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Abstract

Background: The protective effect of melatonin against bone metabolism imbalance in osteoporosis (OP) induced
by drugs such as retinoic acid (RA) is unclear. The aim of this study was to explore the role of melatonin in bone
destruction based on a mouse model.

Methods: RA-induced OP model mice were established. To assess the effect of melatonin on these mice, micro-CT
was used to characterize the trabecular structure of normal mice and those treated with RA (model), RA + low-dose
melatonin (MIt-L), RA + high-dose melatonin (MIt-H), and RA + alendronate sodium (positive control). The shape of
the trabecular bone, the length and diameter of the femoral head and the height and diameter of vertebra(L1) of
each group were also measured and the number of osteoclasts was determined by Tartrate-resistant acid phosphatase
(TRACP) staining. Meanwhile, the expression of alkaline phosphatase (ALP) was evaluated by immunohistochemistry assays.
The differences between groups in terms of liver and kidney oxidation-related indexes and serum and urinary indicators
related to bone metabolism were also analyzed. Furthermore, gRT-PCR and western blotting were used to evaluate the
effect of melatonin on osteogenic and osteoclastic differentiation in MC3T3-E1 and RAW264.7 cells, respectively.

Results: RA induction led to a decrease in the amount and density of trabecular bone, a decrease in the length and
diameter of the femur and height, diameter of the vertebra (L1), a decrease in bone mass and density and the expression
of ALP, and an increase in the number of osteoclasts. Melatonin treatment alleviated these effects induced by RA,
increasing the amount of trabecular bone in OP mice, improving the microstructure of the femur and vertebra(L1) and
increasing bone mass bone density and the expression of ALP, as well as decreasing the number of osteoclasts.
Additionally, blood and urinary bone metabolism-related indicators showed that melatonin promoted bone formation and
inhibited bone resorption. Determination of oxidant and antioxidant biomarkers in the livers and kidneys of the mice
revealed that melatonin promoted the antioxidant level and suppressed the level of oxidant molecules in these organs. In
vitro, RA promoted osteoclasts and inhibit osteogenesis by increasing oxidative stress levels in the RAW264.7 and MC3T3-
E1 cells, but melatonin reversed this effect. Melatonin may, therefore, play a role in the ERK/SMAD and NF-kB pathways.
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Conclusions: Melatonin can alleviate bone loss in RA-induced OP model mice, repair the trabecular microstructure, and
promote bone formation. These effects may be related to reducing oxidation levels in vivo and vitro through the ERK/

SMAD and NF-kB pathways.
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Background

Osteoporosis (OP) is a systemic disease characterized by
low bone mass and micro-architectural deterioration of
bone tissue, which increases the risk of bone fracture (San-
chez-Barcelo et al. 2010). It is common in the elderly.
Worldwide, approximately 89 million people are diagnosed
with OP fracture every year, which is equivalent to one case
every 3 s (Johnell and Kanis 2006). OP is divided into two
major categories: primary (including mainly postmeno-
pausal and senile OP) and secondary (including mainly
endocrine and metabolic OP, disuse osteoporosis, and
drug-induced OP). Treatment and care for OP requires
enormous human and material resources, resulting in heavy
burdens on affected families and society in general. It is be-
lieved that the main pathogenesis of OP is an imbalance of
bone metabolism, in which osteogenic capacity is decreased
and the likelihood of breaking bones is increased (Bonucci
and Ballanti 2014). Anti-OP drugs (e.g., bisphosphonate
and parathyroid hormone) currently on the market have
many disadvantages, such as side effects, high price, poor
patient compliance, tumorigenic risks, and an inability to
fully restore the balance of bone metabolism.

Melatonin is a neuroendocrine hormone secreted by the
pineal gland that has a wide range of effects, including
sleep regulation, anti-aging, anti-inflammatory, and anti-
oxidation activities (Jarzynka et al. 2009; Zawilska et al.
2009; Witt-Enderby et al. 2006). In the field of orthopedics,
it is considered to be a promoter of bone and cartilage de-
velopment (Zhang et al. 2010a; Gao et al. 2014). Studies
have shown that melatonin deficiency leads to an increase
in bone resorption, suggesting that it may have an inhibi-
tory effect on osteoclast-related processes (Maria and Witt-
Enderby 2014). Ostrowska et al. found that serum mela-
tonin levels were associated with collagen type I, an osteo-
genesis marker in postmenopausal women, suggesting that
decreased melatonin serum levels are associated with in-
creased bone loss in postmenopausal women (Ostrowska
et al. 2001a). However, the role of melatonin in OP is not
fully understood. A randomized controlled trial suggested
that, although there was no significant improvement in
bone mineral density (BMD) during a 6-month follow-up
period in perimenopausal women treated with melatonin,
the melatonin was well tolerated, helped restore the bal-
ance of bone remodeling, and prevented loss of bone mass
(Kotlarczyk et al. 2012; Maria et al. 2017). Animal studies
have also suggested that melatonin helps to regulate bone

metabolism. For example, in ovariectomy-induced osteo-
porosis model mice, melatonin injection reduced urinary
deoxypyridinoline (osteogenesis index) and promoted alka-
line phosphatase (ALP) activity (osteogenesis index) in
blood and bone tissue, confirming its effect in promoting
osteogenesis (Ostrowska et al. 2001b).

In the literature, it is noted that melatonin can ameli-
orate bone metabolism in ovariectomized rats with
osteoporosis (Ostrowska et al. 2001b; Uslu et al. 2007).
However, recent research has mainly focused on ovariec-
tomy-induced OP models, so there is still a lack of a
comprehensive evaluation of the protective effect of
melatonin on bone metabolism imbalance in drug-in-
duced OP. In the present study, we constructed a retin-
oic acid (RA)-induced OP mouse model with
intraperitoneal injections of melatonin (low-dose, 5 mg/
kg/d; or high-dose, 50 mg/kg/d) or alendronate (10 mg/
kg/week) to investigate the effect of melatonin on tra-
becular microstructure, osteoclast BMD, and oxidation
in RA-induced OP mice. Further, the effect of melatonin
on osteogenic and osteoclastic differentiation was exam-
ined in MC3T3-E1 and RAW264.7 cells, respectively.

Methods

Animal model construction and experimental design

A total of 42 female specific-pathogen-free (SPF) C57
mice aged 8 to 9 months were purchased from Charles
River Laboratories (Beijing, China) and housed in a meta-
bolic cage under 12h light/12h dark conditions. Mice
were randomly divided into two groups: control group
(n=12) and model group (RA, 70 mg/kg/d, vegetable oil
solvent, n =30). After 15 d of administration of RA, six
mice in the control group and six in the model group were
tested to confirm the success of modeling. Then, mice in
the model groups were randomly assigned to four groups
(n=6 per group): model group, model + low-melatonin
group (5 mg/kg/d, solvent: 5% ethanol in saline), model +
high-melatonin group (50 mg/kg/d, solvent: 5% ethanol in
saline), and model + alendronate sodium group (10 mg/
kg/week, solvent: deionized water), which were then sub-
jected to the corresponding treatment. RA was adminis-
tered by gavage, and melatonin and alendronate sodium
were administered by intraperitoneal injection. The body
weight of the mice was recorded weekly for 8 weeks. Two
months after modeling, liver and kidney tissues of the
mice in each group as well as the left and right tibia and
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femur were dissected. In addition, blood samples were col-
lected by removing the eyeball. Urine was collected using
metabolic cages. The Committee of Institute Research
Medical Ethics of Sun Yat-sen University granted approval
for this study.

Measurement of BMD

For the measurement of BMD, mouse femur samples were
immersed in PBS at room temperature. X-ray imaging was
performed using an X-ray apparatus (SRO-M50; SOFRON,
Tokyo, Japan) 15 d after gavage. The BMD was measured
by a dual-energy X-ray absorptiometry apparatus (DCS-
600R; Aloka, Tokyo, Japan) and expressed as the bone
mineral content per unit area.

Bone microstructure observation

To observe the bone microstructure, mouse femur and
vertebra (L1) samples were dissolved in PBS at room
temperature. Micro-CT was used for two-dimensional
(2D) and three-dimensional (3D) quantitative determin-
ation before sacrificing as previously described (Zhang et
al. 2010b), and the microstructure parameters of cancellous
bone, such as bone volume/total volume (BV/TV), trabecu-
lar number (Tb.N), trabecular thickness (Tb.Th), trabecu-
lar separation (Tb.Sp), trabecular pattern factor, and
cortical bone thickness (Ct.Th), were measured automatic-
ally from the Siemens Preclinical Imaging System in a mul-
tislice in standard resolution mode (Gong et al. 2005;
Hildebrand et al. 1999).

Organ index, femur length, diameter and vertebra(L1)
height, diameter determination

Weights of the liver, spleen, left kidney, right kidney, left
tibia, left femur, right tibia, right femur, and the whole
body of the mice were determined and used to calculate
the organ indexes using the following formula: organ
index = mean organ weight (mg)/mean body weight (g)
(Yang et al. 2015). In addition, the length diameter of the
femur and height, diameter of the vertebra(L1) were mea-
sured and recorded.

Hematoxylin and eosin (HE) staining and
immunohistochemical (IHC) staining

Bone samples were fixed with 4% paraformaldehyde,
decalcified, dehydrated, embedded in paraffin, and cut
into 5 um slices, after which they were dewaxed by xy-
lene and alcohol (in the following order: 100, 95, 75, and
50%). Slices were immersed in distilled water and HE
staining was performed in accordance with standard
protocols. Fields with positive staining were captured by
microscopy. Additionally, primary antibody anti-ALP
(abcam, UK) was incubated overnight at 4 °C and, subse-
quently, incubated with anti-mouse IgG-HRP (SV-0001;
Boster) for 1h. Then, sections were observed under the
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microscope (OPTEC CCD TP510) with a 100x objective
and pictures were collected. The staining intensity was
scored according to previous research (Lian et al. 2019)
as follows: 0 (negative), 1 (weakly positive), 2 (moder-
ately positive), and 3 (strongly positive). The percent of
positivity was scored according to five categories: 0 (<
5%), 1 (5-25%), 2 (25-50%), 3 (50-75%), and 4 (> 75%).
Finally, the percent positivity score was multiplied by the
staining intensity score to generate final expression
scores, which ranged from 0 to 12.

Tartrate-resistant acid phosphatase (TRACP) staining
After treatment with melatonin, osteoclasts were fixed in
4% paraformaldehyde and then incubated in TRACP solu-
tion including tartaric acid, hexa-azo deoxymethylene red,
and naphthol AS-BI phosphate, among others, at 37 °C for
1h for staining. The staining procedure was carried out in
accordance with the manufacturer’s instructions (Jingiao,
Xuzhou, China); TRACP-positive signals were observed
and photographed using a microscope. At least four images
of 100x magnification were taken at random for each
group. The number of TRACP-positive cells in each image
was quantified using Image-Pro Plus 6.0 (Media Cybernet-
ics, Inc., MD, USA).

Oxidation level detection

Liver and kidney tissues were dissected and ground with li-
quid nitrogen. The resultant supernatant was collected and
centrifuged. The levels of malondialdehyde (MDA), super-
oxide dismutase (SOD), and glutathione peroxidase (GPX)
in the tissues of each group were determined using an
MDA assay kit (TBA method), a T-SOD assay kit (hydrox-
ylamine method), and a GSH-PX assay kit in accordance
with standard instructions (Jiancheng, Nanjing, China).

Biochemical testing

Blood and urine samples were collected 2 months after
establishment of the RA-induced model. Samples were
centrifuged at 3000—4000 rpm for 10 min and the super-
natant was collected for subsequent analysis. The con-
centrations of serum calcium, phosphorus, and ALP, as
well as urinary phosphorus and urinary calcium, were
tested in accordance with kit instructions (Huili, Chang-
chun, China). Serum receptor activator of nuclear fac-
tor-kB ligand (RANKL), osteoprotegerin (OPG), and
TRACP assays were performed in accordance with the
mouse soluble receptor activator of nuclear factor-kB
ligand (sRANKL) ELISA kit, mouse osteoprotegerin
(OPG) ELISA kit, and mouse TRACP-5b ELISA kit
instructions (Cusabio, Changchun, China).

Cell culture and melatonin application
The RAW264.7 murine monocyte/macrophage cell line
and mouse osteoblast cells, MC3T3-E1, were purchased
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from the Shanghai Cell Bank, Chinese Academy of Sci-
ences (Shanghai, China). Then, 30 ng/ml RANKL (R&D
Systems, Minnesota, USA) was added to RAW?264.7 cells
to initiate differentiation into osteoclast-like cells, which
were then cultured with 1 uM RA with or without 100
nM melatonin. To induce osteoblast differentiation,
1 uM RA with or without 100 nM melatonin in a-MEM
supplemented with 10% fetal bovine serum (FBS),
50 pg/ml ascorbic acid, and 10 mmol/L B-glycerol
phosphate (zqxzbio, Shanghai, China) were added to
the MC3T3 cells.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total RNA was isolated from cells using Trizol accord-
ing to the manufacturer’s instructions. The cDNA was
synthesized using the PrimeScript RT Master Mix
(TaKaRa) according to the manufacturer’s protocols.
Real-time qPCR was conducted using a real-time RT-
PCR assay (TsingKe, Guangzhou, China) in a final vol-
ume of 10 pL according to the manufacturer’s protocol,
and the results were analyzed using Applied Biosystems
7500 Fast System SDS software. The expression levels of
mRNAs were calculated by the standard 2-24Ct method
with Gapdh as internal controls. The primer pairs used
are shown in Table 1.

Western blot analysis

The treated cells lysates were prepared using RIPA lysis
buffer containing proteinase and phosphatase inhibitors
(Sigma-Aldrich, MO, USA). Protein concentration was
quantified with a Pierce™ BCA Protein Assay kit (Ther-
moFisher, MA, USA), and then proteins were separated
by 10% SDS-polyacrylamide gel before transfer to a
PVDF membrane. The blotting membrane was blocked
with TBST containing 5% BSA for 1h, and then incu-
bated with anti-Rank, anti-Runx2, anti-Sodl, anti-Sod2,
anti-p-Erk1/2 (Thr202/Tyr204), anti-Erk1/2, anti-p65,
anti-phospho-P65, anti-IkBa, anti-phospho-IkBa, anti-
Gapdh (CST, Danvers, MA, USA), anti-Ctsk, anti-Calcr,
anti-osteopontin (Opn), anti-osteocalcin (Ocn), anti-
Nox1, and anti-Nox2 (Abcam, Cambridge, UK) over-
night at 4°C, followed by incubation with goat anti-
rabbit IgG H&L (HRP) or goat anti-mouse IgG H&L
(HRP) secondary antibodies (Thermo Scientific, Wal-
tham, MA, USA). Proteins were visualized with an ECL
western blot detection system.

Statistics

The data were analyzed with SPSS 20.0 software (IBM,
Armonk, NY, USA) and the results were expressed as
the mean + SD. The t-test was used for comparisons be-
tween two groups, while one-way analysis of variance
was utilized for comparisons among multiple groups,
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Table 1 All primers for reverse transcription-quantitative
polymerase chain reaction

Gene Primer sequence(5-3)

Gapdh Forward:AGGTCGGTGTGAACGGATTTG;
Reverse: TGTAGACCATGTAGTTGAGGTCA;

Tnfrsfl1a Forward: GGACGGTGTTGCAGCAGAT;

Reverse: GCAGTCTGAGTTCCAGTGGTA;

Ctsk Forward: GAAGAAGACTCACCAGAAGCAG;
Reverse: TCCAGGTTATGGGCAGAGATT;

Caler Forward:CAAACCGAAGATGAGGTTCCTT;
Reverse: TGGGCTCACTAGGAGCAGG;
Ocn Forward: CTGACCTCACAGATCCCAAGC;
Reverse: TGGTCTGATAGCTCGTCACAAG;
Opn Forward: ACCCAGAAACTGGTCATCAGGC;
Reverse:CTGCAATACACACACTCATCACT;
Runx2 Forward:ATGCTTCATTCGCCTCACAAA;
Reverse:GCACTCACTGACTCGGTTGG;
Nox1 Forward: TCTCCAGCCTATCTCATCCTGA;
Reverse: GCTGCATACATCACTGTCATGTT;
Nox2 Forward: TGTGGTTGGGGCTGAATGTC;
Reverse: CTGAGAAAGGAGAGCAGATTTCG;
Sod1 Forward:AACCAGTTGTGTTGTCAGGAC;
Reverse:CCACCATGTTTCTTAGAGTGAGG;
Sod2 Forward: CAGACCTGCCTTACGACTATGG;

Reverse: CTCGGTGGCGTTGAGATTGTT;

Tnfrsf11a Tumor necrosis factor receptor superfamily member 11a, Ctsk
Cathepsin K, Calcr Calcitonin receptor, Ocn Osteocalcin, Opn Osteopontin,
Runx2 Runt-related transcription factor-2, Nox7 NADPH oxidase 1, Nox2 NADPH
oxidase 2, Sod1 Cu/Zn superoxide dismutase, Sod2 Manganese

superoxide dismutase

followed by the least significant difference method for
post hoc analysis. P<0.05 was considered statistically
significant.

Results

Construction of OP model induced by RA

The OP model was constructed using RA and subjected
to femoral micro-CT testing 15 d after gavage. The 2D
and 3D reconstruction micro-CT results showed that
the amount of trabecular bone in the model group was
reduced and its density was low (Fig. 1a). In addition,
BV/TV, Tb. Th, and Tb. N showed significant decrease
in the OP model mice, while the value of Tb. Sp was
slightly increased (Fig. 1b-e).

HE staining showed that in the model group, the
number of femoral trabeculae was reduced and the
bone structure had a low density (Fig. 2a). Compared
with the normal control group, the bone mass density
also significantly decreased in the model group (Fig.
2b). TRACP staining showed a significant increase in
the number of TRACP-positive cells in the model
group compared with that in the control (Fig. 2c¢ and
d), indicating that the OP mouse model had been
successfully constructed.
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Melatonin improves femoral and vertebral (L1) changes in
OP mice

To study the effect of melatonin on the femurs and verte-
bra (L1) of OP mice, the control group, a model group, a
low-dose melatonin model group (Mlt-L), and a high-dose
melatonin model group (Mlt-H) were established, while
OP mice treated with alendronate were used as a positive
control. During the modeling period, the weight of the
mice generally decreased, then gradually increased again
after the modeling stopped (Fig. 3a). Analysis of the organ
weight index showed that melatonin can reverse changes
induced by RA in the weight indexes of the liver, both kid-
neys, both tibia, and both femurs of mice (Fig. 3b). Mea-
surements showed that the length, diameter of the femur,
and height, diameter of the vertebra(L1) were significantly
reduced in the model group, and the melatonin treatment
(both Mlt-L and Mlt-H) restored the length, diameter of
the femur and height, diameter of the vertebra to the same
values as the control group (Fig. 3c-f).

In addition, the trabecular microstructure of the femur
and the vertebra (L1) were characterized by micro-CT
after the administration of melatonin or alendronate.
Micro-CT 2D imaging and 3D reconstructions showed a
reduction in the number of femoral and vertebral (L1)
trabeculae and the thickness of femur diaphysis in the
model group (Figs. 4a, b, and 5a), whereas mice treated
with melatonin (both Mlt-L and MIt-H) had significantly
higher BV/TV values than OP model mice (Figs. 4c and
5b). In addition, Tbh. Th, Tbh. N, and Ct. Th in the Mlt-L
and MIt-H mice were found to be significantly increased
(Figs. 4d, e, h and 5c, d) while Tb. Sp and the trabecular
pattern factor were significantly decreased (Figs. 4f, g,
and 5e) compared to the OP model mice.

Melatonin improves OP in mice by reducing the number
of osteoclasts and increasing the expression of ALP

To investigate the effect of melatonin on the number of
femoral trabecular cells, HE staining, TRACP staining
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and ALP IHC staining were used to observe pathological
changes in the distal femur and trabecular bone. HE
staining revealed that the amount of trabecular bone de-
creased and the bone structure became sparse in OP,
and that this condition was improved in the Mlt-L, Mlt-
H, and positive control groups, in that the trabecular
bone became more abundant (Fig. 6a). TRACP staining
showed an increase in the number of osteoclasts in OP
mice, which decreased after the administration of mela-
tonin; TRACP-positive signals in the MIt-L and Mlt-H
groups were significantly lower than in the model group
and the positive control group, and were similar to that
in the control group (Fig. 6b and e). In addition, BMD
measurements in each group showed a significant reduc-
tion in bone density in OP mice, but melatonin and
alendronate treatments restored the bone density of the
model mice to the normal control level (Fig. 6d). Further
confirming that melatonin could improve OP, the ex-
pression of ALP measured by IHC was inhibited in OP
mice, but upregulated in the melatonin and alendronate
groups (Fig. 6¢ and f). Additionally, HE staining, TRACP
staining, and ALP IHC staining were performed on
vertebra, which more comprehensively confirmed that
melatonin can improve OP (Additional file 1: Figure S1).

Melatonin improves bone metabolism and oxidation in
OP mice

After treatment with RA for 15 d, serum and urinary
calcium and phosphorus concentration as well as the ex-
pression of ALP, RANKL, TRACP and OPG in the
serum of mice were tested (Additional file 2: Figure S2).
There was no difference in the expression of detection
indicators in all mice in the model group. And after ran-
domized treatment with melatonin and alendronate, the
corresponding expression was different. The results con-
firmed that melatonin had a therapeutic effect on RA-in-
duced osteoporosis. In the model group, the
concentrations of serum RANKL, TRACP, ALP,
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Control

Fig. 2 Osteoporosis (OP) was induced in mice with retinoic acid (RA). HE staining (40X) (a), femur bone mineral density determination (b), and
TRACP staining (100X) (c) were performed to investigate the changes in femoral trabecular structure, bone density, and number of osteoclasts (d)
in the OP model. Control: normal mice, Model: RA-induced OP model mice. *, P < 0.05 vs control; n=6 per group
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d-f), while OPG (Fig. 7c) was decreased significantly com-
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changes were repaired. Urinary sample testing also
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concentrations in the model mice, and melatonin and
alendronate treatments reversed this increase in the model
group (Fig. 7g and h).
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number of femoral trabeculae and the thickness of femur diaphysis. Microstructure parameters of BV/TV (c), Tb. Th (d), Tb. N (e), Th. Sp (f),
trabecular pattern factor (g), and Ct. Th (h) were improved in melatonin-treated mice. Control: normal mice, Model: retinoic acid (RA)-induced OP
model mice, Mit-L: low-dose melatonin-treated OP model mice, Mit-H: high-dose melatonin-treated OP model mice. Positive control: alendronate-
treated OP mice. *, P < 0.05 vs control. #, P < 0.05 vs model; n=6 per group

and the levels of GPX and SOD were significantly de-
creased in model mice. Meanwhile, in both Mlt-L and
MlIt-H as well as alendronate-treated mice, the level of
MDA was suppressed and the levels of GPX and SOD
were restored to those of the control group (Fig. 8).

Melatonin can inhibit osteoclast differentiation and
promote osteogenic differentiation in vitro
To investigate the effect of melatonin on osteogenic
and osteoclastic differentiation in vitro in RAW264.7
and MC3T3-E1 cells, respectively, were induced.
TRACP staining showed an increase in the number of
osteoclasts in the RA-induced RAW264.7 cells with
RANKL, but the number of osteoclasts was decreased
in the RA + Mlt groups (Fig. 9a). Further, markers of
osteoclast differentiation (Calcr, Ctsk, and Rank) and
oxidation indexes (Noxl and Nox2) were upregulated,
as detected by qPCR and western blot, and antioxi-
dant enzymes (Sodl and Sod2) were downregulated
in RA-induced RAW264.7 cells. However, melatonin
could reverse these changes (Fig. 9b, ¢, f, and g).
Meanwhile, we induced osteogenic differentiation in
MC3T3-E1 cells and studied the effect of melatonin

on osteogenic differentiation. QPCR and western blot
results showed that melatonin could increase the
markers of osteogenic differentiation (Runx2, Opn,
and Ocn) and antioxidant enzymes (Sodl and Sod2)
and inhibit the expression of oxidation enzymes
(Nox1 and Nox2) in RA-induced MC3T3-E1 cells
(Fig. 9d, e, i, and j). Finally, we studied the signaling
pathways involved and found that RA could upregu-
late the expression of p-p65 and p-IkBa in RAW264.7
induced by RANKL, whereas melatonin downregu-
lated this expression (Fig. 9h). When osteogenic dif-
ferentiation was induced in MC3T3-E1 cells with RA,
the expression of p-ERK and p-SMADI1 were de-
creased, but melatonin reversed this (Fig. 9k).

Discussion

Osteoporosis is a systemic bone disease that results in
thinned bone mass, altered microstructure of bone
tissues, and higher risk of fracture. RA and ovariec-
tomy (OVX) treatments are frequently used to induce
osteoporosis. Compared with the long and compli-
cated experimental process of the OVX model, the
RA-induced osteoporosis model is simple, quick, and
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Fig. 5 Effect of melatonin on the vertebral (L1) microstructure of osteoporosis (OP) model mice. a Micro-CT detection after the administration of
melatonin or alendronate. Images of 2D and 3D reconstruction obtained by micro-CT showed that the model group had reduced the number of
vertebral trabeculae. Microstructure parameters of BV/TV (b), Tb. Th (c), Tb. N (d), and Th. Sp (e) were improved in melatonin-treated mice.
Control: normal mice, Model: retinoic acid (RA)-induced OP model mice, Mit-L: low-dose melatonin-treated OP model mice, MIt-H: high-dose
melatonin-treated OP model mice. Positive control: alendronate-treated OP mice. *, P < 0.05 vs control. #, P < 0.05 vs model; n=6 per group

highly successful, and shows the typical symptoms of
osteoporosis (Cowan et al. 2005; Wei et al. 2007;
Orsoli¢ et al. 2018). As a derivative of vitamin A and
an anti-tumor drug, RA can activate osteoclasts and
promote bone absorption (Yang et al. 2016). Mean-
while, it has been reported that RA can damage the
ovarian function, decrease the estrogen level, and also
affect the occurrence of osteoporosis (Zhao et al.
2016).

In recent years, the RA-induced OP model has been
widely used in drug-induced secondary OP studies
(Yang et al. 2016), especially in the research and devel-
opment of Chinese traditional medicine. Using RA-in-
duced animal models, previous studies found that
nylestriol/levonorgestrel (Liao et al. 2003), naringin,
and quercetin play beneficial roles in protecting against
RA-induced OP in rats (Wei et al. 2007; Orsoli¢ et al.
2018). In addition, deer tendon collagen and isoflavone-
enriched soy protein have also been found to exert
protective effects in an RA-induced mouse model
(Zhang et al. 2010c; Yang et al. 2016).

Accumulating evidence shows that melatonin has pro-
tective effects against OP in menopausal women.

However, as previous studies mainly focused on the role
of melatonin in diabetes-induced OP and ovariectomy-
induced OP, its role in drug-induced OP models
remained unclear. In the current study, by constructing
an RA-induced OP mouse model developed to investi-
gate drug-induced OP (Yang et al. 2016), we analyzed
differences in trabecular bone, bone metabolism
markers, and liver and kidney oxidative stress between
groups of mice (normal mice, RA-induced model group,
low-dose, and high-dose melatonin-treated groups, and
a sodium alendronate-treated group as a positive con-
trol) and found that RA induction can lead to changes in
trabecular morphology and microstructure, decreased
bone density and the expression of ALP, and increased
osteoclasts. Meanwhile, melatonin administration can al-
leviate the effects of RA, rebuilding trabecular bone
structure, increasing bone mass, bone density and the
expression of ALP, and decreasing the number of oste-
oclasts. Our results suggest that melatonin has a treat-
ment effect against drug-induced OP. Additionally, our
study established a positive control in which mice were
treated with alendronate, a drug thought to protect
against bone loss and reduce the incidence of fractures
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Fig. 6 Melatonin improves the femur trabecular bone and reduces the number of osteoclasts of osteoporosis (OP) model mice. After the

administration of melatonin or alendronate to trabecular bone for 2 months, distal femur was detected by HE staining (40X) (a), TRACP staining
(100X) (b), and ALP IHC staining (100X and 400X) (c). Bone density was assessed (d), and the number of TRACP-stained osteoclasts was quantified
(e). The IHC staining intensity was scored (f). Control: normal mice, Model: retinoic acid (RA)-induced OP model mice, Mlt-L: low-dose melatonin-
treated OP model mice, Mit-H: high-dose melatonin-treated OP model mice. Positive control: alendronate-treated OP mice. *, P < 0.05 vs control.

#, P <0.05 vs model; n=6 per group

in menopausal women (Saag et al. 2017; Liberman et
al. 1995). According to a number of indicators, mela-
tonin worked similarly to alendronate. This suggests
the therapeutic function and clinical value of mela-
tonin in drug-induced OP bone metabolism imbalance.

Micro-architectural deterioration of bone tissues
and low bone mass are two characteristics of OP.
Another study has shown that the RA-induced OP
model exhibits bone loss and bone structural changes
within 1-3 weeks (Fahmy and Soliman 2009). Mela-
tonin treatment of ovariectomized model OP mice
has been reported to improve bone microstructure
(Uslu et al. 2007). Our current IHC assay and micro-
CT data provide evidence that bone microstructure
and bone density changed after 15 d of RA induction;
moreover, we found that bone structure and bone
metabolism imbalance were improved after melatonin
treatment. These observations suggest that melatonin

has beneficial effects on bone microstructure and en-
hances bone density, which is consistent with the re-
search results of Sharan et al. (2017). Their results
revealed that oral administration of melatonin can in-
crease bone mass and reverse the OVX-induced
microstructural and functional degeneration of bone
through increasing bone formation.

Various types of cells, particularly osteoclasts and
osteoblasts, are involved in the bone remodeling
process. Factors such as RANKL and its decoy recep-
tor, OPG, which is secreted from osteoblasts (Martin
and Sims 2015), are essential for promoting osteoclast
differentiation and inhibiting bone formation. OP is
one of the results of an imbalance in bone remodel-
ing. As reviewed by Sanchez-Barcelo et al. (2010), the
mechanism of action of melatonin in protecting
against OP mainly involves the following aspects:
enhanced osteoblast differentiation and activity;
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Fig. 7 Melatonin improves bone metabolism in osteoporosis (OP) mice. Laboratory tests for biochemical markers of bone metabolism. Serum
bone metabolism-related indicators RANKL (a), TRACP (b), OPG (c), ALP (d), phosphorus (e), calcium (f), and urinary phosphorus (g) and calcium
(h) were determined after the administration of melatonin or alendronate for 2 months. Control: normal mice, Model: retinoic acid (RA)-induced
OP model mice, Mit-L: low-dose melatonin-treated OP model mice, Mit-H: high-dose melatonin-treated OP model mice. Positive control:
alendronate-treated OP mice. *, P < 0.05 vs control. #, P < 0.05 vs model; n=6 per group

suppressed differentiation of osteoclasts; and the
clearing of free radicals produced by osteoclasts and
responsible for bone resorption. When bone resorp-
tion occurs more rapidly than bone formation, bone
loss occurs (Isomura et al. 2004). Bone resorptive
markers secreted by osteoclasts such as TRACP-5b
(Kuo and Chen 2017; Liu et al. 2015), a commonly
used biomarker reflecting bone formation, and ALP
are upregulated in OP patients and RA-induced ani-
mal models (Orsoli¢ et al. 2018; Fink et al. 2016).
Consistent with previous studies, the current study
revealed that the expression levels of RANKL, which
promotes osteoclast differentiation; TRACP-5b, which
promotes osteoclast-mediated bone resorption; and
ALP, which inhibits osteoclast differentiation, were
upregulated, and that these changes were reversed in
OP mice treated with melatonin. These findings indi-
cate that melatonin inhibits bone resorption and
osteoclastic differentiation in RA-induced OP mice.
Additionally, TRACP staining showed that melatonin
reduced the number of osteoclasts in the femurs of
OP mice. Meanwhile, the effect of melatonin on the
osteoclast differentiation of RAW264.7 cells and

osteogenic differentiation of MC3T3-E1 cells were
performed. We found that melatonin could inhibit
the expression of the markers of osteoclast differenti-
ation (Calcr, Ctsk, and Rank) in the RA-induced
RAW?264.7 cells, but increase the markers of osteo-
genic differentiation (Runx2, Opn, and Ocn) in the
RA-induced MC3T3-E1 cells. Previous study has
showed that melatonin could promote human adult
mesenchymal stem cells (hAMSCs) differentiation into
osteoblasts through an increase in mRNA expression
of osteogenic genes Runx2, Bmp-2, and Osteocalcin
and this may promote bone formation (Sethi et al
2010). Therefore, it is possible that melatonin pro-
motes bone remodeling in OP mice by inhibiting
osteoclast differentiation and promoting osteogenic
differentiation.

Calcium and phosphorus are important bone min-
erals. Evidence has shown that patients with OP have
a high incidence of hypercalciuria (El-Husseini et al.
2017). RA-induced OP animal models also exhibited
elevated levels of serum calcium and phosphorus in
the present study, which may be related to the in-
crease in the number of osteoclasts in OP; the
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Fig. 8 Melatonin improves oxidation in osteoporosis (OP) mice. Oxidative stress-related liver superoxide dismutase (SOD) (a), malondialdehyde
(MDA) (b), and glutathione peroxidase (GPX) (c); left kidney SOD (d), MDA (e), and GPX (f); and right kidney SOD (g), MDA (h), and GPX (i) were
determined after the administration of melatonin or alendronate for 2 months. Control: normal mice, Model: retinoic acid (RA)-induced OP model
mice, Mit-L: low-dose melatonin-treated OP model mice, MIt-H: high-dose melatonin-treated OP model mice. Positive control: alendronate-treated
OP mice. *, P<0.05 vs control. #, P < 0.05 vs model; n=6 per group

increase in osteoclasts promotes bone resorption and
bone mineral dissolution, decreases bone calcium and
phosphorus levels, and increases serum and urinary
levels of calcium and phosphorus. Increased urinary
calcium excretion suggests increased bone resorption.
The application of melatonin reduces the levels of
serum and urinary calcium and phosphorus, indicat-
ing that melatonin alleviates OP.

Oxidative stress plays an important role in the for-
mation of bone. Excessive free radical production and
aggregation can induce oxidative stress, cause lipid
peroxidation, inhibit osteogenic differentiation, and
promote bone resorption (Bai et al. 2004; Wauquier
et al. 2009; Callaway and Jiang 2015). MDA, the end-
product of important oxygen free lipid peroxidation,
is an important marker of the degree of damage of
reactive oxygen free radicals (Spirlandeli et al. 2014).
Studies have found that it is significantly elevated in

the serum of women with OP after menopause
(Ozgocmen et al. 2007; Sendur et al. 2009). The anti-
oxidant enzymes SOD and GPX scavenge free radi-
cals, and their levels have been found to be
significantly lower in the serum of women with OP
after menopause than in healthy postmenopausal
women (Sharma et al. 2015). If excessive free radical
production exceeds the coping ability of the natural
antioxidant defense mechanism, bone resorption may
occur (Sheweita and Khoshhal 2007). In the present
study, we found that MDA increased in the model
group, suggesting an increase in oxidative stress and
decreases in SOD and GPX, in turn suggesting a de-
crease in antioxidant levels. In contrast, SOD and
GPX in the melatonin-treated group were significantly
improved, suggesting that melatonin has an anti-oxi-
dative effect, possibly due to scavenging free radicals,
in the RA-induced OP model (Orsolic et al. 2014).
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Fig. 9 Melatonin can inhibit osteoclast differentiation and promote osteogenic differentiation in vitro. RANKL-induced RAW264.7 cells were
cultured with 1 uM retinoic acid (RA) in the presence or absence of 100 nM melatonin. MC3T3-E1 cells were cultured with osteogenic medium
with or without RA in the presence or absence of 100 nM melatonin. RAW264.7 cells were stained with TRACP and the number of TRACP-stained
osteoclasts was quantified (a). The expression levels of Calcr, Ctsk, Rank, Nox1, Nox2, Sod1, and Sod2 were examined by RT-PCR and western blot
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Sod1 and Sod2 in MC3T3-E1 cells were examined by gRT-PCR and
p-IkBa/IkBa, p-Erk/Erk, and p-Smad1/Smad1) were examined by
medium induced MC3T3-E1 cells; RA: RA-induced cells; RA + MiIt:

Conclusions

In summary, melatonin can improve the RA-induced
trabecular microstructure of OP model mice, inhibit
osteoclast differentiation, and promote bone formation.
These effects may be related to the reduction of oxida-
tive stress in vivo and vitro through the ERK/SMAD and
NF-«B pathways.

Additional files

Additional file 1: Figure S1. Melatonin improves the vertebral (L1)
trabecular bone and reduces the number of osteoclasts of osteoporosis
(OP) model mice. After the administration of melatonin or alendronate to
trabecular bone for 2 months, vertebra were examined by HE staining
(40X) (A), TRACP staining (100X) (B), and ALP IHC staining (100X and
400X) (C). The number of TRACP-stained osteoclasts was quantified (D)
and the IHC staining intensity was scored (E). Control: normal mice,
Model: retinoic acid (RA)-induced OP model mice, Mlt-L: low-dose

melatonin-treated OP model mice, MIt-H: high-dose melatonin-treated
OP model mice. Positive control: alendronate-treated OP mice. *, P < 0.05
vs control. #, P < 0.05 vs model; n =6 per group. (TIF 8735 kb)

Additional file 2: Figure S2. Biochemical markers bone metabolism in
osteoporosis (OP) mice. Laboratory tests for biochemical markers of bone
metabolism. Serum bone metabolism-related indicators RANKL (A),
TRACP (B), OPG (C), ALP (D), phosphorus (E), calcium (F), and urinary
phosphorus (G), and calcium (H) were determined after the
administration of retinoic acid (RA) for 15 d. Control: normal mice, Model:
RA-induced OP model mice, Mlt-L: low-dose melatonin-treated OP model
mice, MIt-H: high-dose melatonin-treated OP model mice. Positive
control: alendronate-treated OP mice. *, P < 0.05 vs control. #, P < 0.05 vs
model; n =6 per group. (TIF 1247 kb)
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