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Abstract

Oxidative stress is an important contributor to the development of osteoporosis. Melatonin, an
indoleamine secreted by the pineal gland, has antioxidant properties. This study aims to explore whether
melatonin can promote bone formation and elucidate the mechanisms underlying this process. In this
study, we used an in vitro hydrogen peroxide (H,0,)-induced oxidative stress model in MC3T3-E1 cells
and an in vivo ovariectomized osteoporotic bone defect model in rats to explore the protective effects of
melatonin against osteoporotic bone defects along with the mechanism underlying these effects. We
found that melatonin significantly increased alkaline phosphatase activity, mineralization capacity, and
the expression of BMP2, RUNX2, and OPN in MC3T3-E1 cells. Furthermore, melatonin was found to
activate SIRT1 and inhibit p66SHC, reduce the intracellular reactive oxygen species levels, stabilize
mitochondria, reduce malondialdehyde levels, increase superoxide dismutase activity, and reduce
apoptosis in MC3T3-E1 cells treated with H,0,. Intriguingly, these effects could be reversed by the SIRT1
inhibitor EX527. In vivo experiments confirmed that melatonin improves the microstructure and bone
mineral density of the distal femoral bone trabecula and promotes bone formation. Taken together, our
findings showed that melatonin can restrain oxidative damage in MC3T3-E1 cells via SIRT1/p66SHC
pathway and promote osteogenesis, suggesting that melatonin could be a potential therapeutic agent for
osteoporosis-related bone metabolic diseases.

1. Introduction

With the increase in life expectancy, osteoporosis has become one of the main health problems
worldwide, and its incidence is continuously increasing([1]. Severe bone defects would occur in patients
with osteoporosis who were combined with high-energy trauma or infection requiring extensive
debridement and bone tumors requiring surgical resection. Moreover, as the incidence of osteoporosis
increase, so does the likelihood of osteoporotic bone defects. Healthy bones have a strong regeneration
capacity, which allows efficient fracture repair. When large bone defects (above-critical-size bone defect)
or complications (associated with osteoporosis and diabetes) occur or individuals have a poor lifestyle
(smoking and alcohol abuse), the capacity of bone regeneration reduces. This results in impaired fracture
healing, which leads to non-union fractures or bone defects[2]. Although traditional treatments for
osteoporosis were partly effective in inhibiting bone loss or promoting bone formation[3], there were
many adverse effects, including atypical femur fractures[4], osteonecrosis of the jaw, nausea and
dizziness. Therefore, a biologically active substance that can promote bone formation without adverse
effects is urgently needed.

Oxidative stress is high in patients with osteoporosis[5, 6]. It is believed that reactive oxygen species
(ROS) occupied an important position in cell damage. Mitochondria, which are the largest and most
active producers of ROS, control cell survival and death[7, 8]. When the ROS degradation capacity of the
enzymatic hydrolysis system becomes weaker than the cell's ROS generation capability, oxidative stress
occurs[9]. Excessive ROS production can lead to the reduced function of osteoblasts and functional
activation of osteoclasts, resulting in unbalanced bone remodeling[10]. In addition, mitochondrial

Page 3/21



function is also vulnerable to ROS, such that MC3T3-E1 cells show reduced mitochondrial membrane
potential (MMP) and undergo apoptosis after being cultured with antimycin A, a respiratory chain
inhibitor that increases ROS production[11].

The production of melatonin, a non-toxic indoleamine secreted by the pineal gland at night, is regulated
by the hypothalamus and inhibited by light[12, 13]. The main function of melatonin is to regulate the
circadian rhythm, but it also has anti-aging, anti-oxidation, anti-inflammatory, anti-apoptotic, and
reproductive functions[14]. Studies have shown that mitochondria contain the rate-limiting enzyme for
the synthesis of melatonin and show high levels of this molecule[15]. Meanwhile, the endosymbiotic
theory of the origin of mitochondria postulates that mitochondria originated from melatonin-producing
bacteria engulfed by prokaryotes, indicating that mitochondria have the ability to synthesize
melatonin[16]. There is evidence that melatonin can activate the expression of SIRT1 in non-tumor
cells[17] and that SIRT1 can inhibit p66SHC expression[18, 19]. p66SHC, a member of the mammalian
proto-oncogene ShcA protein family, can further activate NADPH oxidase, reduce antioxidant enzyme
activity, promote mitochondrial ROS production, and cause oxidative damage[20]. Therefore, we
speculated that melatonin could regulate ROS levels by activating the SIRT1/p66SHC pathway, thereby
promoting bone formation in osteoblasts and sought to test this hypothesis.

In this study, we used an in vitro model in which oxidative stress was induced in MC3T3-E1 cells using
hydrogen peroxide (H,0,) and an in vivo rat ovariectomized osteoporotic bone defect model to explore

the protective effects of melatonin against osteoporotic bone defects and the mechanism underlying
these effects.

2. Materials And Methods
2.1 Cell culture and differentiation

MC3T3-E1 cells were cultured in a-MEM with 10% fetal bovine serum (FBS, Gibco, USA) and 1%
penicillin—streptomycin (Beyotime, China) at 37°C in atmosphere containing 5% CO,. The cells were

passaged every 2 days once they grew to approximately 80% confluence. Osteogenic differentiation was
induced with a medium containing 10% FBS, 1% penicillin—streptomycin, 10 mM B-glycerophosphate
(Solarbio, USA), 50 uM ascorbic acid (Solarbio, USA), and 100 nM dexamethasone (Solarbio, USA). In
order to examine the effect of melatonin (MLT, Beyotime, China) on osteoblasts treated with H,0,, cells

were incubated in a-MEM alone (control), H,0, (pretreated with 400 pM H,0, for 4 h and then incubated
with a-MEM for 24 h), H,0, with MLT (pretreated with 400 uM H,0, for 4 h then incubated with 100 pM
melatonin for 24 h), H,0, with EX527 and MLT (EX527 is a SIRT1 inhibitor, cells were pretreated with 400
UM H,0, for 4 h, then incubated with 10 uM EX527 for 2 h and 100 uM melatonin for 24 h).

2.2 Alkaline phosphatase (ALP) staining and activity assay
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To evaluate the impact of melatonin on the osteogenic differentiation of MC3T3-E1 cells under the
influence of H,0,, ALP staining and activity assays were conducted. Seven days after osteogenic
induction, 4% paraformaldehyde (Beyotime, China) was added to fix the cells for 20 min and then stained
with an BCIP/NBT working solution (Beyotime, China). The stained cells were then photographed using a
microscope. To assess ALP activity, the Alkaline Phosphatase Assay Kit (Nanjing Jiancheng
Bioengineering Institute, China) and BCA Protein Assay Kit (Beyotime, China) were used in accordance
with the manufacturer’s instructions.

2.3 Alizarin Red S (ARS) staining and mineralization assay

Twenty-one days after osteogenic induction, 4% paraformaldehyde was added to fix the cells for 20 min
and then stained with 0.2% ARS (Solarbio, China). To quantify mineralization, the stained cells were
incubated with 10% cetylpyridinium chloride (Solarbio, USA) for 1 h and the absorbance was measured
by a microplate reader (Bio Tek Instruments, Inc; USA) at 570 nm.

2.4 Evaluation of intracellular ROS levels

The cells were washed with PBS and then stained with 2’,7-dichlorodihydro-fluorescein-diacetate (DCFH-
DA) to detect ROS levels using the Reactive Oxygen Species Assay Kit (KeyGEN BioTECH, China). Images
were recorded using a fluorescence microscope (Nikon eclipse Ti-U; USA). Meanwhile, the mean
fluorescence intensity was measured using flow cytometry (FC500MPL, Beckman Coulter, USA) to
evaluate the levels of ROS.

2.5 Assays for malondialdehyde (MDA) levels and
superoxide dismutase (SOD) activity

MDA and SOD, both biomarkers of oxidative stress, were detected using the Cell Malondialdehyde assay
kit and Superoxide Dismutase assay kit (Nanjing Jiancheng Bioengineering Institute, China), respectively,
in accordance with the manufacturer’s instructions. The protein concentration of each sample was
measured using a BCA Protein Assay Kit. MDA concentrations were manifested as nmol/mg protein and
SOD activity as U/mg protein.

2.6 Detection of mitochondrial membrane potential (MMP)

JC-1 is a sensitive indicator of MMP. When MMP is high, the JC-1 fluorescent probe emits red
fluorescence, but when it is low, this probe emits green fluorescence. Low MMP implies cell apoptosis. JC-
1 aggregates and JC-1 monomers were detected in treated cells and photographed using a fluorescence
microscope. The acquired images were further assessed using Image J software (version 1.52v, NIH,
USA).

2.7 Analysis of apoptosis

The Annexin V-FITC/PI Apoptosis Detection Kit (KeyGEN BioTECH, China) was used to detect the effect of
different treatments on apoptosis. Stain cells with Annexin V and Pl and then subjected to flow cytometry.
Positive Annexin V staining and negative PI staining indicated viable apoptotic cells, whereas double
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positive staining indicated non-viable apoptotic cells. The sum of the two counts was used to calculate
the apoptosis rate.

2.8 Western blotting

Treated cells were lysed on ice using RIPA buffer (Beyotime, China) containing a protease inhibitor
(Beyotime, China), and the protein concentration was measured using the BCA Protein Assay Kit. The
proteins were separated by SDS-PAGE and transferred to PVDF membranes. The membranes were
blocked with bovine serum albumin for 2 h and then incubated with the following primary antibodies
overnight at 4°C: BMP2 (1:1000, AF5163, Affinity, USA), RUNX2 (1:1000, AF5186, Affinity, USA), OPN
(1:1000, AF0227, Affinity, USA), Bcl2 (1:1000, AF6139, Affinity, USA), Bax (1:1000, AF0120, Affinity, USA),
cleaved caspase3 (1:1000, AF7022, Affinity, USA), caspase3 (1:1000,AF6311,Affinity,USA), SIRT1 (1:1000,
DF6033, Affinity, USA), p66SHC (1:1000,AF6245,Affinity,USA) and B-actin (1:10000, AF7018, Affinity, USA).
The following day, the membranes were incubated with HRP-labeled secondary antibodies (1:5000,
S0001, Affinity, USA) for 2 h. Then, the bands were developed using an enhanced chemiluminescence kit
(KFO0O05, Affinity, USA) and quantified by Image J software.

2.9 Experimental animals

All animal experiments were approved by the Ethical Committee of Yijishan Hospital. Forty eight-week-old
female Sprague Dawley rats weighing 220-240 g were housed in the Central laboratory of Yijishan
Hospital for groups of four. The temperature was controlled at 22+2°C, the humidity was controlled at
50%, the light cycle was controlled at 12 h light/dark and all the rats had free access to food and water.

2.10 Surgery and treatment

The standard method was used for bilateral ovariectomy (n=25) and sham surgery (n=15)[21]. After
being ovariectomized (OVX), rats were fed normally for three months until the osteoporosis model was
established. Then, five rats each from the OVX and sham group were sacrificed. Micro-computed
tomography (micro-CT, SCANCO pCT-100, Switzerland) was used to measure the bone mineral density
(BMD) of the left femur in each rat, and the right femur was used for hematoxylin-eosin (HE) staining to
verify the successful establishment of the osteoporosis model. Once the osteoporosis model was
established, all animals underwent surgery to induce bilateral femur defects according to the standard
protocol[21]. After the operation, the rats were segregated into three groups: control group (n=10, sham,
bone defect surgery, and intraperitoneal injection of the same amount of saline from 4 to 6 pm daily),
OVX group (n=10, ovariectomy, bone defect surgery, and intraperitoneal injection of the same amount of
saline from 4 to 6 pm daily), and melatonin (MLT) group (n=10, ovariectomy, bone defect surgery, and
intraperitoneal injection of 50 mg/kg melatonin from 4 to 6 pm daily). All rats were sacrificed two months
later, the left femur was examined using micro-CT, and the right femur was subjected to HE staining,
Masson'’s trichrome staining, and immunohistochemical staining after decalcification.

2.11 Micro-CT analysis
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To analyze the microstructure of the femoral metaphysis, micro-CT was used and the microarchitecture
of the defect zone was evaluated. The following parameters were used: scanning voltage, 70 kV; current,
200 pA; exposure time, 300 ms; and thickness, 15 pm. To assess bone regeneration, a 2.0-mm-diameter
circular area containing the bone defect zone was selected as the volume of interest. Meanwhile, BMD,
bone volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular
separation (Th.Sp) were measured using built-in software after 3D reconstruction.

2.12 Histological and immunohistochemical Analysis

Histological and immunohistochemical analysis were conducted after two months of drug treatment.
After fixation, decalcification, and paraffin embedding, the femur was incised into 5 pm slices and stained
with HE and Masson'’s trichrome stains for morphologic assessment. New bone formation after bone
injuries was examined using a light microscope (Nikon eclipse Ti-U; USA). After Masson'’s trichrome
staining, new bone tissue and collagen fibers were stained blue, and mature bone and muscle fibers were
stained red. The new bone formation in defect area was measured by Image J software (version 1.52yv,
NIH, USA).

The expression levels of osteocalcin (OCN) and type 1 collagen (COL1) in the femur were detected using
immunohistochemistry. Briefly, slices were deparaffinized with xylene, immersed in 3% H,0, to remove

endogenous catalase, blocked against non-specific antibodies, and then incubated with specific primary
antibodies (OCN, 1:200, DF12303, Affinity; COL1, 1:100, AF7001, Affinity) overnight at 4°C. The next day,
the slices were incubated with the secondary antibody and subjected to DAB staining, then
counterstained with hematoxylin, dehydrated, and mounted. Antigen-expressing positive cells were
stained brown. Photographs were obtained under a light microscope. The average optical density of OCN
and COL1 were measured by Image J software.

2.13 Statistical analysis

All values were expressed as mean * standard deviation (SD), and all statistical analysis were performed
using GraphPad Prism 8 (USA). One-way analysis of variance (ANOVA) was used for comparisons
among multiple groups, and independent samples t-tests were used for comparisons between two
groups. PX0.05 was considered statistically significant.

3. Results

3.1 Melatonin antagonizes H,0,-induced effects in MC3T3-
E1 cells

We investigated which H,0,-induced effects were affected by melatonin in MC3T3-E1 cells by examining

cell differentiation and mineralization capacity. We also detected the expression of BMP2, RUNX2, and
OPN, all of which are involved in bone formation. The results showed that the ALP-positive areas
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(Fig. 1a), ALP activity (Fig. 1b), calcium deposition (Fig. 1c) and quantitative analysis (Fig. 1d), and levels
of osteogenic proteins (Fig. 1f, g and h) were lower in the H,0, group than in the control group. In
addition, we found that H,0, pretreatment reduced SIRT1 expression (Fig. 1i) while increased p66SHC

expression (Fig. 1j). However, in MC3T3-E1 cells treated with melatonin, these values had all changed in
the opposite direction. Melatonin reversed the reduction of SIRT1 and the increase of p66SHC induced by
H,0, treatment. Interestingly, incubated with the SIRT1 inhibitor EX527 decreased ALP expression, ALP
activity, calcium deposition, and the levels of osteogenic proteins. Particularly, EX527 inhibited the effect
of melatonin on p66SHC and thus increased the expression of p66SHC. Together, these data suggest that
melatonin improved the function of H,0,-treated MC3T3-E1 cells via SIRT1/p66SHC pathway.

3.2 Melatonin inhibits the H,0,-induced apoptosis of
MC3T3-E1 cells and increases MMP

The apoptosis of osteoblasts is a significant contributor to postmenopausal osteoporosis. Therefore, we
examined whether melatonin affects the apoptosis of MC3T3-E1 cells and also examined the levels of
apoptosis-associated proteins. As shown in Fig. 2, H,0, treatment significantly increased the rate of
apoptosis (Fig. 2a and b). Western blotting results also confirmed that H,0, increased cell apoptosis
(Fig. 2c). Specifically, H,0, pretreatment increased the expression of cleaved caspase3 (Fig. 2d) and Bax
(Fig. 2e) and decreased the expression of Bcl2 (Fig. 2f). We further investigated the MMP and found that
H,0, reduced the MMP, causing the JC-1 fluorescent probe to emit green light, and the red/green

fluorescent ratio was reduced (Fig. 3a and b), which indicated that the cells underwent apoptosis.
Whereas managed with melatonin reversed these changes and the SIRT1 inhibitor EX527 attenuated the
antiapoptotic effects of melatonin. These data imply that melatonin alleviated the H,0,-induced

apoptosis of MC3T3-E1 cells via the SIRT1/p66SHC pathway.

3.3 Melatonin enhances the antioxidant capacity of H,0,-
treated MC3T3-E1 cells

Next, we strove to clarify whether the protective function of melatonin in MC3T3-E1 cells was linked to its
antioxidant properties by examining the levels of ROS, SOD, and MDA (a product of lipid peroxidation).
We found that H,0, increased the level of ROS and this result was detected by both fluorescence
microscopy (Fig. 4a) and flow cytometry (Fig. 4b and c). Meanwhile, H,0, increased MDA (Fig. 4d) level
in cells and reduced the activity of SOD (Fig. 4e), indicating that oxidative stress increased in MC3T3-E1
cells after pretreated with H,0,. Conversely, when cells were handled with melatonin, ROS and MDA levels
decreased and SOD activity increased. The SIRT1 inhibitor EX527 reversed the antioxidant effects of
melatonin. Hence, melatonin appeared to regulate the antioxidant capacity of MC3T3-E1 cells through the
SIRT1/p66SHC pathway.

3.4 Validation of the rat osteoporosis model
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Histological images and micro-CT data were shown in Figure 5. micro-CT showed that the Tb.N and
Tb.Th in the OVX group were lower than those in the sham group, while Tb.Sp showed the opposite trend
(Fig. 5a and b). HE staining confirmed that the BMD was lower in the OVX group than in the sham group
(Fig. 5¢). Together, the findings confirmed the successful establishment of the rat osteoporosis model.

3.5 Melatonin improves bone mass and bone
microstructure in OVX rats

We assessed the impact of melatonin on trabecular bone mass and microstructure in rats with
osteoporotic bone defects. The results of 3D micro-CT reconstruction were shown in Fig. 6. The findings
indicated that after 20 weeks, bone formation in the bone defect zone was significantly greater in the MLT
group than in the OVX group, although it was less than that in the control group (Fig. 6a). Bone formation
in the bone defect zone was the highest in the control group, while it was almost negligible in the OVX
group. Specifically, the BMD (Fig. 6b), BV/TV (Fig. 6¢), Tb.N (Fig. 6d), and Tb.Th (Fig. 6e) in the MLT
group were higher than those in the OVX group and lower than those in the control group, with Tb.Sp

(Fig. 6f) showing the opposite trend. These results attested that melatonin can partially promote the
healing of osteoporotic bone defects and the formation of new bone.

To further examine the morphology of bone healing in the defect zone, histological analysis was
performed. HE staining showed that the Tb.N in the bone defect zone was higher in the MLT group than in
the OVX group but lower than that in the control group (Fig. 7a). Masson’s trichrome staining showed that
the bone defect zone in the MLT group was dominated by new bone tissue and collagen fibers, while that
in the control group was populated by mature bone, new bone, and collagen fibers. However, almost no
new bone tissue was observed in the OVX group (Fig. 7b). These results proved that the control group
showed the highest rate of new bone formation, followed by the MLT group and the OVX group (Fig. 7e),
consistent with our micro-CT findings.

The expression of OCN and COL1 in the femur was detected using immunohistochemistry. As shown in
Fig. 7, the expression levels of OCN and COL1 in trabecular bone were highest in the MLT group, while the
OVX group had almost no expression (Fig. 7c and d). Quantitative analysis showed that the expression
levels of OCN and COL1 in the MLT group were higher than those in the control group (Fig. 7f and g). We
speculated that this was related to the high new bone formation rate in the control group, suggesting that
in this group, most of the bone had already matured.

4. Discussion

There are growing evidences that oxidative stress plays an important role in the pathogenesis of
osteoporosis[22, 23]. Our study also confirmed that H,0, can weaken the ALP activity and mineralization
ability of MC3T3-E1 cells. Although studies have shown that melatonin can exert antioxidant effects by
regulating SIRT1, the specific mechanism remains to be studied[24]. In our study, we found that
melatonin can attenuate the oxidative stress damage of MC3T3-E1 cells induced by H,0,, which involves
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the down-regulation of the adaptor protein p66SHC and the enhancement of mitochondrial function.
Particularly, based on the evidence of the SIRT1 inhibitor EX527, we found that melatonin depressed the
oxidative stress of MC3T3-E1 cells by regulating the SIRT1/p66SHC pathway and promotes
osteogenesis.

As an isoform of ShcA gene family, p66SHC occupied an important position in oxidative stress and
apoptosis[25, 26]. When cells experience oxidative stress, p66SHC transfer to mitochondria and oxidize
cytochrome C, reducing oxygen to H,0,, leading to increased ROS which can promote the opening of
mitochondrial permeability conversion pore, reduce the activity of electron transfer chain protein complex
and release pro-apoptotic factors to cause apoptosis[27, 28]. Studies have shown that superoxide
production was remarkably reduced in p66SHC knockout mice[29]. Maria et al. also confirmed that with
the increase of months, C57BL/6 mice showed a decrease in bone strength and bone density,
accompanied by an increase in the level of oxidative stress, and an increase in the phosphorylation levels
of p53 and p66SHC[30]. In our research, we found that the expression level of p66SHC protein increased
in the model of H,0,-induced oxidative stress damage in MC3T3-E1 cells, revealing that p66SHC was a
possible target for the intervention of oxidative stress in MC3T3-E1 cells. In addition, previous studies
have shown that in mammals, with the increase of age, the content of melatonin gradually decreases[31].
Based on the evidences that melatonin was produced in mitochondria and taken part in anti-oxidative
stress[15, 16], in the meantime, p66SHC needs to be transferred to mitochondria to induce oxidative
stress, we considered that the anti-oxidative stress effect of melatonin was associated with p66SHC. In
our study, we found that the increased expression of p66SHC protein was accompanied by the decreased
expression of SIRT1 in MC3T3-E1 cells pretreated with H,0,, and this effect could be alleviated by
melatonin intervention. Further studies showed that SIRT1 inhibitor EX527 reversed the protective effect
of melatonin on H,0,-induced MC3T3-E1cells oxidative stress damage and increased the expression of
p66SHC. In fact, SIRT1, as an NAD+-dependent type Il histone deacetylase, was widely involved in the
regulation of physiological processes such as cell cycle, inflammation, apoptosis, and autophagy([32]. In
endothelial cells, SIRT1 overexpression can reduce the binding of acetylated histone H3 to the p66SHC
promoter, thereby decrease the transcription of p66SHC[33]. The present study demonstrated that
melatonin protected H,0,-induced oxidative stress damage in MC3T3-E1 cells via SIRT1/p66SHC
pathway.

Melatonin is a non-toxic indolamine secreted by the pineal gland and regulated by the hypothalamus,
which mainly regulates circadian rhythm[34]. There are increasing evidences that melatonin - as an
antioxidant - can not only anti-inflammatory, antioxidant, anti-apoptosis and regulate reproductive
function, but also restrain tumor cell proliferation[35] and regulate the expression of cell adhesion
molecules related to tight junctions and adhesion junctions between tumor cells to restrain tumor
metastasis[36, 37]. In this study, we determined the in vitro cytological study of H,0,-induced oxidative
stress damage in MC3T3-E1 cells by measuring oxidative stress and apoptosis-related indicators.
Melatonin management remarkably reduced H,0,-induced oxidative stress damage of MC3T3-E1 cells by
increasing the activity of SOD and decreasing the content of MDA. Meanwhile, melatonin protected
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MC3T3-E1 cells from oxidative stress damage by removing H,0,-induced ROS production. Evidences
indicated that H,0,-induced ROS production was associated with the decrease of MMP, which can
promote mitochondrial cytochrome C release, activate caspase-3, and cause osteoblast apoptosis[38].
Furthermore, mitochondrial remodeling has also shown circadian rhythm and can be tightly regulated by
melatonin-governed proteins[39]. In this study, we found that H,0, can significantly reduce MMP leading
to MC3T3-E1 cells apoptosis, resulting in decreased ALP activity, insufficient mineralization ability, and
decreased expression of osteoblast-related proteins, while melatonin management can significantly
increase MMP and reduce MC3T3-E1 cells apoptosis. Those data implied that melatonin restrained H,0,-
induced mitochondrial dysfunction in a SIRT1-dependent manner, which has also been verified in other
cell types[40, 41]. Given that p66SHC was governed by SIRT1 and melatonin can up-regulate SIRT1, we
speculated that the protective effect of melatonin on H,0,-induced oxidative stress damage was related
to SIRT1's inhibition of p66SHC expression and the enhancement of mitochondrial function, it was also
confirmed by SIRT1 inhibitor EX527 which can reverse the function of melatonin.

Ovariectomized rats experience significant bone loss similar to that observed in postmenopausal
osteoporosis. To verify the effect of melatonin on bone formation, we established an osteoporotic bone
defect model. The BV/TV value was considered to be the most effective analysis tool for micro-CT to
measure bone defects because it can directly reflect the amount of bone formation[42]. Meanwhile, HE
staining can visually observe the number, thickness and spacing of bone trabeculae, and Masson
staining can distinguish new bone from mature bone. Therefore, we used micro-CT, HE staining and
Masson staining to observe the bone regeneration in the bone defect area. The results showed that
melatonin could promote the bone healing of osteoporotic bone defects, but its effect was not as good as
that of the control group. Immunohistochemical results also showed that the expression of OCN and
COL1 in MLT group was higher than that in OVX group. Those data indicating that the role of estrogen in
the treatment of osteoporosis cannot be replaced by melatonin, but melatonin can be used as an
adjunctive drug for the treatment of osteoporotic bone metabolic diseases.

Our research has some limitations. First, although inflammation can promote osteoporosis to a certain
degree[43], we only studied the antioxidant and anti-apoptotic properties of melatonin and did not
examine whether its anti-inflammatory effects can reduce osteoporosis. Second, even though
osteoporosis is caused by the imbalance between osteoblast bone formation and osteoclast bone
resorption, we only studied the effect of melatonin on osteoblasts and its effect on osteoclasts was not
investigated. In our subsequent research, we will focus on these two issues.

In conclusion, the present study suggests that melatonin can alleviates H,0,-induced oxidative damage
in MC3T3-E1 cells via SIRT1/p66SHC pathway and promotes osteogenesis. SIRT1 activation inhibits the
expression of p66SHC, reduces the production of ROS and MDA, increases the activity of SOD, helps
maintain the integrity of mitochondria, alleviates oxidative stress, and inhibits the apoptosis caused by
oxidative damage. Our research provides strong evidence supporting the potential of melatonin as a
treatment agent for osteoporosis-related bone metabolism diseases.
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Effect of melatonin on osteogenesis in MC3T3-E1 cells. (A) Alkaline phosphatase (ALP) staining on day 7
in the four groups. Scale bar =100 pm. (B) Assessment of ALP activity in the four groups. (C) Alizarin Red
S (ARS) staining on day 21 in the four groups. Scale bar =100 pm. (D) Calcium mineralization in the four
groups quantified using a microplate reader. (E) Representative images showing the expression of the
osteogenic proteins BMP2, RUNX2, OPN and SIRT1, p66SHC in MC3T3-E1 cells from the four groups.
Values in (F-J) represent the fold change compared to the control. Con: cells were incubated in a-MEM
alone; H202: cells were pretreated with 400 uM H202 for 4 h and then incubated with a-MEM for 24 h;
MLT: cells were pretreated with 400 uM H202 for 4 h then incubated with 100 uM melatonin for 24 h;
EX527: cells were pretreated with 400 uM H202 for 4 h, then incubated with 10 yM EX527 for 2 h and 100
UM melatonin for 24 h. *P0.05, **PX0.01, ***PK0.001.
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Figure 2

Protective effect of melatonin against the H202-induced apoptosis of MC3T3-E1 cells. (A) Flow
cytometry analysis of Annexin V-FITC/PI double-stained MC3T3-E1 cells. (B) Comparison of apoptosis
rates among the four groups. (C) Representative images showing the expression of the apoptotic proteins
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Bax, Bcl2, cleaved caspase3 and caspase3 in MC3T3-E1 cells from the four groups. Values in (D-F)
represent the fold change compared to the control. *PH0.05, **PK0.01, ***PK0.001.
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Figure 3

Melatonin inhibited the H202-induced mitochondrial membrane potential reduction in MC3T3-E1 cells.
(A) Representative images of MC3T3-E1 cells stained for JC-1. Scale bar =100 um. (B) Quantitative
analysis of JC-1 fluorescence in the four groups. *PX0.05, **PX0.01, ***PX0.001.
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Figure 4

Melatonin enhances antioxidant capacity in H202-treated MC3T3-E1 cells. (A) Representative images of
MC3T3-E1 cells labeled with the fluorescent probe DCFH-DA. Scale bar =100 pm. (B) The mean
fluorescence intensity of MC3T3-E1 cells labeled with the fluorescent probe DCFH-DA, determined using
flow cytometry. (C) Quantitative analysis of the mean fluorescence intensity in the four groups. (D)
Quantitative analysis of malondialdehyde (MDA) levels in the four groups. (E) Analysis of superoxide
dismutase (SOD) activity in the four groups. *P0.05, **PK0.01, ***PX0.001.
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Figure 5

Establishment of the osteoporosis model. (A) Micro-computed tomography (micro-CT) analysis of femur
metaphysis in the sham and OVX groups. (B) Quantitative analysis of femur metaphysis using micro-CT.
(C) Representative hematoxylin—eosin staining of the distal femur in the sham group and OVX groups.
BMD, bone mineral density; BV/TV, bone volume fraction; Th.N, trabecular number; Tb.Th, trabecular
thickness; Tb.Sp, trabecular separation. *PX0.05 compared to the sham group.
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Figure 6

Melatonin promotes the healing of osteoporotic bone defects. (A) Three-dimensional reconstruction
images of bone defects in the femur metaphysis. The left side of 3D image was a gross view of the
femur, the center was a magnified view of the bone defect and the right cylinder shows a three-
dimensional composite of the bone defect. (B-F) Quantitative analysis of femur metaphysis using micro-
CT. *Pl0.05, **PX0.01.

o

Figure 7

Melatonin promote new bone formation. (A and B) Hematoxylin-eosin and Masson'’s trichrome staining
indicating the formation of new bone. Scale bar = 200 pm. (C and D) Rate of new bone formation
observed using OCN and COL1 immunohistochemical staining. Scale bar = 50 pm. (E) Histogram
showing the rate of new bone formation in the three groups. (F and G) Immunohistochemical quantitative
analysis of the differences in OCN and COL1 expression among the three groups. TB: trabecular bone;
BM: bone marrow; black circle: bone defect zone; asterisk: mature bone; pound sign: new bone and
collagen fibers; black arrow: positive areas of immunohistochemistry staining. *PX0.05,**PK0.01,***PJ
0.001.
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