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Abstract. Osteoporosis is a common metabolic disease that 
has a high incidence in postmenopausal women. Studies have 
indicated that oxidative damage plays an important role in the 
development of postmenopausal osteoporosis. Metformin has 
been showed to have the ability to relieve excessive oxidation. 
The aim of the present was to determine the therapeutic effect 
and potential mechanism of metformin in postmenopausal 
osteoporosis. Oxidative damage was stimulated in vitro by the 
addition of H2O2 to MC3T3‑E1 cells and a mouse menopausal 
model was also constructed. Cell viability and flow cytom‑
etry experiments were performed to determine the effects of 
H2O2 and metformin treatment on apoptosis. Mitochondrial 
membrane potential was tested by JC‑1 assays. Western 
blotting was used to detect the expression of mitochondrial 
apoptosis markers and antioxidant enzymes. Small interfering 
RNA was used to knockdown sirtuin3 (SIRT3), which was 
verified at the mRNA and protein levels. Bilateral ovariectomy 
was used to prepare menopausal mice, which were analyzed 
using micro‑computed tomography. The results indicated that 
metformin is able to repair mitochondrial damage and inhibit 
the apoptosis of osteoblasts induced by H2O2, and also reverse 
bone mass loss in ovariectomized mice. Western blotting results 
demonstrated the involvement of SIRT3 in the production of 
antioxidant enzymes that are essential in protecting against 
mitochondrial injury. In addition, experiments with SIRT3 
knockdown indicated that metformin reverses H2O2‑induced 
osteoblast apoptosis by upregulating the expression of SIRT3 
via the PI3K/AKT pathway. The results of the present reveal 
the pathogenesis of oxidative damage and the therapeutic 

effect of metformin in postmenopausal osteoporosis. They 
also suggest that SIRT3 is a potential drug target in the treat‑
ment of osteoporosis, with metformin being a candidate drug 
for modification and/or clinical application.

Introduction

Osteoporosis is a common metabolic disease involving 
reduced bone density, destruction of the bone microstruc‑
ture and increased bone fragility (1). Osteoporosis is mainly 
caused by the inhibition of osteogenesis, which increases the 
risk of fracture and predominantly affects postmenopausal 
women (2). However, little is known about the pathogenesis of 
postmenopausal osteoporosis. A recent review of the literature 
indicated that oxidative stress is crucial to the development 
of osteoporosis; oxidative stress is a pathological state of the 
body in which reactive oxygen species (ROS) cause exces‑
sive oxidation, thereby leading to aging and disease (3). In 
clinical studies, the analysis of oxidation‑associated serum 
biomarkers, including antioxidant enzymes and advanced 
oxidative products, has indicated that the bodies of postmeno‑
pausal women with osteoporosis are in a highly oxidative 
state (4). This phenomenon can be explained by the fact that 
estrogen is an antioxidant and, therefore, estrogen deficiency 
after menopause reduces the ability of the body to ameliorate 
high oxidative stress (5). Additionally, oxidative damage in 
the bone tissue has been shown to cause osteoblast apoptosis 
and mediate the deterioration associated with osteoporosis (6). 
Therefore, improvement of the oxidative state is an important 
means for reversing bone loss in postmenopausal women.

Metformin is a traditional hypoglycemic drug that has been 
used to treat tumors and delay aging and has exhibited promising 
effects (7‑9). Metformin has also exhibited a therapeutic effect in 
diabetes‑associated osteoporosis, mediated by the amelioration 
of the hyperglycemic microenvironment (10). However, the 
therapeutic effect was only attributed to mitigation of the effects 
of high glucose. The use of metformin in postmenopausal 
osteoporosis has not yet been investigated. Since metformin 
is able to improve the oxidative state in numerous diseases, 
including diabetes and fatty liver (11,12), the aim of the present 
study was to determine the role of metformin in the treatment 
of postmenopausal osteoporosis.

 Mitochondria are the main organelles involved in the 
maintenance of redox balance in a cell (13). Most antioxidant 
enzymes are able to eliminate peroxide and prevent the 
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release of ROS in mitochondria. During the development of 
osteoporosis, the dysfunction of mitochondria in osteoblasts 
leads to the excessive generation of ROS, which cause damage 
to other organelles and induce apoptosis (14). Sirtuin3 (SIRT3) 
is an important deacetylating enzyme and an upstream 
regulator of the activity of numerous metabolic enzymes and 
mitochondrial metabolism (15‑17). Increasing the expression of 
SIRT3 is expected to contribute to the repair of mitochondrial 
damage in osteoblasts and attenuate the loss of bone mass.

The present study investigated the hypothesis that 
metformin can improve the activity of antioxidant enzymes 
and attenuate the osteoblast apoptosis induced by H2O2 

by upregulating SIRT3 expression via the PI3K/AKT 
pathway. The role of oxidative damage in the development 
of postmenopausal osteoporosis was evaluated, to provide a 
potential target for the treatment of osteoporosis. The direct 
effect of metformin on osteoblasts and the therapeutic effect 
on an animal model of postmenopausal osteoporosis were also 
revealed. The findings may contribute to our understanding of 
the pathogenesis of postmenopausal osteoporosis and suggest 
novel therapeutic targets.

Materials and methods

Reagents and cell culture. MC3T3‑E1 cells were purchased 
from the Cell Bank of Type Culture Collection of the Chinese 
Academy of Sciences. Metformin was purchased from 
Dalian Meilun Biotechnology Co., Ltd. Antibodies against 
SIRT3 (1:1,000; cat. no. ab246522), catalase (CAT) (1:2,000; 
cat. no. ab209211), superoxide dismutase 1 (SOD 1) (1:2,000; 
cat. no. ab51254), COX IV (1:1,000; cat. no. ab16056) cleaved 
caspase‑3 (1:1,000; cat. no. ab214430), caspase‑3 (1:1,000; 
cat. no. ab184787) and Bcl‑2 (1:1,000; cat. no. ab182858) were 
obtained from Abcam. Bax (1:1,000; cat. no. 60267‑1‑Ig), 
cytochrome c (1:1,000; cat no: 66264‑1‑Ig) and β‑actin 
(1:2,000; cat. no. 66009‑1‑Ig) antibodies and horseradish 
peroxidase‑conjugated anti‑mouse and anti‑rat secondary 
antibodies (both 1:2,000; cat. nos. SA00001‑1 and SA00001‑15, 
respectively) were obtained from ProteinTech Group, Inc. 
In addition, antibodies against PI3K (1:1,000; cat. no. 4257), 
phosphorylated (p‑)PI3K (1:1,000; cat. no. 4228), AKT 
(1:1,000; cat. no. 4691) and p‑AKT (1:1,000; cat. no. 4060) 
were purchased from Cell Signaling Technology, Inc.

MC3T3‑E1 cells were cultured in α‑Minimal Essential 
Medium (HyClone; Cytiva) supplemented with 10% fetal 
bovine serum (HyClone; Cytiva), 100 U/ml streptomycin 
sulfate and 100 mg/ml penicillin. Cells were grown in a 
humidified incubator with 5% CO2 at 37˚C (18). H2O2 was 
added to the medium to induce an oxidative damage model 
at a concentration gradient of 0.1, 0.2 and 0.3 mM. Then, 
various concentrations of metformin (0.05, 0.1, 0.2, 0.3 and 
0.4 mM) were added with 0.2 mM H2O2 to determine the 
optimal concentration based on cell apoptosis measured by 
flow cytometry.

Cell viability assay. Cell Counting Kit‑8 (CCK‑8) colorimetric 
assay (Dojindo Molecular Technologies, Inc.) was used to 
measure the viability of the cells after metformin treatment 
to assess drug cytotoxicity. MC3T3‑E1 cells were plated into 
96‑well plates at 5x103 cells/well in 100 µl medium/well. Cells 

were treated with the aforementioned concentrations of H2O2 
for 6 h and metformin for 24, 48 and 72 h separately in a 37˚C 
humidified incubator. CCK‑8 solution was added at 10 µl/well, 
and the cells were incubated in a humidified incubator for 
another 1 h. Cell viability was then determined based on the 
absorbance at 450 nm.

Apoptosis assay by flow cytometry. Various concentra‑
tions of metformin (0.05, 0.1, 0.2, and 0.3 mM) were added 
with 0.2 mM H2O2 to 6‑well plates seeded with 1.2x106 
MC3T3‑E1 cells and incubated at 37˚C for 6 h. The cells were 
then harvested, resuspended in binding buffer and stained 
with FITC‑Annexin V/propidium iodide for 15 min using 
Annexin V‑FITC kit (Beyotime Institute of Biotechnology), 
in the dark at room temperature (19). Apoptosis was detected 
using a FACScan flow cytometer (BD Biosciences) and 
analyzed with CytExpert 2.3 (Beckman Coulter, Inc.).

Western blotting. To isolate the proteins, the culture solution 
was decanted from the treated cells and phosphate‑buffered 
saline (PBS) was used to wash the cells three times. The 
Petri dishes were placed on ice after decanting the PBS. 
Radioimmunoprecipitation assay buffer (Beyotime Institute 
of Biotechnology) and phenylmethylsulfonyl fluoride were 
mixed at a ratio of 1:1,000 and 100 µl mixture was incu‑
bated with the cells on ice for 30 min. The extract was then 
transferred to 1.5‑ml centrifuge tubes and centrifuged at 
12,000 x g and 4˚C for 5 min. The supernatant containing 
total protein was collected in a new 1.5‑ml centrifuge tube 
and stored at ‑20˚C. Bone tissue protein extraction kit (Beijing 
Biolab Technology Co., Ltd.) was used to extract protein from 
mouse bone tissue. Bone tissue was fully soaked in saline 
and washed with distilled water to remove blood and red 
blood cells. Bone tissue was cut into small pieces, weighed, 
placed in a mortar filled with liquid nitrogen and ground 
into powder. The powder was transferred into a centrifuge 
tube. A total of 200‑300 µl protein extraction reagent per 
100 mg bone tissue was added and mixed for 30 min on 
ice. Then, the mixture was centrifuged at 12,000 x g and 
4˚C for 15 min. Supernatant was collected in a new 1.5‑ml 
centrifuge tube and stored at ‑20˚C. BCA assay kit (Beyotime 
Institute of Biotechnology) was used to measure protein 
concentration. Then, 50 µg protein/lane was resolved by 
10 and 12% SDS‑PAGE and transferred to polyvinylidene 
difluoride membranes. The membranes were blocked with 
5% skimmed milk for 1.5 h at room temperature. After 
washing with 1% TBST, the membranes were incubated with 
the aforementioned primary antibodies at 4˚C overnight and 
secondary antibody at 4˚C for 1.5 h on the next day. After 
washing thoroughly, the protein bands were coated with an 
enhanced chemiluminescence system (Analytik Jena AG) 
and visualized using a chemiluminescence imaging system 
(Analytik Jena AG) (20). Protein levels were normalized to 
β‑actin (molecular weight, 43 kDa). Finally, ImageJ v1.8.0 
software (National Institutes of Health) was used to calculate 
the optical density and relative protein expression levels. For 
the detection of cytochrome c, mitochondria were separated 
using a Cell Mitochondria Isolation kit (Beyotime Institute of 
Biotechnology) and the expression levels of cytochrome c in 
the mitochondria and cytosol were analyzed.
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Detection of mitochondrial membrane potential using JC‑1. 
A Mitochondrial Membrane Potential Assay kit with JC‑1 
(Beyotime Institute of Biotechnology) was used to evaluate 
the mitochondrial membrane potential of the MC3T3‑E1 
cells after the aforementioned treatments. The cells were 
suspended in JC‑1 staining working solution for 30 min in 
a humidified incubator at 37˚C and then washed with JC‑1 
buffer solution three times. Relative changes were detected by 
flow cytometry (CytoFLEX System B3‑R3‑V3) and analyzed 
with CytExpert 2.3 (both Beckman Coulter, Inc.). Absolute 
changes were detected using a multifunctional microplate 
reader. JC‑1 fluorescence was measured at excitation/emission 
wavelengths at 585/590 (red) and 510/527 nm (green). The 
red/green ratios were calculated to indicate the mitochondrial 
membrane potential.

Reverse transcription‑quantitative PCR (RT‑qPCR) assay. 
A miRNeasy RNA mini kit (Qiagen, Inc.) was used to 
extract total RNA from cells. Then, GoScript™ Reverse 
Transcription mix, Oligo(dT) (Promega Corporation) were 
used to synthesize cDNA from the RNA according to the 
manufacturer's protocol. qPCR was performed using GoTaq® 

qPCR Master Mix (Promega Corporation). The thermocycling 
conditions were as follows: Denaturation at 95 ˚C for 15 sec, 
annealing at 60˚C for 20 sec and extension at 72˚C for 1 min, 
for 40 cycles. The data were collected using a Roche Light 
Cycler® 480 instrument II (Roche Diagnostics). mRNA 
expression was calculated using the 2‑ΔΔCq method (21). 
Primers for the qPCR analysis of SIRT3 and the reference 
gene b‑actin are listed in Table I.

Cell transfection. SIRT3‑small interfering RNAs (siRNAs) 
were designed and synthesized by SynBio‑Tech (Suzhou) 
Co., Ltd. The inhibition efficiencies of three different siRNA 
sequences were determined, and SIRT3‑si‑2 with the highest 
inhibition efficiency (73.4%) was used in the experiments. The 
siRNA sequences are presented in Table II. A total of 50 nM 
siRNA duplexes were transfected into MC3T3‑E1 cells for 
48 h using Lipofectamine™ 3000 reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc‑
tions. Untreated cells were used as a control to verify the effect 
of cell transfection. The cells were used in the experiments 
2 days after transfection at 37˚C.

Animal experiments. A total of 15 C57BL/6J female mice 
(8 weeks, 20‑25 g) were obtained and housed in the Department 
of Laboratory Animal Science of China Medical University. 
The laboratory environment was maintained at a temperature 
of 20‑26˚C, 40‑70% relative humidity, ≤14 mg/m3 ammonia 
concentration, ≤60 dB noise and a 12‑h alternating light/dark 
cycle with ad libitum access to food and drinking water. All 
animals were adapted to the environment for 2 weeks before 
the experiments. The mice were randomly divided into three 
groups (n=5/group); two groups (OVX) were selected for 
ovariectomy treatment, and the remaining group underwent 
a sham surgery (the epidermis and peritoneum were cut, 
then sutured). The mice in the OVX groups were subjected 
to bilateral ovariectomy under 1.4‑1.5% isoflurane inhalation 
anesthesia with oxygen. Metformin was directly dissolved 
in 0.9% normal saline, and mice in one of the OVX groups 

(OVX + Met) were injected with metformin (100 mg/kg/day) 
intragastrically, starting 3 days after surgery. The mice in the 
OVX and sham groups were treated with normal saline in a 
similar manner. After treatment for 8 weeks, all mice were 
sacrificed via exsanguination under isoflurane anesthesia. 
Bilateral femurs and tibias were harvested for imaging and 
protein extraction. All animal experiments were performed 
according to laboratory and animal welfare guidelines 
and were approved by the Animal Ethics Committee of 
the First Affiliated Hospital of China Medical University 
(approval no. 2019014). 

Microcomputed tomography (micro‑CT). The femurs were 
evaluated by microcomputed tomography (Skyscan 1276 
Micro‑CT; Bruker Corporation). X‑ray images at each angle 
were reconstructed into a 3‑dimensional image analyzed by the 
CT‑analyser software CTAn 1.19.11.1 (Bruker Corporation). 
The following variables were determined: Bone volume/tissue 
volume ratio (BV/TV), bone surface/bone volume ratio 
(BS/BV), trabecular separation (Tb.Sp) and trabecular thick‑
ness (Tb.Th).

Statistical analysis. Student's t‑tests and one‑way ANOVA 
followed by Tukey's post hoc tests were used for the statistical 
analysis. Experiments were performed with three replicates 
and were analyzed using SPSS 19.0 software (IBM Corp.). 
P<0.05 was considered statistically significant.

Results

Metformin inhibits apoptosis induced by H2O2 in MC3T3‑E1 
cells. The effect of metformin on osteoblasts under 
H2O2‑induced highly oxidative conditions was evaluated. A 
CCK‑8 cell viability assay was performed to investigate the 
effects of different concentrations of H2O2 on cell viability 
and thereby determine the appropriate concentration for use 
in subsequent experiments. H2O2 concentrations of 0.1, 0.2 
and 0.3 mM were used to treat cultured osteoblasts for 6 h. 
The results revealed a weak effect of 0.1 mM, intermediate 
effect of 0.2 mM and strong effect of 0.3 mM (Fig. 1A). As 
the loss of viability at 0.3 mM was considered too high and 
different from in vivo conditions, the 0.2‑mM concentration 
was deemed appropriate and selected for further experiments. 
Additionally, co‑treatment of the cells with 0.2 mM H2O2 and 
various concentrations of metformin (0.05, 0.1, 0.2, 0.3 and 
0.4 mM) indicated that only the 0.4‑mM concentration had a 
negative effect on cell proliferation (Fig. 1B). Flow cytometry 
was used to evaluate the alleviating effect of metformin at 
concentrations of 0.05‑0.3 on 0.2 mM H2O2‑induced osteoblast 
apoptosis. All metformin concentrations inhibited apoptosis, 
and treatment with 0.2 mM metformin exhibited the strongest 
ability to attenuate apoptosis (Fig. 1C and D). Therefore, 
this concentration of metformin was used in subsequent 
experiments.

Metformin reverses osteoblast apoptosis induced by H2O2 

via the mitochondrial pathway. The western blot analysis 
of proteins involved in the mitochondrial apoptotic pathway 
indicated that the levels of Bax, cleaved caspase‑3 and 
cytosolic cytochrome c were increased, and the level of Bcl‑2 
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Figure 1. Met inhibits apoptosis induced by H2O2 in MC3T3‑E1 cells. (A) Cells were treated with H2O2 for 6 h, and a suitable concentration of H2O2 was 
selected based on cell viability measured by CCK‑8 assay. (B) CCK‑8 assay results for evaluation of the effect of Met on the proliferation of MC3T3‑E1 cells. 
(C) Apoptosis rate of MC3T3‑E1 cells treated with 0.2 mM H2O2 with or without different concentrations of Met to select the optimum Met concentration, 
as determined by flow cytometry. (D) Representative flow cytometry plots. Experiments were performed in triplicate. Data are presented as the mean ± SD. 
**P<0.01 vs. control cells analyzed using ANOVA followed by Tukey's post hoc tests. CCK‑8, Cell Counting Kit‑8; Met, metformin; NC, negative control; 
FITC‑A, FITC‑Annexin V; OD, optical density.

Table I. Primers for quantitative polymerase chain reaction.

Name Forward (5'‑3') Reverse (5'‑3')

SIRT3 ATCCCGGACTTCAGATCCCC CAACATGAAAAAGGGCTTGGG
β‑actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

SIRT3, sirtuin3.

Table II. RNA interference sequences used for transfection.

Name Forward (5'‑3') Reverse (5'‑3')

SIRT3‑si‑1 CCCUGAACCCAUCUUUGAAdTdT UUCAAAGAUGGCUUCAGGGdTdT
SIRT3‑si‑2 GCAAGGUUCCUACUCCAUAdTdT UAUGGAGUAGGAACCUUGCdTdT
SIRT3‑si‑3 GGAUCUUACGCAGCGGGAAdTdT UUCCCGCUGCAUAAGAUCCdTdT

SIRT3, sirtuin3; si, small interfering RNA.
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and mitochondrial cytochrome c were decreased following 
induction with 0.2 mM H2O2; these changes were attenuated 
by treatment with 0.2 mM metformin (Fig. 2A and B). JC‑1 is a 
fluorescent probe used to detect the mitochondrial membrane 
potential. A reduction in mitochondrial membrane potential 
is an important event in the early stage of apoptosis (22). 
Changes in the mitochondrial membrane potential were 
detected by a mitochondrial membrane potential assay 
using JC‑1. The results indicated that metformin inhibited 
H2O2‑induced mitochondrial injury (Fig. 2C and D). 
Additionally, the expression levels of SOD 1 and CAT, which 
are important regulators of ROS production in mitochondria, 
were determined. The expression levels of these proteins 
were decreased after treatment with H2O2 and increased by 
metformin co‑treatment (Fig. 2E). These results suggest that 
H2O2 induces apoptosis via the mitochondrial pathway by 
changing the mitochondrial membrane potential and causing 

an imbalance in ROS, and these effects are reversed by 
metformin.

Metformin ameliorates osteoblast apoptosis induced by H2O2 
by upregulating SIRT3 expression via the PI3K/AKT pathway. 
To determine the role of SIRT3 in the reversal of H2O2‑induced 
apoptosis by metformin, the SIRT3 gene was knocked down by 
transfection of the cells with SIRT3‑siRNA (Fig. 3A). The data 
in Fig. 3B and C indicate that in cells treated with H2O2 and 
metformin, the targeted knockdown of SIRT3 attenuated the 
metformin‑induced reduction in apoptosis. Marker proteins of 
the mitochondrial apoptosis pathway were detected by western 
blotting. The levels of Bax, cleaved caspase‑3 and cytosolic 
cytochrome c increased and the level of Bcl‑2 was decreased in 
the H2O2 and metformin‑treated cells with SIRT3 knockdown 
compared with those without SIRT3 knockdown (Fig. 3D). 
Additionally, the direct effect of metformin on the expression 

Figure 2. Met reverses osteoblast apoptosis induced by H2O2 via the mitochondrial pathway. (A) Marker proteins in the mitochondrial apoptosis pathway 
were detected by western blotting in MC3T3‑E1 cells treated with H2O2 and/or Met. Representative blots are shown. (B) Expression levels of the proteins in 
(A) relative to those in the control group. (C) Qualitative changes of mitochondrial membrane potential were detected by flow cytometry. (D) Quantitative 
changes of mitochondrial membrane potential were detected using a full‑wavelength multifunctional microplate reader. (E) Protein expression of anti‑oxidase 
SOD 1 and CAT detected by western blotting, showing that Met improves the expression of antioxidant enzymes. Experiments were performed in triplicate. 
Data are presented as the mean ± SD. *P<0.05, **P<0.01 vs. control cells and ##P<0.01 vs. H2O2 treatment alone analyzed using ANOVA followed by Tukey's 
post hoc tests. Met, metformin; cyto c, cytochrome c; COX IV, cyto c oxidase subunit 4; SOD 1, superoxide dismutase 1; CAT, catalase; FL1, green JC‑1 
fluorescence (monomer); FL2, red JC‑1 fluorescence (aggregates).
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of SIRT3 was detected, and the results indicated that metformin 
attenuated the H2O2‑induced reduction in SIRT3 expression in 
osteoblasts (Fig. 3E). The mitochondrial membrane potential 
was also measured using a microplate reader, and the results 
show that the ability of metformin to inhibit the H2O2‑induced 
change in mitochondrial membrane potential was attenuated 
by SIRT3 knockdown, indicating that SIRT3 is involved in the 
mechanism by which metformin protects the mitochondria 
(Fig. 3F). In the H2O2 and metformin‑treated cells, the protein 
levels of SOD 1 and CAT were decreased following SIRT3 
knockdown (Fig. 3G), indicating that the oxidative state and 
ROS levels were increased. The PI3K/AKT signaling pathway 
is closely associated with cell proliferation, differentiation and 
apoptosis (23). In order to investigate whether this pathway is 

involved in the protective mechanism of metformin against 
H2O2‑induced osteoblast apoptosis, the levels of proteins in 
the PI3K/AKT pathway were measured. The results in Fig. 3H 
show that the activation of PI3K/AKT was inhibited in osteo‑
blasts under apoptosis‑inducing conditions and preserved 
with metformin co‑treatment. When SIRT3 was silenced, the 
preventive effect of metformin was suppressed. These results 
suggest that metformin protects the mitochondria and prevents 
the H2O2

‑induced apoptosis of MC3T3‑E1 cells by enhancing 
SIRT3 expression via the PI3K/AKT signaling pathway.

Metformin ameliorates bone loss in OVX mice. To verify 
whether metformin can prevent the development of osteopo‑
rosis in postmenopausal mice, a menopausal mouse model 

Figure 3. Met ameliorates osteoblast apoptosis induced by H2O2 by upregulating SIRT3 expression via the PI3K/AKT pathway. (A) Transfection efficiency 
of SIRT3 knockdown was detected at the mRNA and protein levels. (B) Apoptosis rate of MC3T3‑E1 cells after incubation for 6 h in the control, H2O2, 
H2O2 + 0.2 mM Met and H2O2 + 0.2 mM Met + SIRT3‑siRNA group. (C) Detection of cell apoptosis in the four groups by flow cytometry. (D) Marker 
proteins in the mitochondrial apoptosis pathway were detected by western blotting in the four groups. (E) Effect of Met on the protein expression of SIRT3. 
(F) Quantitative changes in mitochondrial membrane potential were detected using a full‑wavelength multifunctional microplate reader. (G) Protein expression 
of the antioxidant enzymes SOD 1 and CAT tested by western blotting shows that SIRT3‑siRNA interferes with the anti‑oxidative effect of Met. (H) Western 
blotting of proteins in the PI3K‑AKT pathway shows the involvement of this pathway in the SIRT3‑mediated protective effect of Met against osteoblast 
apoptosis. Experiments were performed in triplicate. Data are presented as the mean ± SD. **P<0.01 vs. control cells, ##P<0.01 vs. H2O2 alone and ^P<0.05 and 
^^P<0.01 vs. H2O2 + Met analyzed using ANOVA followed by Tukey's post hoc tests. Met, metformin; SIRT3, sirtuin3; siRNA, small interfering RNA; NC, 
negative control; cyto c, cytochrome c; COX IV, cyto c oxidase subunit 4; SOD 1, superoxide dismutase 1; CAT, catalase; p‑, phosphorylated.
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was generated by bilateral ovariectomy. After observation 
for 3 days, the ovariectomized mice were divided into two 
groups with or without intragastric metformin. A sham group 
was also established to verify the reliability of the model. The 
bone mass was assessed and microstructure was observed by 
micro‑CT analysis. As shown in Fig. 4A, the trabecular bone 
mass was lower in the OVX group compared with the sham 
group, and the phenomenon was attenuated by metformin 
feeding. The data obtained by micro‑CT scanning showed 
that Tb.Th and the BV/TV ratio were decreased in OVX mice 
compared with those in the sham group but were increased 
in the OVX + Met group compared with the OVX group. 

In addition, Tb.Sp and the BS/BV ratio were higher in the 
OVX group than those in the sham group and were decreased 
after metformin feeding (Fig. 4B). All the data indicate that 
bilateral ovariectomy led to a reduction in the bone mass of 
female mice and that intragastric metformin can prevent this 
deterioration.

To evaluate the oxidative level in the bone tissue of the 
mice, the protein levels of SOD 1 and CAT were assayed 
by western blotting. The results indicate that SOD 1 and 
CAT expression levels were lower in OVX mice compared 
with those in the sham group and were increased after treat‑
ment with metformin (Fig. 4C). These changes indicate that 

Figure 4. Met attenuates bone loss in ovariectomized mice. (A) 3‑Dimensional reconstruction of the micro‑CT images of femurs extracted from mice from 
the sham, OVX and OVX + Met groups. (B) BV/TV, BS/BV, Tb.Th and Tb.Sp values determined by micro‑CT. (C) Protein level of the antioxidant enzymes 
SOD 1 and CAT in bone tissue extracted from femurs. Data are presented as the mean ± SD (n=5 specimens/group). *P<0.05, **P<0.01 and ****P<0.0001 vs. 
OVX, and #P<0.05, ##P<0.01 and ###P<0.001 sham vs. OVX + Met analyzed using ANOVA followed by Tukey's post hoc tests. Met, metformin; BV/TV, bone 
volume/tissue volume (percentage bone volume); BS/BV, bone surface/bone volume (bone surface/volume ratio; Tb.Th, trabecular thickness; Tb.Sp trabecular 
separation; CT, computed tomography; OVX, ovariectomy; SOD 1, superoxide dismutase 1; CAT, catalase.
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estrogen deficiency disrupts the redox balance and induces a 
high‑oxidation state of the bone, which may lead to the apop‑
tosis of osteoblasts and development of osteoporosis. 

Discussion

At present, the treatment of osteoporosis is focused on direct 
action on osteoblasts and osteoclasts; for example, teriparatide 
promotes bone formation and bisphosphonates inhibit bone 
resorption. However, the condition of the patients remains 
unstable and is recurrent following drug withdrawal (24,25). 
The targeted treatment of osteoblasts or osteoclasts is 
limited, and the systemic regulation of osteoporosis is the 
focus of further studies. Oxidative stress is regarded as the 
main factor leading to body aging and organ damage (26‑28). 
Studies have indicated that postmenopausal women gener‑
ally have reduced antioxidant capacity and are in a highly 
oxidized state (29,30). The present study is consistent with 
this; OVX mice were established and shown to have reduced 
bone levels of antioxidative enzymes. Following treatment 
with metformin, the results indicated that the bone mass 
increased and the oxidative state of bone tissue was improved 
after the treatment. 

The present study also investigated the effect and mechanism 
of action of metformin on oxidative modulation in osteoblasts. 
Oxidative damage is caused by the excessive generation of ROS 
that attack cell membranes and destroy protein structures and 
genetic materials (31). Under physiological conditions, ROS 
are produced in the mitochondria and are partially eliminated 
by antioxidants, such as SOD and CAT, to maintain a dynamic 
balance. When excessive amounts of free radicals are 
produced and the antioxidant function is decreased, the ability 
of the body to eliminate and self‑repair may be exceeded; 
therefore, the release of copious quantities of free radicals 
induces apoptosis (32). Thus, H2O2 was used in the present 
study to mimic the hyperoxidative state in postmenopausal 
osteoporosis and induce osteoblast apoptosis. The results 
indicated that the H2O2‑induced changes in apoptosis and 
antioxidant levels were reversed by metformin treatment. Thus, 
metformin may prevent H2O2‑induced osteoblast apoptosis by 
improving mitochondrial function. 

Subsequently, the mechanism by which metformin 
regulates mitochondrial function was investigated. The 
SIRT protein family is important for the regulation of 
metabolism and aging (33). SIRT3 is associated with 
mitochondrial biogenesis and regulates the acetylation 
levels of metabolic enzymes in the mitochondria (34,35). 
SIRT3 has been demonstrated to increase the expression of 
CAT and SOD via the upregulation of forkhead box O3a in 
the nucleus (36,37). The excessive production of ROS can 
induce p53‑mediated apoptosis (38). However, enhancing the 
expression of SIRT3 can eliminate ROS, while a deficiency 
in SIRT3 leads to oxidative damage and accelerates 
aging (39,40). SIRT3 weakens the binding between p53 and 
Bcl‑2 associated athanogene 2 to activate the Bcl‑2‑mediated 
apoptosis‑inhibiting pathway (41). A reduction in the 
Bax/Bcl‑2 ratio inhibits the expression of cytochrome 
c, thereby reducing the activation of caspase‑3 (42). 
Additionally, studies have shown that SIRT3 expression 
is decreased in an oxidative damage model of osteoblasts 

induced by H2O2 and in a rat model of postmenopausal 
osteoporosis (43,44). This evidence indicates that SIRT3 may 
play an important role in the metformin‑dependent reversal 
of the apoptosis of osteoblasts caused by oxidative damage. 
In the present study, transfection technology was used to 
knockdown the expression of SIRT3, and the data indicate 
that the therapeutic effect of metformin was inhibited by 
the knockdown of SIRT3. These results indirectly indicate 
that metformin reverses the mitochondrial injury caused by 
H2O2 by upregulating the expression of SIRT3. Additionally, 
the PI3K/AKT pathway makes an important contribution 
to mitochondrial apoptosis. In the present study, the results 
also indicated that the SIRT3‑mediated protective effect of 
metformin against osteoblast apoptosis was mediated via the 
PI3K/AKT signaling pathway. In previous studies, attention 
has focused on how metformin inhibits apoptosis associated 
with oxidative damage (45,46). However, the present study 
proceeded from the effect of metformin on apoptosis, and 
focused on the protection of mitochondrial function and 
regulation of antioxidant enzymes by metformin.

Due to a limited understanding of the pathogenesis of 
osteoporosis, the current drugs for treating this condition are 
mainly aimed at the inhibition of osteoclasts (47,48). However, 
a simple decline in the effect of osteoclasts can only delay 
the deterioration induced by osteoporosis, and a decline in 
osteogenesis will continue to cause continuous bone mass loss 
concomitant to aging. Inhibition of the apoptosis of osteoblasts 
is an effective means for the treatment of osteoporosis. The 
present study demonstrates that oxidative damage is involved 
in the pathogenesis of postmenopausal osteoporosis, and 
metformin is an effective drug therapy. Additionally, the 
study provides a potential target for treatment, SIRT3, 
thus contributing to drug design and development. Further 
clarification of the role of oxidative damage in the development 
of osteoporosis and the effect of metformin on osteoclasts will 
be the focus of future research.
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