCACGAAT
TTGCGTGTCAT‑3'; cathepsin K forward, 5'‑GAAGAAGAC
TCACCAGAAGCAG‑3' and reverse, 5'‑TCCAGGT TATGG
GCAGAGATT‑3'; NR1D1 forward, 5'‑TACATTGGCTCTAGT
GGCTCC‑3' and reverse, 5'‑CAGTAGGTGATGGTGG GA
AGTA‑3'; and GAPDH forward, 5'‑AGGTCGGTGTGAACG
GATTTG‑3' and reverse, 5'‑TGTAGACCATGTAGTTGAGGT
CA‑3'.
Western blot analysis. Raw264.7 cells were lysed in RIPA
buffer containing phenylmethanesulfonyl fluoride (both
Beyotime Institute of Biotechnology), followed by centrifugation at 4˚C at 12,000 x g for 30 min. Quantitative analysis of
protein concentration was performed using a BCA assay kit
(Beyotime Institute of Biotechnology), and each sample was
loaded at a concentration of 3 µg/µl in RIPA and loading
buffer. Samples were separated via 10% SDS‑PAGE at 80 V
and the proteins were transferred to polyvinylidene difluoride
membranes at 200 mA for 60 min. The membranes were
blocked with 5% BSA (Beijing Solarbio Science & Technology
Co., Ltd.) for 2 h at room temperature and incubated with
primary antibodies diluted in TBS‑Tween (TBST; Beijing
Solarbio Science & Technology Co., Ltd.; cat. no. T1081)
at concentrations according to the manufacturer's instructions overnight at 4˚C. The following primary antibodies
were used: Anti‑cathepsin K (Abcam; cat. no. ab19027;
1:1,000), anti‑nuclear receptor subfamily 1 group D member 1
(NR1D1/Rev‑erbα; Abcam; cat. no. ab174309; 1:5,000) and
anti‑GAPDH (ProteinTech Group, Inc.; cat. no. 10494‑1‑AP;
1:10,000). After primary antibody incubation, the membranes
were washed thrice and incubated with an HRP‑conjugated goat
anti‑rabbit IgG secondary antibody (ProteinTech Group, Inc.;
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Figure 1. Chemical structures of melatonin, SR9009, and SR8278. (A) Chemical structure of melatonin. (B) Chemical structure of SR9009. (C) Chemical
structure of SR8278.

cat. no. SA00001‑2; 1:10,000) diluted in TBST for 2 h at room
temperature. An Ultrasensitive Enhanced Chemiluminescence
Detection kit (ProteinTech Group, Inc.; cat. no. PK10002) was
used as the visualization reagent. ImageJ software (v1.52;
National Institutes of Health) was used for densitometry.
TRAP staining. Raw264.7 cells were plated in 6‑well plates
(3,000 cells/cm2) and cultured in medium containing 100 ng/ml
RANKL and 30 ng/ml M‑CSF for 7 days at 37˚C prior to TRAP
staining, with or without 0.1 or 1 µM melatonin. Plates were
washed with PBS and fixed with 4% paraformaldehyde for
15 min at 37˚C. TRAP staining working solution was added to
the plates and incubated for 60 min at 37˚C in the dark. TRAP
staining was performed using an acid phosphatase leukocyte
kit (Sigma‑Aldrich; Merck KGaA; cat. no. 387) in accordance
with the manufacturer's protocol. Representative images were
acquired using an Eclipse Ti fluorescence microscope (Nikon
Corporation; magnification, x200 and 400). TRAP‑positive
cells containing >3 nuclei were recorded as osteoclasts.
Cell Counting Kit‑8 (CCK‑8) assay for cell viability.
Raw264.7 cells were plated in 96‑well plates at a concentration of 5x103 cells/well. After 24 h, melatonin (0.1, 1 or
10 µmol), the Rev‑erbα agonist SR9009 (Fig. 1B) or antagonist SR8278 (Fig. 1C) was added. After 48 h at 37˚C, CCK‑8
reagent (Dojindo Molecular Technologies, Inc.) was added for
30‑60 min to detect cell activity according to the manufacturer's instructions. The results were analyzed with an automated
enzyme‑linked immunosorbent assay reader ELx808 (BioTek
Instruments, Inc.; Agilent Technologies, Inc.) at 450 nm. Cell
activity was expressed as OD value.
Target gene prediction. Potential miRNAs that could target
Rev‑erbα were first predicted by collecting information from
databases including TargetScan (http://www.targetscan.org/),
miRDB (http://mirdb.org/) and DIANA (http://diana.imis.
athena‑innovation.gr/), followed by organizing and consolidating these data.
Dual‑luciferase reporter assay. Plasmid transfections for
luciferase assays in 293T cells (purchased from The Cell
Bank of Type Culture Collection of the Chinese Academy
of Sciences, cultured with DMEM with 10% FBS in a
37˚C incubator with 5% CO2) were performed with 0.1 µg

reporter constructs (pMIR‑REPORT‑wild‑type‑Rev‑erb α
or pMIR‑REPORT‑mutant‑Rev‑erb α plasmids; Shanghai
GeneChem Co., Ltd.) and 0.4 µg miR‑882 expression plasmid
(Shanghai GeneChem Co., Ltd.), in a 24‑well plate using Roche
X‑tremeGENE HP (Roche Diagnostics; cat. no. 06366236001)
according to the manufacturer's instructions. Luciferase
activity was measured 48 h post‑transfection using the Dual
Luciferase Reporter Assay System according to the manufacturer's instructions (Promega Corporation). Firefly luciferase
activity was normalized to Renilla luciferase activity.
Statistical analysis. All data were analyzed using SPSS 22.0
software (IBM Corp.) and GraphPad Prism 6.0 (GraphPad
Software, Inc.). Each group of experiments was repeated thrice
independently, and the values are expressed as the mean ± SD.
In the present study, one‑way ANOVA followed by Dunnett's
post‑hoc test was used for determining whether ≥3 groups
were statistically different from each other, while an unpaired
t‑test was used to determine whether 2 groups were statistically different from each other. P<0.05 was used to indicate a
statistically significant difference.
Results
Melatonin inhibits RANKL‑induced osteoclastogenesis in
Raw264.7 cells. To study the effect of melatonin on osteoclastogenesis, the mRNA and protein expression levels of
cathepsin K were examined in Raw264.7 cells cultured for
7 days with RANKL (100 ng/ml) and M‑CSF (30 ng/ml) in
the presence of varying concentrations (0.1 or 1 µmol) of
melatonin for 48 h. Cathepsin K was analyzed since its expression represents the level of osteoclastogenesis (43). Melatonin
decreased both the mRNA and protein expression levels
of cathepsin K following RANKL and M‑CSF treatment
(Fig. 2A and B). Cell differentiation was further studied using
TRAP staining in Raw264.7 cells cultured for 7 days with
RANKL and M‑CSF in the presence of melatonin for 48 h.
Melatonin treatment decreased the number of TRAP‑positive
cells following RANKL treatment (Fig. 2C). Subsequently, the
viability of Raw264.7 cells was analyzed in the presence of
varying concentrations (0.1, 1 or 10 µmol) of melatonin for
48 h using the CCK‑8 assay. Cell viability was expressed as OD
value. The results revealed that melatonin was not cytotoxic to
Raw264.7 cells (Fig. 2D). The present findings indicated that
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Figure 2. Melatonin inhibits RANKL‑induced osteoclastogenesis in Raw264.7 cells. Cathepsin K (A) mRNA and (B) protein expression in Raw264.7 cells
cultured for 7 days with RANKL (100 ng/ml) and M‑CSF (30 ng/ml) in the presence of varying concentrations (0.1 or 1 µmol) of melatonin. (C) Tartrate‑resistant
acid phosphatase activity in Raw264.7 cells cultured for 7 days with RANKL (100 ng/ml) and M‑CSF (30 ng/ml) in the presence of varying concentrations
(0.1 or 1 µmol) of melatonin. Magnification, x200 (upper panels) and x400 (bottom panels). (D) Viability of Raw264.7 cells in the presence of varying
concentrations (0.1, 1 or 10 µmol) of melatonin. Cell viability was expressed as OD value. Data are represented as the mean ± SD (n=3). **P<0.01. OD, optical
density; RANKL, receptor activator of nuclear factor‑κ B ligand; M‑CSF, macrophage colony‑stimulating factor.

melatonin significantly inhibited RANKL‑induced osteoclastogenesis in Raw264.7 cells without any observed cytotoxicity.
Melatonin enhances Rev‑erb α expression in Raw264.7
cells. During RANKL‑induced osteoclast differentiation,
both mRNA and protein expression levels of Rev‑erbα were
suppressed compared with the control group, which indicated
that the inhibitory effect of melatonin on osteoclastogenesis
may be associated with Rev‑erbα (Fig. 3A and B). By contrast,
the addition of melatonin (0.1 or 1 µmol) significantly upregulated Rev‑erbα mRNA and protein expression in Raw264.7
cells cultured with RANKL and M‑CSF (Fig. 3A and B).
Rev‑erb α activation boosts the effect of melatonin on the
inhibition of osteoclastogenesis, whereas Rev‑Erbα inhibition
promotes osteoclastogenesis. Raw264.7 cells were treated
with the Rev‑erbα agonist SR9009 or antagonist SR8278 to
assess the function of Rev‑erbα in osteoclastogenesis. The
viability of Raw264.7 cells was analyzed in the presence of
varying concentrations of SR9009 (5, 10 and 15 µmol) or
SR8278 (5, 10 and 15 µmol) for 48 h via CCK‑8 assay. SR9009
and SR8278 were not toxic to Raw264.7 cells at the concentrations tested (Fig. 4A and B). Western blotting revealed that in
Raw264.7 cells cultured with RANKL, M‑CSF and melatonin
(1 µmol), osteoclastogenesis was inhibited by melatonin more

significantly in cells treated with the Rev‑erbα agonist SR9009
compared with the osteoclastogenesis process in cells cultured
without SR9009 (Fig. 4C). The Rev‑erbα antagonist SR8278
hampered the ability of melatonin to influence osteoclastogenesis in Raw264.7 cells cultured with RANKL, M‑CSF and
1 µmol melatonin (Fig. 4D). Overall, these results indicated
that the inhibitory effect of melatonin on osteoclastogenesis
may be mediated by Rev‑erbα.
miR‑882 regulates Rev‑erbα protein expression. Subsequently,
whether Rev‑erbα expression was regulated by miRNAs was
investigated. Potential miRNAs that could target Rev‑erbα
were first predicted by collecting information from databases
including TargetScan, miRDB and DIANA, followed by organizing and consolidating these data. The overlapping miRNAs
across different databases are shown in the Venn diagram
in Fig. 5A. Since miR‑882 was identified by the intersection
of the three databases, it was hypothesized that miR‑882 may
regulate Rev‑erbα mRNA expression. Raw264.7 cells were
transfected with miR‑882 mimics, inhibitors or corresponding
NCs. miR‑882 expression in Raw264.7 cells transfected with
miR‑882 mimics was significantly higher than that with the
mimic‑NC; additionally, Raw264.7 cells transfected with
miR‑882 inhibitors exhibited the opposite effect (Fig. 5B).
Subsequently, whether Rev‑erbα expression may be modulated
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Figure 3. Rev‑erbα expression in Raw264.7 cells is augmented by melatonin. Rev‑erbα (A) mRNA and (B) protein expression in Raw264.7 cells cultured for
7 days with RANKL (100 ng/ml) and M‑CSF (30 ng/ml) in the presence of varying concentrations (0.1 or 1 µmol) of melatonin for 48 h. Data are represented as
the mean ± SD (n=3). **P<0.01. RANKL, receptor activator of nuclear factor‑κ B ligand; M‑CSF, macrophage colony‑stimulating factor; Rev‑erbα/NR1D1, nuclear
receptor subfamily 1 group D member 1.

Figure 4. Rev‑erbα activation increases the inhibitory effect of melatonin on Raw264.7 cell osteoclastogenesis, whereas the inhibition of Rev‑erbα produces
the opposite effect. Viability of Raw264.7 cells in the presence of varying concentrations of (A) SR9009 and (B) SR8278 (5, 10 and 15 µmol). Cell viability
was expressed as OD value. Rev‑erbα and cathepsin K expression in Raw264.7 cells cultured for 7 days with RANKL (100 ng/ml) and M‑CSF (30 ng/ml),
and for 48 h with 1 µmol melatonin in the presence of varying concentrations of (C) SR9009 and (D) SR8278 (5, 10 and 15 µmol). Data are represented as the
mean ± SD (n=3). #P<0.05 and ##P<0.01. OD, optical density; RANKL, receptor activator of nuclear factor‑κ B ligand; M‑CSF, macrophage colony‑stimulating
factor; Rev‑erbα/NR1D1, nuclear receptor subfamily 1 group D member 1.
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Figure 5. miR‑882 targets Rev‑erbα. (A) Venn diagram of the miRNAs overlapping with Rev‑erbα from three different databases (TargetScan, miRDB
and DIANA). miR‑882 was the only miRNA identified in all three databases that potentially regulated Rev‑erbα expression. (B) Transfection efficiency of
miR‑882 mimic and inhibitors. (C) Rev‑erbα protein expression after transfection with miR‑882 mimics, inhibitors and corresponding NCs. (D) Binding
sites for miR‑882 and Rev‑erbα. (E) Luciferase activity in 293T cells co‑transfected with miR‑882 mimic and Rev‑erbα WT or MUT 3'‑untranslated
region. Data are represented as the mean ± SD (n=3). *P<0.05 and **P<0.01. miRNA/miR, microRNA; NC, negative control; WT, wild‑type; MUT, mutant;
Rev‑erbα/NR1D1, nuclear receptor subfamily 1 group D member 1.

by miR‑882 was examined. Transfection with miR‑882
mimics significantly decreased Rev‑erbα protein expression in
Raw264.7 cells, whereas the inhibition of miR‑882 produced
the opposite effect (Fig. 5C). Next, the wild‑type 3'‑untranslated region (UTR) of Rev‑erbα mRNA was cloned with
the presumed miR‑882‑binding sites, along with the mutant
3'‑UTR located upstream of the luciferase‑coding sequence
(Fig. 5D). Luciferase activity was decreased in cells co‑transfected with miR‑882 mimics and Rev‑erbα mRNA wild‑type
3'‑UTR fragments compared with in cells co‑transfected
with miR‑882 mimics NC and Rev‑erbα mRNA wild‑type
3'‑UTR fragments, and compared with in cells co‑transfected
with miR‑882 mimics and Rev‑erbα mRNA mutant 3'‑UTR

fragments (Fig. 5E). These results indicated that Rev‑erbα
may be a direct target of miR‑882 and implied that miR‑882
may exert its influence on osteoclastogenesis by targeting
Rev‑erbα.
Melatonin downregulates miR‑882 expression and the
inhibition of miR‑882 hinders RANKL‑induced osteoclas‑
togenesis. After demonstrating that Rev‑erb α is a target
gene of miR‑882, whether miR‑882 could regulate osteoclastogenesis was further explored. To determine the role of
miR‑882 in the inhibition of RANKL‑induced osteoclastogenesis by melatonin, miR‑882 expression was examined in
Raw264.7 cells cultured with RANKL and M‑CSF in the
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Figure 6. Melatonin downregulates miR‑882 expression in RANKL‑induced Raw264.7 cells, whereas the overexpression of miR‑882 promotes osteoclastogenesis in Raw264.7 cells. (A) miR‑882 expression in Raw264.7 cells cultured for 7 days with RANKL (100 ng/ml) and M‑CSF (30 ng/ml) in the presence
of varying concentrations (0.1 or 1 µmol) of melatonin. (B) Cathepsin K expression after transfection with miR‑882 mimics, inhibitors and corresponding
NCs. Data are represented as the mean ± SD (n=3). *P<0.05 and **P<0.01. RANKL, receptor activator of nuclear factor‑κ B ligand; M‑CSF, macrophage
colony‑stimulating factor; miR, microRNA; NC, negative control.

presence of varying concentrations of melatonin via reverse
transcription‑quantitative PCR. The results indicated that
melatonin augmented Rev‑erb α expression by decreasing
miR‑882 expression, resulting in decreased miR‑882
expression compared with RANKL and M‑CSF treatment
(Fig. 6A). To further explore the function of miR‑882 upon
melatonin treatment, miR‑882 mimics, inhibitors or corresponding NCs were transfected into Raw264.7 cells, and
cathepsin K expression was examined. The overexpression
of miR‑882 upregulated cathepsin K expression compared
with the mimic‑NC; additionally, transfection with inhibitors decreased cathepsin K expression compared with the
inhibitor‑NC (Fig. 6B). The current results indicated that
miR‑882 inhibition may inhibit osteoclastogenesis to prevent
osteoporosis, whereas the overexpression of miR‑882 may
promote osteoclastogenesis.
Discussion
Previous research has demonstrated that melatonin impacts
osteoclastogenesis (44‑47). Melatonin results in the
concentration‑dependent inhibition of osteoclastogenesis
at pharmacological concentrations (44), which is consistent

with the present findings. Notably, the inhibitory effect of
melatonin may not be associated with the melatonin receptor,
as demonstrated in a previous study (45). In an in vitro
experiment with Transwell or layered mesenchymal stem
cells and peripheral blood monocytes, melatonin inhibited osteoclastogenesis in the layered culture, but not the
Transwell culture (46). Moreover, in vivo, melatonin can
inhibit titanium particle‑induced osteolysis (47). Thus,
the present study examined the effect of melatonin on
osteoclastogenesis, and the current data demonstrated that
melatonin inhibited RANKL‑induced osteoclastogenesis by
promoting Rev‑erbα expression via miR‑882. The present
results highlight the potential for melatonin in the treatment
of osteoporosis. Osteoporosis is associated with clock genes,
such as Rev‑erbα (48), Bmal1 (49) and cryptochrome circadian clocks 2 (50). Osteoporosis intervention such as oral
salmon calcitonin, administration of teriparatide and pulsed
electromagnetic field therapy at different time points in one
day can provide different levels of bone protection, demonstrating the role of the circadian rhythm in the mechanisms
of osteoporosis (51). The parathyroid hormone‑responsive
circadian clock serves a crucial role in the process of mouse
femur fracture healing (52).
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Figure 7. Potential mechanism by which melatonin may affect RANKL‑induced osteoclastogenesis. Melatonin may first decrease miR‑882 expression, then
augment Rev‑erbα expression and decrease cathepsin K expression, ultimately inhibiting osteoclastogenesis. RANKL, receptor activator of nuclear factor‑κ B
ligand; miR, microRNA; Rev‑erbα/NR1D1, nuclear receptor subfamily 1 group D member 1.

A previous study has demonstrated that certain proteins
encoded by clock genes, such as Rev‑erbα, a member of the
NR1D1, are expressed rhythmically in Raw264.7 cells (53).
Rev‑erbα, which is present in abundant levels in adipose
cells, macrophages and muscle cells, was reported to govern
the circadian rhythm, as well as lipid and glucose metabolism (54). Additionally, it serves a crucial role in inflammatory
reactions and diseases, including diabetes and atherosclerosis,
by suppressing the transcription and translation of downstream genes (55,56). Rev‑erbα is a critical component of the
biological clock and one of the important participants in regulating biological rhythms (57). Furthermore, other studies have
demonstrated that the abnormal expression levels of Rev‑erbα
are closely associated with diseases, such as osteoporosis (48),
acute myocardial infarction (58), Alzheimer's disease (59)
and skeletal muscle myopathies (60). SR9009, the biological
effect of which is caused by an interaction with Rev‑erbα, is
a Rev‑erbα agonist (61). SR9009 can enhance basal metabolism by raising oxygen consumption, enriching mitochondrial
content and accelerating glucose and fatty acid metabolism
in skeletal muscle (62). In addition, SR9009 decreases the
synthesis of lipids, cholesterol and bile acid in the liver, and
downregulates fat reserves in white adipose tissue based on
in vitro and in vivo experiments (63). SR8278 is structurally
similar to SR9009, but functionally different (64). SR8278 can
promote microglia polarization toward a phagocytic M2‑like
phenotype during which purinergic receptor P2Y12R expression
is upregulated (65). Previous studies corroborate the present
finding that Rev‑erbα impacts osteoclastogenesis (48,66).
For example, the Rev‑erbα agonist SR9009 inhibits osteoclastogenesis in postmenopausal mice by upregulating fatty
acid binding protein 4 (66). This demonstrates that Rev‑erbα
is a crucial component in the inhibition of osteoclast differentiation. Furthermore, it may be closely associated with the
occurrence and development of osteoporosis.
miRNAs are non‑coding RNAs that contain 21‑23 nucleotides and exert their influence by binding to the 3'‑UTR of target
mRNAs to inhibit their translation (67). The present study identified a new interaction between miRNAs and Rev‑erbα during
osteoclastogenesis using online databases. The current results
indicated that Rev‑erbα could be regulated by miRNAs binding
to the 3'‑UTR of Rev‑erbα mRNA. miR‑882 is localized to chromosome 12 on GRCm38.p6, and, to the best of our knowledge, an
association between miR‑882 and osteoporosis has not yet been
reported. The present results indicated that miR‑882 promoted
osteoporosis by binding to the Rev‑erbα 3'‑UTR, inhibiting
Rev‑erbα translation, and thereby negatively regulating Rev‑erbα
expression. In the present study, miR‑882 expression was
decreased upon melatonin treatment. Additionally, the inhibition
of miR‑882 hampered osteoclastogenesis, whereas the miR‑882
overexpression promoted osteoclastogenesis. Thus, the downregulation of miR‑882 may represent a potential strategy to treat

osteoporosis by stalling osteoclastogenesis. However, further
studies on the role of miR‑882 in protein signalling pathways to
regulate diverse biological behaviours are required.
Calcium and vitamin D can be used to treat osteoporosis,
but they result in severe side effects (68). A prior meta‑analysis
reported that the small risk of significant adverse effects, such
as kidney stones, myocardial infarction, hypercalcemia and
hospitalization with acute gastrointestinal symptoms, together
with the moderate risk of minor side effects, including constipation, probably outweighs any benefits of calcium supplements
used for the treatment of fractures (68).
In conclusion, the present study demonstrated that the
miR‑882/Rev‑erbα axis may serve a vital role in osteoporosis, suggesting that melatonin may first decrease miR‑882
expression, followed by elevating Rev‑erbα expression and
then lowering cathepsin K expression, and finally inhibiting
osteoclastogenesis (Fig. 7). Thus, miR‑882 and Rev‑erbα
comprise a potential novel therapeutic dual‑target mechanism
through which melatonin may impact osteoporosis. The role
of non‑coding RNAs and circadian rhythms in the progression of osteoporosis was explored to provide a basis for the
application of melatonin to sensitize osteoporotic cells, and
potentially patients, to drug treatment in the future.
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