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Introduction
Osteoporosis is a common systemic skeletal disor-
der characterized by low bone mass and micro-
architectural deterioration in bone tissues, resulting 
in bone fragility and an enhanced fracture risk.1 
Postmenopausal women are more likely than men 

to suffer from osteoporosis.2 Risk factors for the 
disease include age, glucocorticoid use, and 
decreased bone mineral density (BMD).3 The 
impairment of osteoblast differentiation and bone 
formation is also a cause of osteoporosis.4 
Mesenchymal stem cells (MSCs) have shown 
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Abstract
Background: Previous studies reported that melatonin exerts its effect on mesenchymal stem 
cell (MSC) survival and differentiation into osteogenic and adipogenic lineage. In the current 
study we aimed to explore the effect of melatonin on osteoporosis and relevant mechanisms.
Methods: Real-time qualitative polymerase chain reaction (RT-qPCR) and Western 
blot analysis were conducted to determine expression of HGF, PTEN, and osteoblast 
differentiation-related genes in ovariectomy (OVX)-induced osteoporosis mice and the isolated 
bone marrow MSCs (BMSCs). Pre-conditioning with melatonin (1 μmol/l, 10 μmol/l and 
100 μmol/l) was carried out in OVX mice BMSCs. Bone microstructure was analyzed using 
micro-computed tomography and the contents of alkaline phosphatase (ALP) and tartrate-
resistant acid phosphatase 5b (TRAP5b) were detected by enzyme-linked immunosorbent 
assay in serum. BMSC proliferation was measured by cell-counting kit (CCK)-8 assay. Alizarin 
red S (ARS) staining and ALP activity assay were performed to assess BMSC mineralization 
and calcification. The activity of the Wnt/β-catenin pathway was evaluated by dual-luciferase 
reporter assay.
Results: Melatonin prevented bone loss in OVX mice. Melatonin increased ALP expression and 
reduced TRAP5b expression. HGF and β-catenin were downregulated, while PTEN was upregulated 
in the femur of OVX mice. Melatonin elevated HGF expression and then stimulated BMSC 
proliferation and osteogenic differentiation. Additionally, HGF diminished the expression of PTEN, 
resulting in activated Wnt/β-catenin pathway both in vitro and in vivo. Furthermore, melatonin was 
shown to ameliorate osteoporosis in OVX mice via the HGF/PTEN/Wnt/β-catenin axis.
Conclusion: Melatonin could potentially enhance osteogenic differentiation of BMSCs and 
retard bone loss through the HGF/PTEN/Wnt/β-catenin axis.

Keywords: bone marrow mesenchymal stem cells, HGF, melatonin, osteoporosis, PTEN, 
Wnt/β-catenin

Received: 9 July 2020; revised manuscript accepted: 26 January 2021.

Correspondence to: 
Zhengwei Li 
Department of 
Orthopedics, The Second 
Hospital of Jilin University, 
No. 218, Ziqiang Road, 
Changchun, Jilin Province 
130041, P.R. China 
lizhengwei@jlu.edu.cn

Jun Zhang 
Guoliang Jia 
Pan Xue 
Department of 
Orthopedics, The Second 
Hospital of Jilin University, 
Changchun, P.R. China

995685 TAJ0010.1177/2040622321995685Therapeutic Advances in Chronic DiseaseJ. Zhan, G. Jia
research-article20212021

Original Research

https://journals.sagepub.com/home/taj
https://uk.sagepub.com/en-gb/journals-permissions
https://uk.sagepub.com/en-gb/journals-permissions
mailto:lizhengwei@jlu.edu.cn


Therapeutic Advances in Chronic Disease 12

2 journals.sagepub.com/home/taj

crucial roles in the maintenance of the dynamic 
balance of bone metabolism.5 Bone marrow MSCs 
(BMSCs) are capable of differentiating into mainly 
osteoblasts and adipocytes in bone and fat forma-
tion, whereupon a decline of BMSC differentia-
tion into osteoblasts triggers the impaired bone 
formation in osteoporosis.6 Therefore, it is useful 
to rule out the therapies targeting osteogenic dif-
ferentiation of BMSCs for osteoporosis.

Melatonin is a ubiquitous hormone that is reported 
to be associated with a variety of functions such as 
sleep disorders, circadian rhythm regulation, anti-
inflammation, anti-oxidation, anti-tumor, anti-
depression, and vasodilation through its receptors.7 
Melatonin, which regulates dark signals and pro-
vides night-time information, is also considered an 
‘endogenous synchronizer’ that stabilizes and 
enhances various circadian rhythms in the body.8 
It has been documented that melatonin is capable 
orchestrating bone mass through melatonin recep-
tor 2 (MT2) receptors.9 Also, melatonin has been 
identified as a safe and effective bone loss therapy 
because of its osteoblast-inducing, bone-enhanc-
ing effects and improvement in quality of life 
through MT2 receptors.10 Melatonin demon-
strated promoting effects on the osteogenic differ-
entiation of BMSCs.11 Melatonin treatment 
increases the number of trabecular bones, improves 
the microstructure of the femur and vertebra, and 
enhances bone mass density in osteoporosis mice.12 
Adipose tissue-derived MSCs treated with 5 μmol 
melatonin presented with upregulated hepatocyte 
growth factor (HGF), a key mitogenic factor pro-
moting proliferation of many types of cells.13 
Systemic infusion of HGF has been highlighted to 
have potential therapeutic properties to relieve 
bone loss in the early phase of ovariectomy (OVX)-
induced osteoporosis.14 The increased expression 
of phosphatase and tensin homolog deleted on 
chromosome 10 (PTEN; known as a dual lipid and 
protein phosphatase) induced by inhibition of 
miR-221 or miR-26b can be counteracted following 
HGF treatment in MSCs.15 Knockdown of PTEN 
results in promoted bone formation and amelio-
rates alcohol-induced osteopenia in a mouse 
model.16 Diminished PTEN expression is accom-
panied by activation of the Wnt/β-catenin pathway 
in gastric cancer cells.17 The Wnt/β-catenin path-
way has crucial capacity in orchestrating osteo-
genic differentiation of BMSCs, bone formation, 
and bone metabolism disorders.18 The Wnt/β-
catenin pathway activation could accelerate the 

osteogenic differentiation in human BMSCs.19 
Based on the aforementioned information, we pos-
tulated that melatonin may induce the osteogenic 
differentiation of BMSCs and depress OVX-
induced bone loss in the pathogenesis of osteopo-
rosis involving the regulation of HGF/PTEN/ 
Wnt/β-catenin axis. To address this hypothesis, we 
implemented both in vitro and in vivo experiments 
to investigate the mechanism by which the 
melatonin/HGF/PTEN/Wnt/β-catenin axis partici-
pates in osteoporosis, shedding light on the devel-
opment of a novel therapeutic strategy to prevent 
osteoporosis.

Materials and methods

Ethics statement
The current study was implemented under the 
ratification from the ethics committee of The 
Second Hospital of Jilin University (approval 
number 201908013) following the Guide for the 
Care and Use of Laboratory Animals published 
by the US National Institutes of Health. Extensive 
efforts were made to minimize the suffering of the 
included animals.

Establishment of OVX-induced osteoporosis 
mouse model
A total of 95 female C57BL/6 mice (aged 
8-weeks old) purchased from Animal Center of 
Suzhou University (Jiangsu, China) were used in 
the study. These mice were housed under spe-
cific pathogen-free conditions (22–24°C, 50–
60% humidity and a 12 h light/dark cycle) with 
ad libitum access to water and food. After 2 weeks 
of adaptation, the mice were treated with sham 
operation (n = 20) and OVX (n = 75). During the 
OVX operation, the mice were anesthetized with 
pentobarbital sodium (Sigma-Aldrich, St. Louis, 
USA) for 1 h (0.3 g/kg body weight in the perito-
neum, Shanghai Yuanye Biotechnology Co., 
Ltd., Shanghai, China). The dorsal midline of 
the rat was curetted, and the incision was about 
2 cm. After the incision was pulled to the left, a 
small incision of about 10 mm was cut through 
the abdominal wall. The ovary was exposed, and 
a silk knot was attached between the end of the 
uterine horn and the ovarian artery. After the 
ovaries were excised, the abdominal wall was 
sutured with absorbable suture, and the skin was 
pulled to the other side. The ovaries on the other 
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side were removed in the same way. After the 
operation, the wound was sutured, and mice 
were intramuscularly injected with penicillin for 
3 consecutive days (80,000 units/mouse). The 
same procedure was performed on mice (aged 
10 weeks and weighing 220–230 g), excluding 
ligation and ovariectomy, for sham operation. At 
3 months after OVX operation, the mice were 
euthanized, after which the blood samples were 
collected, and their longitudinal bones were dis-
sected for subsequent experiments. Seventy 
mice were successfully modeled, and the success 
rate was 92.31%.

OVX-induced osteoporosis mouse treatment
Seventy OVX mice were further grouped into OVX 
(n = 20), melatonin (Met)-1 μmol/l, Met-10 μmol/l, 
Met-100 μmol/l, Met-100 μmol/l + small interfer-
ing ribonucleic acid (RNA)-negative control (si-
NC), and Met-100 μmol/l + si-HGF groups. 
Melatonin was dissolved in double-distilled H2O 
(ddH2O) to prepare melatonin solution at concen-
tration of 1 mmol/l, 10 mmol/l, and 100 mmol/l. At 
1 week after the operation, the mice undergoing 
OVX were injected with melatonin solution via tail 
vein at a dose of 10 mg/kg twice a week for 3 months. 
The sham-operated mice without melatonin treat-
ment and the mice in the OVX group were injected 
with the same amount of normal saline via tail vein. 
The lentiviral transfection complex was diluted in 
the light of the protocols of the in vivo transfection 
reagent (En-transterTM in vivo), and the lentiviral 
infection was performed by tail vein injection. Each 
group of mice was protectively injected with a 3 µl 
phosphate-buffered saline mixture containing 
0.5 nmol/l transfectant, strictly following manufac-
turer instructions, with approximately 100 µl viruses 
per mouse. The sham-operated mice without mela-
tonin treatment and the mice in the OVX group 
were injected with the same amount of phosphate-
buffered saline. The injection continuously lasted 
for 3 days. All oligonucleotides and plasmids were 
synthesized by Genechem (Shanghai, China). At 1 
day before euthanasia, mice were placed in meta-
bolic cages, followed by attaining of 24 h urine. 
Blood was harvested from the right ventricle before 
euthanasia, and serum was separated for biochemi-
cal analysis. Long bones were dissected after eutha-
nasia, placed in 0.01% sodium azide saline, and 
stored in a refrigerator at 4°C for histological and 
micro-computed tomography (micro-CT) analysis 
and three-dimensional (3D) reconstruction.

Biochemical measurements
Serum bone-specific alkaline phosphatase (BALP) 
activity was determined on the biochromatic ana-
lyzer using lectin precipitation procedure that also 
quantified total alkaline phosphatase (ALP) activ-
ity (tALP, Abbott VP Biochromatric Analyser, 
Abbott Laboratories Diagnostic Division, USA). 
The calcium (Ca; CA 590 Calcium kit, Randox 
Laboratory Ltd., UK) and phosphorus (P; PH 
1016 Inorganic phosphorus kit, Randox Laboratory 
Ltd., UK) concentrations were evaluated in serum 
and urine samples with colorimetric methods. 
Urinary excretion of deoxypridinoline (Dpd) was 
assessed by immunoassay method (8007 
Pyrilinks-D kit, Metra Biosystems Inc., USA). 
Duplicate assays were implemented for serum 
BALP and Ca, and urinary Ca and P, whereas a 
single assay was carried out for urinary Dpd.

BMSC isolation and culture
Three months after OVX, the mice were eutha-
nized by intraperitoneal injection of pentobarbital 
sodium (Sigma-Aldrich) under anesthesia. Bone 
marrow cells were isolated from the femur by 
washing with α-minimum essential medium (α-
MEM; M0894, Sigma-Aldrich), and the red blood 
cells were removed with red blood cell lysis buffer 
(R7757, Sigma-Aldrich). After washing, the cells 
were plated in standard growth medium [α-MEM 
supplemented with 10% fetal bovine serum (FBS), 
100 U/ml penicillin and 100 μg/ml streptomycin] 
at 37°C. The mouse primary BMSCs were then 
detached with 0.25% trypsin-ethylenediaminetet-
raacetic acid (EDTA), and then re-plated.

BMSC treatment
As per the directions of the Lipofectamine 2000 rea-
gents (11668-019, Invitrogen, NY, CA, USA), 
BMSCs were arranged into Met-1 μmol/l (BMSCs 
cultured in standard growth medium + 1 mmol/l 
melatonin), Met-10 μmol/l (BMSCs cultured in 
standard growth medium + 10 mmol/l melatonin), 
Met-100 μmol/l (BMSCs cultured in standard 
growth medium + 100 mmol/l melatonin), Met-
100 μmol/l + small interfering RNA (si)-HGF 
(BMSCs transfected with si-HGF plasmid and then 
cultured in standard growth medium + 100 mmol/l 
melatonin), Met-100 μmol/l + overexpression (oe)-
PTEN (BMSCs transfected with oe-PTEN plasmid 
and then cultured in standard growth 
medium + 100 mmol/l melatonin), si-PTEN 
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(BMSCs cultured in standard growth medium after 
transfection with si-PTEN plasmid), and Met-
100 μmol/l + oe-DKK1 (BMSCs transfected with 
oe-DKK1 plasmid and then cultured in standard 
growth medium + 100 mmol/l melatonin) groups, 
as well as their controls, including control (BMSCs 
cultured in standard growth medium without other 
components), control + oe-NC [BMSCs trans-
fected with negative control overexpression (oe-
NC) plasmid and then cultured in standard growth 
medium], Met-100 μmol/l + si-NC (BMSCs trans-
fected with si-NC plasmid and then cultured in 
standard growth medium + 100 mmol/l melatonin), 
control + si-NC (BMSCs transfected with si-NC 
plasmid and then cultured in standard growth 
medium), Met-100 μmol/l + oe-NC (BMSCs trans-
fected with oe-NC plasmid and then cultured in 
standard growth medium + 100 mmol/l melatonin) 
and si-NC (BMSCs transfected with si-NC plasmid 
and then cultured in standard growth medium) 
groups. The expression plasmid vectors pcDNA3.1, 
the overexpression plasmid GV141, and the silenc-
ing plasmid GV248 (final concentration of 50 nmol/l 
and transfection amount of 500 ng) were purchased 
from Genechem. After 48 h, the cells were used for 
the subsequent experiments.

Osteogenic differentiation induction
BMSCs were cultured in 12-well plates at a density 
of 1 × 104 cells/cm2. Upon reaching 80% conflu-
ence, the cells were cultured in osteogenic medium 
containing 10% FBS, 10 mmol/l β-glycerophosphate, 
100 nmol/l dexamethasone, and 50 μg/ml dulbec-
co’s modified Eagle’s medium [DMEM] ascorbic 
acid) for induction, lasting for 14 days.

Cell-counting kit-8 (CCK-8) assay
With the medium discarded, 150 μl freshly prepared 
α-MEM containing 10% cell-counting kit (CCK)-8 
solution (96992, Sigma-Aldrich) was added to each 
well of 96-well plates. Meanwhile, a blank control 
well was set, in which only a mixture of α-MEM 
and CCK-8 was added. The plate was then incu-
bated at 37°C for 2 h, and the optical density value 
was measured at a wavelength of 450 nm on the 
first, third, fifth, and seventh day, respectively.

Alizarin red S (ARS) staining
At the 14th day of osteogenesis induction, the cal-
cium deposition of BMSCs was evaluated by ARS 

staining. In short, BMSCs were fixed with 4% 
paraformaldehyde at room temperature for 
30 min and incubated with 1 ml of ARS staining 
solution (Cyagen, USA) for 30 min at room tem-
perature. ARS staining solution was chelated with 
cell calcium to form alizarin red-calcium com-
plex, showing bright red color. The images were 
then captured under an Olympus IX51 micro-
scope. For quantitative analysis, 5% perchloric 
acid solution was added to each well to dissolve 
the stains on the calcified layer. A spectropho-
tometer was used to measure the absorbance at 
420 nm to quantify the degree of mineralization.

ALP activity and staining
At the 14th day of osteogenesis induction, BMSCs 
were fixed in 4% paraformaldehyde for 20 min and 
washed three times with distilled water. Next, the cells 
were stained with 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP)/nitro blue tetrazolium (NBT) ALP 
Detection kit (Shanghai Beyotime Biotechnology Co. 
Ltd., Shanghai, China). To determine the activity of 
ALP, the cells on 96-well plates were lysed using lysis 
buffer (20 mmol/l Tris-HCl, pH 7.5, 150 mmol/l 
NaCl and 1% Triton X-100), followed by the addi-
tion of substrate and p-nitrophenol. ALP activity was 
then quantified by determining the absorbance at a 
wavelength of 650 nm.

Micro-computed tomography (CT) analysis of 
bone microstructure
The microstructural characteristics of the distal 
femur were examined using the Skyscan 1176 
Micro-CT imaging system (Skyscan 1176, 
Kontich, Belgium). Bones were scanned at high 
resolution (18 μm) at 65 kV and 385 μA energy. A 
3D reconstruction was performed using the 
NRecon v1.6 and CTAn v1.13.8.1 software. 
Region of interest was defined as the cancellous 
bone of the distal femur. The microstructure of 
bone was evaluated by calculating six parameters 
including BMD (mg/cm3), bone volume/tissue 
volume ratio (BV/TV, %), bone surface/bone vol-
ume (BS/BV, μm−1), trabecular separation (Tb.
Sp, μm), trabecular thickness (Tb.Th, μm), and 
trabecular number (Tb.N, μm−1) of distal femur 
cancellous. Micro-CT was analyzed back-to-back 
by two veterinary pathologists experienced in 
rodent skeletal analysis who were blinded to 
group allocation, and the analysis results were 
summarized for statistics.
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Hematoxylin-eosin (HE) staining
Bone was fixed overnight in 4% paraformalde-
hyde and decalcified in 10% (wt/wt) EDTA (pH 
7.4) for 6 weeks. Then the bone specimen was 
dehydrated in gradient alcohol solution, embed-
ded in paraffin, and cut into 5 μm-thick sections. 
The sections were then subjected to HE staining 
to observe the bone structure of the distal femur. 
Images were finally captured under a microscope 
(Zeiss Axiovert 200, Obercochen, Germany).

TOPflash/FOPflash luciferase reporter assay
BMSCs were transfected with TOPflash/FOPflash 
luciferase reporter plasmids (12457, Addgene, 
Cambridge, MA, USA) to determine β-catenin/
transcription factor (TCF) transcription activity. 
BMSCs were inoculated in 24-well plates at a den-
sity of 2 × 104 cells/well and cultured for 12 h. 
According to the manufacturer’s instructions, 
TOPflash (containing repeated sequences with 
three TCF binding sites) or FOPflash plasmids 
(containing repeated sequences with three mutated 
TCF binding sites) were transfected into the cells. 
After transfection for 48 h, the luciferase activity 
was measured by the luciferase assay system, with 
the renilla luciferase activity as internal control.

Enzyme-linked immunosorbent assay (ELISA)
Mice were fasted for 4 h and then the blood sam-
ples were collected by puncturing the cheek bag. 
Next, the enzyme-linked immunosorbent assay 
(ELISA) kit was adopted to measure the serum 
levels of bone formation marker serum BALP 
(ab83369, Abcam Inc., Cambridge, UK) and 
bone absorption marker tartrate-resistant acid 
phosphatase 5b (TRAP5b; RJ15907, Renjie 
Biology, Shanghai, China).

Immunofluorescence staining
BMSCs were fixed with 4% paraformaldehyde for 
30 min, sealed with 0.3% Triton X-100 and 1% 
bovine serum albumin for 30 min, and washed. 
Next, the cells were incubated with antibody against 
β-catenin (1:1600; Cell signaling technology, USA) 
and fluorescence-conjugated secondary antibody 
(Shanghai Beyotime Biotechnology Co. Ltd., 
Shanghai, China) for 60 min. Subsequently, the 
cells were treated with 4′,6-diamidino-2-phenylin-
dole and GFP (Keygen Biotech, Nanjing, China) 
for 5 min to stain the nucleus. The samples were 

finally visualized by a confocal laser scanning micro-
scope (Leica, Wetzlar, Germany).

Western blot analysis
Total protein was extracted from tissues and cells 
with the mixture of radioimmunoprecipitation assay 
lysis buffer (1% Triton X-100, 10 mmol/l Tris, 
1 mmol/l EDTA, 1 mmol/l ethylene glycol bis 
[β-aminoethyl ether]-N,N’-tetraacetic acid [EGTA], 
and 150 mmol/l NaCl) and protease inhibitor at a 
ratio of 1:100. Next, protein concentration was 
determined by a BioRad Bradford assay kit. After 
separation using sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE), the protein 
was transferred onto polyvinylidene fluoride mem-
branes. The membrane was blocked with TBST 
(25 mmol/l Tris, pH 7.5, 150 mmol/l NaCl and 
0.1% Tween 20) with 5% bovine serum albumin, 
and then probed at 4°C overnight with the following 
primary rabbit antibodies purchased from Abcam 
Inc.: HGF (ab83760, 1:1000), BMP4 (ab39973, 
1:1000), Runx2 (ab192256, 1:1000), Sp7 (ab22552, 
1:1000), OCN (ab13418, 1:1000), OPN (ab8448, 
1:1000), BMP2 (ab14933, 1:1000), PTEN 
(ab32199, 1:1000), β-catenin (ab32572, 1:1000), 
and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; ab205719, 1:1000). The following day, 
the membrane was re-probed with horseradish per-
oxidase-labeled secondary antibody to goat anti-rab-
bit immunoglobulin G (IgG; ab205718, 1:20,000, 
Abcam Inc.) for 1 h. The immunocomplexes on the 
membrane were visualized using enhanced chemilu-
minescence (ECL) reagent (Thermo Fisher 
Scientific, Rockford, IL, USA). Chemi-Scope Mini 
Imaging System (Clinx Science) was used for pho-
tography. The band intensities were quantified using 
the ImageJ software (National Institutes of Health, 
Bethesda, Maryland, USA). Relative protein expres-
sion = gray value of target protein/gray value of 
GAPDH protein.20

Immunohistochemistry
The tissues were cut into 4 μm-thick sections, fol-
lowed by dewaxing and dehydration. Then the tis-
sue sections were immunostained with the following 
diluted antibodies purchased from Abcam Inc.: 
rabbit monoclonal antibody to PTEN (ab32199, 
1:1000), rabbit polyclonal antibody to Wnt 
(ab15251, 1:1000), and rabbit monoclonal anti-
body to β-catenin (ab32572, 1:1000). Next, the tis-
sue sections were incubated with biotin-labeled 
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secondary goat anti-rabbit IgG (ab6721, 1:1000, 
Abcam Inc.) for 30 min. After staining with 
3,3′-diaminobenzidine (DAB; DA1010, Beijing 
Solarbio Science and Technology Co. Ltd., Beijing, 
China), the sections were dehydrated, cleared, and 
mounted. Finally, five high-power visual fields were 
randomly selected from each section and 100 cells 
were counted in each field under a light microscope 
(XSP-36, Boshida Optical Instrument Co. Ltd., 
Shenzhen, China). Positive cells <5% are negative, 
and positive cells ⩾5% are positive. The results 
were scored by two people independently.

RNA isolation and quantitation
Total RNA content was extracted from tissues 
using TRIzol reagents (15596026, Invitrogen). 
The extracted RNA was reverse transcribed into 
complementary deoxyribonucleic acid (cDNA) 
using PrimerScript RT reagent Kit (Takara, Shiga, 
Japan) and SYBR Premix EX Taq Kit (RR420A, 
Takara). Real-time qualitative polymerase chain 
reaction (RT-qPCR) was conducted on an ABI 
7500 instrument (Applied Biosystems, Foster City, 
CA, USA). All investigations involved at least three 
wells, each repeated in triplicate. With β-actin gene 
as the internal reference, the fold changes were cal-
culated using relative quantification (the 2−△△Ct 
method). The primers are shown in Table 1.

Statistical analysis
Statistical analyses were performed using the SPSS 
21.0 software (IBM Corp. Armonk, NY, USA). 
Measurement data were expressed as mean ± stand-
ard deviation. Data between two groups were 
compared using unpaired t test. Data among mul-
tiple groups were compared by one-way analysis of 
variance (ANOVA) with Tukey’s test while data at 
different time points were analyzed by two-way 
ANOVA with Bonferroni’s correction. A value of 
p < 0.05 was indicative of statistical significance.

Results

Melatonin prevents bone loss in OVX mice
OVX mice showed obvious bone loss when com-
pared to the sham-operated mice, while treat-
ment of melatonin improved bone mass growth 
[Figure 1(b)]. Bone demineralization markers in 
each group were detected by biochemical analy-
sis. As shown in Supplementary Table 1 or Figure 

1(a), urinary Dpd, urinary calcium excretion, 
serum Ca, serum P, and BALP were significantly 
increased in OVX mice compared with sham-
operated mice (p < 0.01). After melatonin treat-
ment, urinary Dpd, urinary calcium excretion, 
serum Ca, serum P, and BALP were reduced in a 
dose-dependent manner (p < 0.01). In addition, a 
decline was found in the BMD, ratio of BV/TV, 
Tb.Th, and Tb.N, while BS/BV and Tb.Sp were 
increased in OVX mice (p < 0.01). However, 
treatment with melatonin enhanced the BMD, 
ratio of BV/TV, Tb.Th and Tb.N but decreased 
BS/BV ratio and Tb.Sp in a dose-dependent 
manner [p < 0.01; Figure 1(c)–(h)]. The quanti-
tative analysis of the trabecular microstructure of 
the femur further verified the above results, indi-
cating that melatonin could reduce the bone loss 
of OVX mice. Furthermore, ELISA detected 
downregulated BALP serum levels and increased 
TRAP5b serum levels in OVX mice relative to 
sham-operated mice (p < 0.01). Melatonin treat-
ment resulted in dose-dependent increase in 
BALP serum levels while TRAP5b serum levels 
were decreased in a dose-dependent manner 
[p < 0.01; Figure 1(i) and (j)]. These results sug-
gested that melatonin had the potential to miti-
gate the bone loss in OVX mice.

Melatonin accelerates the osteogenic 
differentiation of BMSCs in vitro
We then proceeded to examine the mechanism by 
which melatonin inhibits bone loss. After separa-
tion from mice, BMSCs in OVX mice showed 
similar cell morphologic characteristics to those 
of sham-operated mice [Figure 2(a)]. As shown 
in Figure 2(b), the proliferation of BMSCs was 
potentiated upon melatonin treatment, showing a 
dose-dependent manner (p < 0.01). The results 
of ARS and ALP [Figure 2(c) and (d)] revealed 
an increase in the stained area and density of min-
eralization and calcification of BMSCs following 
melatonin treatment in a dose-dependent manner 
(p < 0.01), indicating that melatonin might pro-
mote the differentiation of BMSCs into osteo-
blasts. Additionally, the expression of 
osteogenic-related factors was detected in BMSCs 
by Western blot analysis. As shown in Figure 
2(e), the protein expression of BMP4, Runx2, 
Sp7, OCN, OPN and BMP2 was higher in 
BMSCs treated with melatonin than those in the 
control cells (p < 0.01), with a dose-dependent 
increase (p < 0.01). These data indicated that 
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melatonin could promote osteogenic differentia-
tion of BMSCs in vitro.

Melatonin promotes the differentiation of 
BMSCs into osteoblasts by upregulating 
transcription factor HGF in BMSCs
Next, we aimed to exploit the possible relation-
ship between melatonin and transcription factor 
HGF. The results of RT-qPCR and Western blot 
analysis revealed that HGF expression was down-
regulated in the femur of OVX mice (p < 0.01), 
which was upregulated upon melatonin treatment 
in a dose-dependent manner [p < 0.01; Figure 
3(a) and (b)]. The finding suggested the ability of 
melatonin to upregulate HGF in mice. Next, we 
intended to verify the regulatory effect of mela-
tonin on HGF expression in vitro. As shown in 
Figure 3(c) and (d), melatonin treatment resulted 
in elevation in HGF expression in a dose-depend-
ent manner (p < 0.01), which was consistent with 
the results observed in vivo. Therefore, melatonin 
elevated HGF expression both in vivo and in vitro.

Subsequently, we performed a series of in vitro 
experiments to explore whether melatonin can 
promote the differentiation of BMSCs into osteo-
blasts by regulating transcription factor HGF. 
The silencing efficiency of HGF was confirmed 
by RT-qPCR, manifested by reduced expression 
of HGF in BMSCs treated with si-HGF-1 or si-
HGF-2, of which si-HGF-2 showed a superior 
silencing efficiency (p < 0.01), and was thus 
selected for the following experiments [Figure 
3(e)]. Moreover, HGF expression was elevated in 
Met-100 μmol/l-treated BMSCs (p < 0.01) while 
it was diminished in BMSCs treated with Met-
100 μmol/l + si-HGF [p < 0.01; Figure 3(f) and 
(g)]. This indicated that knockdown of HGF 
reversed the upregulation of melatonin on HGF 
expression. The results of CCK-8 assay demon-
strated that Met-100 μmol/l increased the prolif-
eration of BMSCs while treatment with 
Met-100 μmol/l + si-HGF led to opposite results 
[p < 0.01; Figure 3(h)], which revealed that 
knockdown of HGF could reverse the promoting 
effect of melatonin on the proliferation of BMSCs. 
Figure 3(i) and (j) clarified that the mineraliza-
tion and calcification of BMSCs were enhanced 
in response to Met-100 μmol/l treatment 
(p < 0.01), which was negated by treatment with 
Met-100 μmol/l + si-HGF (p < 0.01), indicating 
that knockdown HGF inhibited the osteogenic 
differentiation of BMSCs. Besides, the protein 
levels of BMP4, Runx2, Sp7, OCN, OPN and 
BMP2 were observed to be increased following 
Met-100 μmol/l treatment (p < 0.01), while treat-
ment with Met-100 μmol/l + si-HGF counter-
acted the results [p < 0.01; Figure 3(k)]. These 
results suggested that melatonin promoted the 
differentiation of BMSCs into osteoblasts by 
upregulating HGF in vitro.

Melatonin regulates the differentiation of 
BMSCs into osteoblasts via HGF-dependent 
PTEN expression in BMSCs
After uncovering the regulatory role of melatonin 
in the HGF expression, we next aimed to investi-
gate the possible downstream mechanism of the 
HGF transcription factor. As illustrated in Figure 
4(a) and (b), PTEN expression was augmented in 
OVX mice (p < 0.01). Besides, HGF expression 
was found to be upregulated while PTEN expres-
sion was downregulated in BMSCs following 
Met-100 μmol/l treatment (p < 0.01), which was 
neutralized upon treatment with 

Table 1. Primer sequences for RT-qPCR.

Gene Sequences (5′-3′)

HGF F: AAACATATCTGCGGAGGATC

R: ACGATTTGGAATGGCACATC

PTEN F: TGGATTCGACTTAGACTTGACCT

R: TGCTTTGAATCCAAAAACCTTACT

Oct4 F: GAGGAGTCCCAGGACATGAA

R: AGATGGTGGTCTGGCTGAAC

Cyclin D1 F: TCAAGTGTGACCCGGACTG

R: CTCCAGAAGGGCTTCAATCTGT

C-myc F: CGAGGAGAATGTCAAGAGGCGAAC

R: GCTTGGACGGACAGGATGTATGC

CD44 F: TCAGAGGAGTAGGAGAGAGGAAAC

R: GAAAAGTCAAAGTAACAATAACAGTGG

GAPDH F: CATGAGAAGTATGACAACAGCCT

R: AGTCCTTCCACGATACCAAAGT

GADPH, glyceraldehyde 3-phosphate dehydrogenase; RT-
qPCR, real-time qualitative polymerase chain reaction.
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Figure 1. Melatonin attenuates the bone loss in OVX mice.
OVX mice were treated with melatonin at different concentrations. (a) Bone demineralization markers in serum and urine as 
detected by biochemical analysis. (b) HE staining analysis in the bone structure of mouse distal femur (scale bar = 500 μm). 
(c) Micro-CT quantitative analysis of BMD in mouse femur. (d) Micro-CT quantitative analysis of BV/TV ratio in mouse femur. 
(e) Micro-CT quantitative analysis of BS/BV ratio in mouse femur. (f) Micro-CT quantitative analysis of Tb.Sp in mouse femur. 
(g) Micro-CT quantitative analysis of Tb.Th in mouse femur. (h) Micro-CT quantitative analysis of Tb.N in mouse femur. (i) 
Serum levels of BALP measured by ELISA. (j) Serum levels of TRAP5b measured by ELISA.
**p < 0.01, indicates statistical significance. Data (mean ± standard deviation) among multiple groups were compared by one-
way ANOVA with Tukey’s test. n = 10 for mice following each treatment.
ANOVA, analysis of variance; BALP, bone-specific alkaline phosphatase; BS, bone surface; BV, bone volume; Ca, 
calcium; CT, computed tomography; Dpd, deoxypridinoline; ELISA, enzyme-linked immunosorbent assay; HE, 
hematoxylin eosin; Met, melatonin; P, phosphorus; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, 
trabecular thickness.
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Met-100 μmol/l + si-HGF [p < 0.01; Figure 4(c) 
and (d)], which implied that knockdown of HGF 
reversed the inhibition of melatonin on PTEN.

Subsequently, RT-qPCR verified the overexpres-
sion efficiency of PTEN, manifested by elevated 
PTEN expression in BMSCs transfected with oe-
PTEN [p < 0.01; Figure 4(e)]. HGF expression 
showed an enhancement in Met-100 μmol/l-
treated cells (p < 0.01), while that of PTEN pre-
sented a decline (p < 0.01). However, there was 
no significant difference in the mRNA and pro-
tein expression of HGF (p > 0.01) but that of 
PTEN was increased in cells treated with Met-
100 μmol/l + oe-PTEN [p < 0.01; Figure 4(f) and 
(g)]. The results of CCK-8, as shown in Figure 
4(h), revealed ascending cell proliferation trend 
in response to Met-100 μmol/l (p < 0.01), while it 
was impaired upon Met-100 μmol/l + oe-PTEN 
treatment (p < 0.01), indicating that PTEN dis-
rupted the promoting effect of melatonin on 
BMSC proliferation. Moreover, there were 

increased mineralization and calcification of Met-
100 μmol/l-treated cells (p < 0.01), while Met-
100 μmol/l + oe-PTEN treatment undermined the 
trend [p < 0.01; Figure 4(i) and (j)], indicating 
that PTEN inhibited the osteogenic differentia-
tion of BMSCs. In addition, Figure 4(k) presents 
enforced protein expression of BMP4, Runx2, 
Sp7, OCN, OPN and BMP2 in response to Met-
100 μmol/l (p < 0.01), while Met-100 μmol/l + oe-
PTEN treatment led to opposite results (p < 0.01). 
Based on the results obtained, melatonin could 
regulate the differentiation of BMSCs into osteo-
blasts through the HGF/PTEN axis in BMSCs.

Knockdown of PTEN facilitates activation of the 
Wnt/β-catenin pathway in BMSCs
A downward inclination was observed in the pro-
tein expression of β-catenin in the femur of OVX  
mice [p < 0.01; Figure 5(a)], which was negatively 
correlated with PTEN expression and therefore, 
we speculated that PTEN might inhibit 

50μm 50μm

1 d 3 d 5 d 7 d
0.0

0.5

1.0

1.5

2.0

C
el

l P
ro

lif
er

at
io

n

Control
Met + 1uM
Met + 10uM
Met + 100uM

**

**

(a) (b) (c)

Con
tro

l

Met 
+ 1

uM

Met 
+ 1

0u
M

Met 
+ 1

00
uM

0

2

4

6

8

10

M
at

rix
 M

in
er

al
iz

at
io

n 
(R

el
at

iv
e 

fo
ld

) Control
Met + 1uM
Met + 10uM
Met + 100uM

Control
Met + 1uM
Met + 10uM
Met + 100uM

Control
Met + 1uM
Met + 10uM
Met + 100uM

**

**

**

(d) (e)

0

5

10

15

AL
P 

ac
tiv

ity
 (R

el
at

iv
e 

fo
ld

)

**

**

**

BMP4 Runx2 Sp7 OCN OPN BMP2
0

1

2

3

4

R
el

at
iv

e 
pr

ot
ei

n 
ex

pr
es

si
on

OVXSham

BMP4

Runx2

Sp7

OPN

OCN

BMP2

GAPDH

47 kDa

57 kDa

45 kDa

45 kDa

11 kDa

44 kDa

36 kDa

**

**

**

**

**
**

Figure 2. Melatonin augments osteogenic differentiation of BMSCs in vitro.
(a) Morphologic characteristics of the isolated BMSCs from the OVX and sham-operated mice observed by optical 
microscope (scale bar = 50 μm). (b) Proliferation of BMSCs treated with melatonin at different concentrations measured by 
CCK-8 assay. (c) Mineralization of BMSCs treated with melatonin at different concentrations evaluated by ARS staining. (d) 
Calcification of BMSCs treated with melatonin at different concentrations evaluated by ALP activity and staining. (e) Western 
blot analysis of BMP4, Runx2, Sp7, OCN, OPN and BMP2 protein expression in BMSCs treated with melatonin at different 
concentrations.
**p < 0.01, indicates statistical significance. Data (mean ± standard deviation) among multiple groups were compared by 
one-way ANOVA with Tukey’s test while those at different time points were compared by two-way ANOVA with Bonferroni’s 
correction. Cell experiments were conducted in triplicate.
ALP, alkaline phosphatase; ANOVA, analysis of variance; ARS, alizarin red S; BMSCs, bone marrow mesenchymal stem 
cells; CCK, cell-counting kit; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Met, melatonin; OVX, ovariectomy.
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the Wnt/β-catenin pathway. To address this 
hypothesis, we first performed RT-qPCR and 
Western blot  
analysis to detect the silencing efficiency of PTEN 
in cells. The results displayed reduced PTEN 
expression in cells treated with si-PTEN-1 or si-
PTEN-2 (p < 0.01), with a more pronounced 
decline in response to si-PTEN-2 [Figure 5(b) and 

(c)]. si-PTEN-2 was thus used in subsequent 
experiments. As shown in Figure 5(d), the activity 
of TOPflash was increased in si-PTEN-treated 
cells (p < 0.01). In addition, β-catenin protein was 
upregulated in si-PTEN-treated cells [p < 0.01; 
Figure 5(e)]. The nuclear accumulation of β-
catenin was found to be increased in cells follow-
ing PTEN knockdown [p < 0.01; Figure 5(f)]. 
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Figure 3. Melatonin facilitates the differentiation of BMSCs into osteoblasts via HGF upregulation in BMSCs.
(a) mRNA expression of HGF in the femur of OVX or OVX mice treated with melatonin at different concentrations determined 
by RT-qPCR (n = 10). (b) Western blot analysis of HGF protein expression in the femur of OVX or OVX mice treated with 
melatonin at different concentrations (n = 10). (c) mRNA expression of HGF in BMSCs treated with melatonin at different 
concentrations determined by RT-qPCR. (d) Western blot analysis of HGF protein expression in BMSCs treated with 
melatonin at different concentrations. (e) Silencing efficiency of HGF in BMSCs confirmed by RT-qPCR. (f) mRNA expression 
of HGF in BMSCs treated with Met-100 μmol/l or in combination with si-HGF determined by RT-qPCR. (g) Western blot 
analysis of HGF protein expression in BMSCs treated with Met-100 μmol/l or in combination with si-HGF. (h) Proliferation of 
BMSCs treated with Met-100 μmol/l or in combination with si-HGF measured by CCK-8 assay. (i) Mineralization of BMSCs 
treated with Met-100 μmol/l or in combination with si-HGF evaluated by ARS staining. (j) Calcification of BMSCs treated with 
Met-100 μmol/l or in combination with si-HGF evaluated by ALP activity and staining. (k) Western blot analysis of BMP4, 
Runx2, Sp7, OCN, OPN and BMP2 protein expression in BMSCs treated with Met-100 μmol/l or in combination with si-HGF.
**p < 0.01, indicates statistical significance. Data (mean ± standard deviation) among multiple groups were compared by 
one-way ANOVA with Tukey’s test while those at different time points were compared by two-way ANOVA with Bonferroni’s 
correction. Cell experiments were conducted in triplicate.
ALP, alkaline phosphatase; ANOVA, analysis of variance; ARS, alizarin red S; BMSCs, bone marrow mesenchymal stem 
cells; Met, melatonin; mRNA, messenger ribonucleic acid; OVX, ovariectomy; RT-qPCR, real-time qualitative polymerase 
chain reaction; si-, small interfering.
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Furthermore, Oct4, Cyclin D1, C-myc and CD44 
exhibited amplified expression in si-PTEN-treated 
cells [p < 0.01; Figure 5(g)]. The data supported 
that inhibition of PTEN could activate the Wnt/β-
catenin pathway in BMSCs.

Melatonin elicits osteogenic differentiation 
of BMSCs via the HGF/PTEN/Wnt/β-catenin 
pathway in BMSCs
Since PTEN knockdown can activate the Wnt/β-
catenin pathway in BMSCs, we aimed to explore 
the regulatory mechanism by which melatonin 
regulates the Wnt/β-catenin pathway through 
PTEN. As shown in Figure 6(a) to (c), an elevation 

was found in HGF expression, TOPflash activity, 
and β-catenin protein expression (p < 0.01) while 
PTEN expression was decreased in Met-100 μmol/
l-treated cells (p < 0.01), which demonstrated that 
melatonin could promote the Wnt/β-catenin path-
way. In response to Met-100 μmol/l + oe-PTEN, 
TOPflash activity and β-catenin protein expression 
were decreased (p < 0.01), while PTEN was upreg-
ulated in cells (p < 0.01), indicating that PTEN 
reversed the promoting effect of melatonin on the 
Wnt/β-catenin pathway.

Treatment with Met-100 μmol/l led to higher 
HGF expression, TOPflash activity, and β-
catenin protein expression while lower PTEN 
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Figure 4. Melatonin affects osteogenic differentiation of BMSCs via the HGF/PTEN axis in BMSCs.
(a) mRNA expression of PTEN in the femur of OVX or sham-operated mice determined by RT-qPCR (n = 10). (b) Western 
blot analysis of PTEN protein expression in the femur of OVX or sham-operated mice (n = 10). (c) mRNA expression of HGF 
and PTEN in BMSCs treated with Met-100 μmol/l or in combination with si-HGF determined by RT-qPCR. (d) Western blot 
analysis of HGF and PTEN protein expression in BMSCs treated with Met-100 μmol/l or in combination with si-HGF. (e) 
Overexpression efficiency of PTEN in BMSCs confirmed by RT-qPCR. (f) mRNA expression of HGF and PTEN in BMSCs 
treated with Met-100 μmol/l or in combination with oe-PTEN determined by RT-qPCR. (g) Western blot analysis of HGF and 
PTEN protein expression in BMSCs treated with Met-100 μmol/l or in combination with oe-PTEN. (h) Proliferation of BMSCs 
treated with Met-100 μmol/l or in combination with oe-PTEN measured by CCK-8 assay. (i) Mineralization of BMSCs treated 
with Met-100 μmol/l or in combination with oe-PTEN evaluated by ARS staining. (j) Calcification of BMSCs treated with Met-
100 μmol/l or in combination with oe-PTEN evaluated by ALP activity and staining. (k) Western blot analysis of BMP4, Runx2, 
Sp7, OCN, OPN and BMP2 protein expression in BMSCs treated with Met-100 μmol/l or in combination with oe-PTEN.
**p < 0.01, indicates statistical significance. Data (mean ± standard deviation) among multiple groups were compared by 
one-way ANOVA with Tukey’s test while those at different time points were compared by two-way ANOVA with Bonferroni’s 
correction. Cell experiments were conducted in triplicate.
ALP, alkaline phosphatase; ANOVA, analysis of variance; BMSCs, bone marrow mesenchymal stem cells; CCK, cell-counting 
kit; Met, melatonin; mRNA, messenger ribonucleic acid; oe-, overexpression; OVX, ovariectomy; RT-qPCR, real-time 
qualitative polymerase chain reaction.
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expression in BMSCs than control BMSCs. By 
contrast, Met-100 μmol/l + DKK1 treatment 
downregulated TOPflash activity and β-catenin 
protein expression [p < 0.01; Figure 6(d)–(f)], 
indicating that DKK1 inhibited the activity of 
the Wnt/β-catenin pathway. In addition, the 
enhanced proliferation of BMSCs by Met-
100 μmol/l treatment (p < 0.01) was reversed by 
DKK1 treatment [p < 0.01; Figure 6(g)], indi-
cating that inhibition of Wnt/β-catenin pathway 
inhibited the proliferation of BMSCs. 
Furthermore, there were increased mineraliza-
tion and calcification in cells treated with Met-
100 μmol/l (p < 0.01), which was negated by 
DKK1 treatment [p < 0.01; Figure 6(h) and (i)], 
indicating that inhibited Wnt/β-catenin under-
mined the melatonin-induced osteogenic differ-
entiation of BMSCs. In addition, Figure 6(j) 
exhibits augmented protein expression of BMP4, 
Runx2, Sp7, OCN, OPN, and BMP2 in response 
to Met-100 μmol/l (p < 0.01), while DKK1 treat-
ment led to opposite results (p < 0.01). These 
results suggested that melatonin inhibited PTEN 
expression and then activated the Wnt/β-catenin 

pathway, thus promoting osteogenic differentia-
tion of BMSCs in BMSCs.

Melatonin ameliorates osteoporosis through 
the HGF/PTEN/Wnt/β-catenin axis in OVX mice
We then intended to investigate the effect of mel-
atonin-mediated HGF/PTEN/Wnt/β-catenin axis 
on osteoporosis in OVX mice. As shown in Figure 
7(a) and (b), there were higher HGF expression 
and β-catenin protein expression, while lower 
PTEN expression in Met-100 μmol/l-treated mice 
than OVX mice (p < 0.01). In response to Met-
100 μmol/l + si-HGF, the β-catenin protein was 
downregulated (p < 0.01), while PTEN was 
upregulated (p < 0.01). Knockdown of HGF 
reversed the inhibition of melatonin on PTEN 
expression and the promotion on the Wnt and β-
catenin expression [p < 0.01; Figure 7(c), 
Supplementary Figure 1(a)].

OVX mice showed obvious bone loss which was alle-
viated by treatment of Met-100 μmol/l. However, fur-
ther treatment with si-HGF led to reduced bone mass 
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Figure 5. PTEN knockdown induces activation of the Wnt/β-catenin pathway in BMSCs.
(a) Western blot analysis of β-catenin protein expression in the femur of OVX or sham-operated mice (n = 10). (b) mRNA 
expression of PTEN in cells treated with si-PTEN-1 or si-PTEN-2 determined by RT-qPCR. (c) Western blot analysis of 
PTEN protein expression in cells treated with si-PTEN-1 or si-PTEN-2. (d) Activity of TOPflash in cells treated with si-PTEN 
detected by dual-luciferase reporter. (e) Western blot analysis of β-catenin protein expression in BMSCs treated with si-
PTEN. (f) Nuclear accumulation of β-catenin in BMSCs treated with si-PTEN determined by immunofluorescence staining. (g) 
mRNA expression of Oct4, Cyclin D1, C-myc and CD44 in BMSCs treated with si-PTEN determined by RT-qPCR.
**p < 0.01, indicates statistical significance. Data (mean ± standard deviation) between two groups were compared using 
unpaired t test while those among multiple groups were compared by one-way ANOVA with Tukey’s test. Cell experiments 
were conducted in triplicate.
ANOVA, analysis of variance; BMSCs, bone marrow mesenchymal stem cells; mRNA, messenger ribonucleic acid; OVX, 
ovariectomy; RT-qPCR, real-time qualitative polymerase chain reaction; si-, small interfering.
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[Supplementary Figure 1(b)]. In addition, biochemi-
cal analysis (Supplementary Table 2), urinary Dpd, 
urinary calcium excretion, serum Ca, serum P, and 
BALP were increased in OVX mice in contrast to the 
sham-operated mice (p < 0.01). After Met-100 μmol/l 
treatment, urinary Dpd, urinary Ca, serum Ca, serum 
P, BALP in femoral bone of OVX mice were dimin-
ished (p < 0.01). In the presence of Met-100 μmol/l, 
urinary Dpd, urinary Ca, serum Ca, serum P, and 
BALP in OVX mice were augmented by silencing 
HGF (p < 0.01). A reduction was found in the BMD, 
ratio of BV/TV, Tb.Th, and Tb.N, while BS/BV and 

Tb.Sp were increased in OVX mice (p < 0.01). 
Treatment with Met-100 μmol/l enhanced the BMD, 
ratio of BV/TV, Tb.Th, and Tb.N but decreased BS/
BV ratio and Tb.Sp [p < 0.01; Figure 7(d)–(i)]. The 
quantitative analysis of the trabecular microstructure 
of the femur further verified the above results, indicat-
ing that melatonin could reduce the bone loss of OVX 
mice via mediating the HGF/PTEN/Wnt/β-catenin 
axis. Furthermore, ELISA detected downregulated 
BALP serum levels and increased TRAP5b serum 
levels in OVX mice relative to sham-operated mice 
(p < 0.01). Met-100 μmol/l treatment led to elevated 
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Figure 6. Melatonin stimulates osteogenic differentiation of BMSCs via the HGF/PTEN/Wnt/β-catenin axis in 
BMSCs.
(a) mRNA expression of HGF and PTEN in BMSCs treated with Met-100 μmol/l or in combination with oe-PTEN determined by 
RT-qPCR. (b) Activity of TOPflash in BMSCs treated with Met-100 μmol/l or in combination with oe-PTEN detected by dual-
luciferase reporter. (c) Western blot analysis of HGF, PTEN and β-catenin protein expression in BMSCs treated with Met-
100 μmol/l or in combination with oe-PTEN. (d) mRNA expression of HGF and PTEN in BMSCs treated with Met-100 μmol/l 
or in combination with DKK1 determined by RT-qPCR. (e) Activity of TOPflash in BMSCs treated with Met-100 μmol/l or in 
combination with DKK1 detected by dual-luciferase reporter. (f) Western blot analysis of HGF, PTEN and β-catenin protein 
expression in BMSCs treated with Met-100 μmol/l or in combination with DKK1. (g) Proliferation of BMSCs treated with Met-
100 μmol/l or in combination with DKK1 measured by CCK-8 assay. (h) Mineralization of BMSCs treated with Met-100 μmol/l 
or in combination with DKK1 evaluated by ARS staining. (i) Calcification of BMSCs treated with Met-100 μmol/l or in 
combination with DKK1 evaluated by ALP activity and staining. (j) Western blot analysis of BMP4, Runx2, Sp7, OCN, OPN and 
BMP2 protein expression in BMSCs treated with Met-100 μmol/l or in combination with DKK1. **p < 0.01, indicates statistical 
significance. Data (mean ± standard deviation) among multiple groups were compared by one-way ANOVA with Tukey’s test 
while those at different time points were compared by two-way ANOVA with Bonferroni’s correction. Cell experiments were 
conducted in triplicate.
ALP, alkaline phosphatase; ANOVA, analysis of variance; ARS, alizarin red S; BMSCs, bone marrow mesenchymal stem 
cells; CCK, cell-counting kit; Met, melatonin; mRNA, messenger ribonucleic acid; oe-, overexpression; OVX, ovariectomy; 
RT-qPCR, real-time qualitative polymerase chain reaction.
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BALP serum levels and reduced TRAP5b serum lev-
els (p < 0.01), which was abolished by subsequent 
combination with si-HGF [p < 0.01; Figure 7(j) and 

(k)]. The findings suggested that melatonin retarded 
bone loss and improved osteoporosis in OVX mice 
via the HGF/PTEN/Wnt/β-catenin axis.
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Figure 7. Melatonin delays bone loss and relieves osteoporosis in OVX mice via the HGF/PTEN/Wnt/β-catenin 
axis.
OVX mice were treated with Met-100 μmol/l or in combination with si-HGF. (a) mRNA expression of HGF and PTEN 
determined by RT-qPCR. (b) Western blot analysis of HGF, PTEN and β-catenin protein expression in OVX mice. (c) 
Immunohistochemistry analysis of HGF, PTEN and β-catenin proteins. (d) Micro-CT quantitative analysis of BMD in mouse 
femur. (e) Micro-CT quantitative analysis of BV/TV ratio in mouse femur. (f) Micro-CT quantitative analysis of BS/BV ratio 
in mouse femur. (g) Micro-CT quantitative analysis of Tb.Sp in mouse femur. (h) Micro-CT quantitative analysis of Tb.Th in 
mouse femur. (i) Micro-CT quantitative analysis of Tb.N in mouse femur. (j) Serum levels of BALP measured by ELISA. (k) 
Serum levels of TRAP5b measured by ELISA. **p < 0.01, indicates statistical significance. Data (mean ± standard deviation) 
among multiple groups were compared by one-way ANOVA with Tukey’s test. n = 10 for mice following each treatment.
ANOVA, analysis of variance; ARS, alizarin red S; BALP, bone-specific alkaline phosphatase; BMD, bone mineral density; 
BMSCs, bone marrow mesenchymal stem cells; BS, bone surface; BV, bone volume; Ca, calcium; CCK, cell-counting kit; 
CT, computed tomography; Dpd, deoxypridinoline; ELISA, enzyme-linked immunosorbent assay; Met, melatonin; mRNA, 
messenger ribonucleic acid; OVX, ovariectomy; P, phosphorus; RT-qPCR, real-time qualitative polymerase chain reaction; si-, 
small interfering; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; TV, tissue volume.
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Discussion
Osteoporosis results from the imbalance between 
bone resorption and bone formation, and thus 
restoring the balance of bone remodeling might be 
of highest clinical significance in finding treatment 
options for the disease.21 Melatonin has been 
largely reported to participate in the regulation of 
bone metabolism by controlling the lineage com-
mitment and differentiation pathways of MSCs.5 
Therefore, the current study aimed to explore the 
potential roles of melatonin in osteogenic differen-
tiation of BMSCs and bone loss following osteo-
porosis. Both in vitro and in vivo findings suggested 
that melatonin could potentially enhance osteo-
genic differentiation of BMSCs and relieve bone 
loss via the HGF/PTEN/Wnt/β-catenin axis.

We initially found that melatonin attenuated the 
bone loss in OVX mice. A recent study has 
revealed the potential of melatonin to prevent the 
bone loss during space flight, as it significantly 
stimulates calcitonin (an osteoclast-inhibiting hor-
mone) expression and decreases the expression of 
receptor activator of nuclear factor κB ligand (a 
promoter of osteoclastogenesis), alongside sup-
pressed gene expression for osteoclast functions.22 
Moreover, melatonin can alleviate bone loss in the 
retinoic-acid-induced osteoporosis mouse model, 
repair the trabecular microstructure, and promote 
bone formation by reducing oxidation levels in 
vivo and in vitro via the ERK/SMAD and NF-κB 
pathways.12 Additionally, we uncovered that mel-
atonin could enhance the osteogenic differentia-
tion of BMSCs in vitro. Similarly, administration 
of melatonin stimulates osteoblast differentiation 
of BMSCs by preserving silent information regu-
lator type 1 (SIRT1)-mediated intracellular anti-
oxidant properties.23 In addition, the research 
performed by Zhou et al.11 unveiled that mela-
tonin augmented BMSC osteogenic action via 
MT2-inactivated NF-κB pathway. Also, another 
study uncovered that melatonin enhanced ALP 
activity and the expression of genes related to 
osteogenic and chondrogenic differentiation 
including ALP, osteopontin, osteocalcin, and 
runt-related transcription factor 2 in human 
MSCs via MT2.24 Moreover, research conducted 
by Amstrup et al.25 unraveled that melatonin 
actions on the skeleton were through effects on 
calcium excretion and no actions on bone-marker 
turnover, which warranted further research to 
explore the potential mechanisms of action of 
melatonin in bone in the future.

Recently, melatonin has been found to possess 
atheroprotective effects via the upregulation of 
anti-inflammatory HGF in an atherosclerosis 
rabbit model.26 HGF is a survival factor for 
BMSCs and the recombinant adenovirus-carry-
ing HGF gene can promote human BMSC pro-
liferation and osteogenic differentiation.27 
Additionally, the results from the current study 
revealed that HGF expression was increased in 
OVX-induced mice. In accordance with our 
results, serum HGF levels are much higher in the 
ankylosing spondylitis patients compared with 
the healthy controls, and HGF is associated with 
lower BMD.28 Taken together, melatonin may 
have the potency to promote the differentiation 
of BMSCs into osteoblasts by upregulating tran-
scription factor HGF.

In BMSCs exposed to hypoxia, miR-486 elevates 
HGF mRNA and protein levels while inhibiting 
the PTEN expression,29 suggesting a possible 
adverse correlation of HGF expression with the 
PTEN expression. In addition, HGF attenuates 
transforming growth factor-β-angiotensin II 
crosstalk through inhibition of the PTEN/Akt 
pathway in mice with renal injury.30 Furthermore, 
inhibiting the expression of PTEN by lncRNA 
GHET1 contributes to the promoted osteoblast 
proliferation and differentiation.31 Treatment 
with melatonin has the capacity to downregulate 
the levels of PTEN in primary neurons upon Aβ-
induced neurotoxicity.32 Therefore, we concluded 
that melatonin might enhance the differentiation 
of BMSCs into osteoblasts via HGF-dependent 
PTEN downregulation.

Another important finding in the present study 
was that knockdown of PTEN facilitated activa-
tion of the Wnt/β-catenin pathway in BMSCs. 
Consistently, β-catenin activation is revealed to 
cooperate with PTEN deficiency to elicit andro-
gen-receptor-independent castration-resistant pros-
tate cancer.33 Promoted activity of PTEN could 
suppress the activation of the Wnt/β-catenin path-
way in HeLa and SW620 cell lines.34 The aug-
mented Wnt/β-catenin pathway activation induced 
by overexpression of miR-141 can inhibit the oste-
oporosis of jawbones in OVX-treated rats.35 LiCl, 
an activator of the Wnt/β-catenin pathway, restores 
the inhibited osteogenic differentiation by 
HOXA10 overexpression in human periodontal 
ligament stem cells.36 Activated Wnt/β-catenin 
pathway results in an increase in the osteogenic 
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differentiation in BMSCs and significantly reduces 
bone loss by enhancing bone formation in OVX 
mice.18 Notably, melatonin promotes osteogenic 
differentiation in C3H10T1/2 cells partially by 
activating the β-catenin pathway.5 On the basis of 
aforementioned evidence, it can be concluded 
that melatonin has the potential to elicit osteo-
genic differentiation in BMSCs, as well as reliev-
ing osteoporosis in OVX mice via the HGF/PTEN/ 
Wnt/β-catenin pathway.

Conclusion
To conclude, we have demonstrated that mela-
tonin can potentiate osteogenic differentiation and 
attenuate bone loss via the HGF/PTEN/Wnt/β-
catenin axis. Melatonin could orchestrate osteo-
genic differentiation of BMSCs in a 
receptor-dependent and -independent manner. On 
the one hand, melatonin upregulates HGF and 
inhibits the expression of PTEN, which then acti-
vates the Wnt/β-catenin signaling pathway. On the 
other hand, melatonin promotes the osteogenic dif-
ferentiation of BMSCs by promoting the 

expression of BMP4, Runx2, Sp7, OCN, OPN 
and BMP2 to prevent bone loss (Figure 8). Our 
data suggest that administration of melatonin is a 
promising strategy for treating patients with osteo-
porosis and other related bone-related diseases. 
However, future studies are still warranted on the 
specimens from osteoporosis-diagnosed patients 
for in-depth analysis of the 
melatonin/HGF/PTEN/Wnt/β-catenin signaling in 
osteoporosis.
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