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This study aimed to investigate the effect of metformin on osteoclast differentiation and apoptosis. Low 
concentration of metformin inhibited osteoclast differentiation and downregulated the expression of TRAP, 
RANK, Cathepsink, NFATC-1, MMP-9 and TRAF-6. High concentration of metformin promoted osteoclast 
apoptosis and upregulated the expression of Bax/Bcl-2 and caspase-3; BV/TV, BS/TV, Tb.N and BMD were 
increased while Tp.Sp decreased in the group of intraperitoneal metformin+femoral intramedullary osteoclast 
injection (Met+OC) compared with the control group, 1 nM metformin downregulated Akt, p44/42 MAPK, JNK, 
p38 MAPK phosphorylation, 5 nM metformin down regulated ERK and Akt phosphorylation. These results 
suggest that a low concentration of metformin inhibits osteoclast differentiation through PI3K/Akt and MAPK/
ERK signaling pathway; high concentrations of metformin promote osteoclast apoptosis through PI3K/Akt and 
ERK signaling pathway.

1. Introduction
Osteoclasts (OCs), which are tissue-specific macrophages with 
multiple nuclei, are generated by the differentiation of monocyte/
macrophage precursor cells, and are considered as key players in 
bone remodeling. Most of the skeletal diseases in adults such as 
osteoporosis, periodontal disease, rheumatoid arthritis, multiple 
myeloma and bone metastasis of malignant tumors occur due to 
overactive osteoclast osteolysis, resulting in bone metabolic imbal-
ances (Boyle et al. 2003). The incidence of osteoporosis and fracture 
risk are increased in patients with type 2 diabetes, while the risk 
of fracture is reduced under treatment with biguanides (Melton et 
al. 2008); Metformin (Met) plays a major role in reducing insulin 
resistance, but new functions are constantly being discovered, such 
as in the treatment of multiple sclerosis (Dziedzic et al. 2020). In 
addition, some studies have shown that Met might reduce the inci-
dence of cancer in patients with type 2 diabetes mellitus (Libby et 
al. 2009). The overall survival rate of patients with colorectal cancer 
undergoing chemotherapy showed improvement (Bansal et al. 
2011), and enabled patients with diabetes mellitus and breast cancer 
to attain better prognosis (Xu et al. 2015). However, the effect and 
mechanism of Met on osteoclasts are still unclear. Hence, this study 
aimed to investigate the effect of Met on osteoclast differentiation 
and apoptosis, and explore its possibility in treating osteoporosis and 
other bone loss diseases.

Fig. 1: Isolation and culturing of primary BMMs, induction of osteoclast differenti-
ation, identification, and drug concentration screening. (a) light microscopy 
of primary BMMs at 100X, osteoclasts and TRAP staining; (b) the actin ring 
structure was observed under 200X light microscope with staining of phal-
loidin and DAPI; (c) BMMs were stimulated by Met for 48 hours, and the 
absorbance value was detected by CCK-8 method at 450nm. The data were 
expressed as means ± standard, * indicating p < 0.05, * * indicating p < 0.01.
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2. Investigations and results

2.1. Isolation and culturing of primary BMMs, induc-
tion of osteoclast differentiation, identifi cation and drug 
concentration screening
After induction of adherence, the primary BMMs appeared as long 
spindle shaped (Fig. 1a). After induction with 50 ng/ml M-CSF 
and 50 ng/ml RANKL for 6-8 days, the multinucleated giant cells 
that were surrounded by fibro-actin rings were fused, and the actin 
ring structure could be clearly displayed by phalloidin staining 
(Fig. 1b). TRAP positive cells with more than three nuclei were 
defined as osteoclasts (Fig. 1a). After 48 h of stimulation with Met, 
the proliferation of BMMs was not inhibited if the concentration 
of Met was less than 2 mM. At 5 mM and 10 mM, the proliferation 
of primary BMMs was significantly inhibited (Fig. 1c). Therefore, 
the range of 0-1 mM was selected for intervening the process of 
osteoclast differentiation, excluding the interference of false posi-
tives. Concentrations of 5 mM and 10mM were used to analyze the 
effect of Met on osteoclast apoptosis.

2.2. Low concentrations of Met inhibited osteoclast 
differentiation, while high concentrations of Met could 
promote osteoclast apoptosis
TRAP staining showed that Met (0.1, 0.2, and 1 mM) could 
inhibit osteoclast differentiation, and its inhibition was gradually 
increased with increasing concentration. Met (1 mM) completely 

inhibited osteoclastic differentiation induced by M-CSF and 
RANKL (Fig. 2a, b).
The results of bone resorption lacunae test showed that Met (0.1, 
0.2, and 1 mM) effectively inhibited bone resorption of osteoclasts. 
With increasing the experimental concentration, the area of bone 
resorption lacunae showed a gradual decrease. At 1 mM concentra-
tion, no bone resorption lacuna was obvious anymore (Fig. 2c, d).
Flow cytometry showed that osteoclasts had a certain tendency 
to self apoptosis, which was consistent with the phenomenon 
observed in the induction culture of osteoclasts. With increasing 
concentration of Met (5 mM,10 mM), the proportion of osteoclast 
apoptosis was shown to be gradually increased (Fig. 2e, f).

2.3. Met inhibits the expression of osteoclast differentia-
tion and apoptosis-related genes and proteins
Real-time PCR and Western blotting results showed that Met could 
inhibit the expression of TRAP, RANK, Cathepsink, NFATC-1, 
MMP-9, TRAF-6, and its inhibitory effect was gradually enhanced 
with increasing concentrations of Met and reached the strongest 
with 1 mM Met (Fig. 3a,c,d). However, the expression of Bax/
Bcl-2 and caspase-3 was gradually increased when stimulated with 
5 mM and 10 mM Met (Fig. 3 b,c,e).

Fig. 2: Low concentration of metformin inhibits osteoclast differentiation; high con-
centration of metformin promotes osteoclast apoptosis. (A, B) TRAP staining 
was observed under a microscope at 100X; (C, D) bone resorption lacuna test 
was observed under a light microscope at 200X; (E, F) effect of metformin on 
osteoclast apoptosis as detected by flow cytometry. The data were expressed 
as means ± standard, * indicating p < 0.05, * * indicating p < 0.01.

Fig. 3: Metformin inhibits the expression of osteoclast differentiation and apop-
tosis-related genes and proteins. (A)(B) Effect of metformin on osteoclast 
differentiation and apoptosis-related genes were detected by real-time PCR; 
(C) effects of metformin on osteoclast differentiation and apoptosis-related 
proteins and (D) (E) gray value data analysis. The data were expressed as 
means ± standard deviation, * indicating p < 0.05, * * indicating p < 0.01.

2.4. Met inhibits bone destruction of osteoclasts in nude mice
The results of micro CT showed that after injection of osteoclasts into 
the medullary cavity of the distal femur, the local bone mass showed 
enlargement, the epiphyseal line was destroyed, the shape was disor-
dered, and the trabecular bone in the medullary cavity remained sparse. 
Otherwise, the bone destruction induced by osteoclasts was treated by 
intraperitoneal injection of Met. Data analysis results showed that the 
NS+OC group decreased bone surface area tissue volume ratio (BS/
TV), trabecular number (TB. N), bone mineral density (BMD), and 
increased separation of trabecular bone (Tp.Sp). Also the three-dimen-
sional reconstruction showed a similar effect. However, BS/BV and 
Tb.Th showed no statistical difference when compared with control 
group, suggesting that osteoclasts had no influence on TB.N during 
the study period. Compared with the control group, BV/TV, BS/TV, 
BS/BV, Tb.N, TP.SP, Tb.Th and BMD of the Met+NS group showed 
no statistical differences. However, the Met+OC group had higher 
BV/TV, BS/TV, Tb.N, BMD, and TP.Sp were decreased, suggesting 
that Met inhibited osteocatabolism of osteoclasts. Three-dimensional 
reconstruction showed similar effects. However, BS/BV and Tb.Th 
showed no statistical differences when compared with NS+OC group 
(Fig. 4a, b, c).
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Immunohistochemical results of paraffin sections suggested 
that the number of TRAP positive cells in Met+NS group was 
significantly reduced, and the expression level of caspase-3 in 
osteoclasts was significantly increased. Otherwise, TRAP positive 
cells showed significant reduction and caspase-3 positive cells 
were increased in the Met+OC group when compared with control 
group NS+OC. These results suggested that the concentration of 
200 mg/kg of Met in vivo had dual effects, and not only inhibits 
osteoclast differentiation, but also promotes osteoclast apoptosis 
(Fig. 4 d, e, f).

osteoclasts showed positive correlation with the size of the osteo-
clasts and the number of nuclei (Lees et al. 2001). Differentiated 
and mature osteoclasts secrete H+ into resorption pits through 
vacuolar ATPases to decompose bone inorganic mineralization 
components that are dominated by hydroxyapatite. In addition, 
they can secrete a variety of proteases, such as degradation of 
extracellular matrix proteins and other collagen-based organic 
components (Clarke 2008; Väänänen et al. 2000), that are trans-
ported into the bone resorption pits through vesicles, and the 
degradation products of bone matrix are eventually phagocytosed 
by the osteoclasts. Cathepsin (Cts) and matrix metalloproteinases 
(MMPs) are the most characteristic related enzymes (Henriksen 
et al. 2011). In particular, the upregulation of MMP-9 expression 
during osteoclast differentiation stimulates enhanced bone resorp-
tion activity (Andersen et al. 2004). Studies have demonstrated 
that tetracycline analogues inhibited osteoclast differentiation by 
inhibiting mmp-9-mediated histone H3 cleavage (Kim et al. 2019).
Cytokine receptor activator of nuclear factor kappa B ligand 
(RANKL) and macrophage colony-stimulating factor (M-CSF) are 
the key factors for stimulating progenitor cells, which further differ-
entiate into proosteoclasts. Among these, RANKL is mainly involved 
in inducing osteoclast-specific differentiation process in progenitor 
cells (Ono et al. 2018; Kim et al. 2002). Nuclear transcription 
factor-activated T cell 1 (NFATc-1) acts as a key factor in osteoclast 
differentiation, and studies have confirmed that downregulation of 
NFATc-1 expression effectively inhibits the formation of osteoclasts 
(Kim et al. 2015). Specific binding of RANK and RANKL leads 
activates TRAF6, p38, ERK, and JNK, c-Fos, activator protein-1 
(AP-1), and NF-kappa B, resulting in increased expression of NFATc 
1 (Kobayashi et al. 2001; Soysa et al. 2012; Lee et al. 2016). This 
ultimately led to the induction of osteoclast-specific genes, including 
dendritic cell-specific transmembrane protein (Dcstamp), V-type 
proton ATPase subunit D2 (Atp6v0d2), acid phosphatase (TRAP), 
and cathepsin K(Ctsk). These genes showed association with osteo-
clasts, forming multinucleated giant cells (Soysa et al. 2012; Lee et 
al. 2006). M-CSF plays an important role in osteoclast proliferation, 
differentiation, viability and motility (Wang et al. 2018). It has been 
reported that M-CSF induces RAS/ERK activation by binding to 
M-CSFR-Tyr559, -Tyr697/Tyr921 and -Tyr973 through SFKs, 
GRB2 and CBL1, respectively (Alonso et al. 1995; van der Geer 
et al. 1993; Takeshita et al. 2007; Rohde et al. 2004). Moreover, 
M-CSF-induced PI3K/AKT activation can be promoted by p85 
binding to M-CSF-Tyr721 (Soysa et al. 2012; Lee et al. 2006) and 
GAB family adaptor proteins (Liu et al. 2001; Lee and States 2000). 
Akt acts as an important anti-apoptotic factor, and inhibition of Akt 
activation can lead to increased activation of pro-apoptotic proteins, 
such as Bcl-2-related X (Bax), Bcl-2-related death promoter (Bad) 

Fig. 4: Metformin inhibits bone destruction of osteoclasts in nude mice. 
(A) Full-length images of femurs were reconstructed in nude mice; 
(B) 3D reconstruction of images of trabeculae; (C) VOI region-
al data analysis of distal femur; (D) (E) (F) the number of TRAP and 
Caspase-3 positive cells in distal femoral and statistical analysis, Scale 
bar = 200μm. The data were expressed as means ± standard, * indicating p < 
0.05, * * indicating p < 0.01.

2.5. Met regulates osteoclast differentiation and apop-
tosis through PI3K/Akt signaling pathway, MAPK/ERK 
signaling pathway and ERK signaling pathway
Western blotting analysis showed that phosphorylation of AKT, 
p44/42 MAPK, JNK, and p38 MAPK has reached the strongest level 
at 1 mM when primary BMMs were stimulated by RANKL for 15 
min. Met pre-incubation for 1 h blocked the phosphorylation of the 
above proteins. When osteoclasts were stimulated with 5 mM Met, 
then the phosphorylation of AKT and ERK was gradually decreased 
with time gradient. These inhibitory effects were similar to those of 
PI3K/Akt signaling pathway inhibitor LY294002 and MAPK/ERK 
signaling pathway inhibitor U0126 (Fig. 5).

3. Discussion
Osteoclasts are multinucleated giant cells that are formed by the 
fusion of many mononuclear osteoclast precursors with myeloid/
monocyte sources (Parfitt 2002). The bone resorption capacity of 

Fig. 5: Metformin regulates osteoclast differentiation and apoptosis through PI3K/
Akt signaling pathway, MAPK/ERK signaling pathway and ERK signaling 
pathway
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and Caspase-3 (Franke et al. 2003). ERK is also an important factor 
in regulating apoptosis. Studies have confirmed that inhibition of 
ERK activation can promote phosphorylation of Bcl-2 interacting 
apoptosis mediator (Bim) and play a role in promoting apoptosis 
(Sun et al. 2019).
Therefore, primary BMMs from C57 mice were used in this study, 
which induce osteoclast differentiation with M-CSF and RANKL. 
Also the low concentration of Met could inhibit osteoclast differ-
entiation and bone resorption function in a dose-dependent manner. 
Otherwise, high concentrations of Met can promote osteoclast 
apoptosis along the gradient concentration. An animal model of 
osteoclast bone destruction was successfully established by injecting 
osteoclasts into the femoral intercondylar medullary cavity of 
BALB/C nude mice. Intraperitoneal injection of Met was used as the 
treatment method to explore the effects of Met on osteoclast bone 
destruction in animals. The results of micro CT showed that the local 
bone catabolism was increased after osteoclast injection, and Met 
could treat this bone destruction. However, if this therapeutic effect 
is achieved by inhibiting osteoclast differentiation or by promoting 
osteoclast apoptosis still requires investigation. In order to answer 
this question, immunohistochemical detection was performed on the 
femur of nude mice, and confirmed that Met treatment in a dose of 
200 mg/kg, which has been selected in our previous experiments, 
demonstrated dual effects. This not only inhibited the differentiation 
and formation of osteoclasts, but also promoted osteoclast apoptosis.
To further explore the mechanism, we first confirmed that low 
concentrations of Met could effectively inhibit the expression of 
TRAP, RANK, Cathepsink, NFATC-1, MMP-9, and TRAF-6 at 
both gene and protein levels, while high concentrations of Met 
could increase the expression of Bax and caspase-3, and inhibited 
the expression of Bcl-2. After that, RANKL, the key factor that 
promotes osteoclast differentiation, stimulated the primary BMMs 
within 15 min, and then phosphorylated Akt, p44/42MAPK, JNK, 
p38MAPK, reaching the strongest level, and 1 mM Met could 
block the activation of RANKL. When the osteoclasts were stim-
ulated with 5 mM Met, then the phosphorylation of Akt and ERK 
was shown to be blocked in a time-dependent manner.
In conclusion, low concentrations of Met prevented primary BMMs 
from fusion and differentiation into mature osteoclasts by blocking 
the phosphorylation of PI3K/Akt and MAPK/ERK signaling path-
ways. In addition, high concentrations of Met induced osteoclast 
apoptosis by blocking the phosphorylation of PI3K/Akt and ERK 
signaling pathways.

4. Experimental

4.1. Ethics approval
The operation of animal experiments conformed to the animal ethics standards of EU 
Directive 2010/63/EU for animal experiments. Approval No. 2019168 by the Labora-
tory Animal Management and Use Committee of Wuhan University.

4.2. Extraction, isolation and culture of primary bone marrow mono-

nuclear cells(BMMs)
The femurs of 4-weeks-old male C57BL/6 mice (Hubei Laboratory Animal Research 
Center, Wuhan, China) were removed under sterile conditions. The bone marrow 
cavity was gently rinsed by alpha-MEM (Hyclone, USA) containing 10% FBS 
(Gibco, USA) and 1% penicillin-streptomycin (Biyuntian, China). The rinsed solution 
was then filtered through a 200 mesh filter, and quickly incubated at 37 ºC in 5%CO

2
 

(Thermo, USA), and stood for 24 h. The supernatants were then collected and 50 ng/
ml M-CSF (R&D Systems, USA) was added to induce adherence for 3 days.

4.3. Phalloidin staining
The primary BMMs (2x105 cells per well) were inoculated and 50 ng/ml M-CSF+50 
ng/ml RANKL (R&D Systems, USA) was added to induce osteoclast differentiation 
for 8 days. The primary BMMs were fixed with 4% paraformaldehyde for 20 min, and 
permeated with 0.5% Tritonx-100 for 5 min, and then incubated with 100 nM phalloidin 
(Servicebio, China) for 30 min. This was followed by addition of DAPI staining solution 
(Servicebio, China) for 5 min, and sample imaging under a fluorescence microscope.

4.4. CCK-8 assay for cell proliferation
Primary BMMs (1x104 cells per well) were inoculated and adherence was within 24 h. 
Next, different concentrations (0, 0.1, 0.2, 0.5, 1, 2, 5,10 mM) of Met (Adamas, 

China) were added to stimulate within 48 h. Then, 10 μl CCK-8 solution (Dojindo, 
Janpa) was added and incubated for 1 h at 37 ºC in 5% CO

2
 in dark. The absorbance 

was measured at 450 nm.

4.5. TRAP Staining
The primary BMMs (2x104 cells per well) were inoculated and induced for osteoclast 
differentiation. Meanwhile, Met (0, 0.1, 0.2, and 1 mM) was added to intervene the 
differentiation process. After 8 days, the osteoclasts were stained according to the 
operation steps of TRAP staining kit (servicebio, China), and the number of osteo-
clasts (TRAP positive, with nucleus ≥3) was counted under an inverted microscope 
(Olympus, Japan).

4.6. Bone resorption lacunae experiment
The primary BMMs (6x104 cells per well) were inoculated into a 24-well osteo assay 
plate (Corning, USA), and osteoclast differentiation was induced, while Met (0, 0.1, 
0.2, and 1 mM) was used to intervene the differentiation process. After 8 days, the 
cells were fixed with 4% paraformaldehyde, rinsed with 5% sodium hypochlorite 
(Sigma-Aldrich, USA), and observed under an inverted microscope (Olympus, 
Japan). The area was analyzed using image-proplus 6.

4.7. Flow cytometry
The primary BMMs (1x105 cells per well) were inoculated and osteoclast differen-
tiation was induced. After 8 days, the cells were stimulated with Met (0, 1, 5, and 
10 mM) within 24 h. This was followed by operation steps of Annexin V FITC/PI 
apoptosis kit (MultiSciences, China), and the apoptotic rate was detected by flow 
cytometry (Backman Coulter, USA).

4.8. Real-time PCR
The primary BMMs (2x105 cells per well) were inoculated and stimulated by Met 
(0, 0.1, 0.2, and 1 mM) to intervene osteoclast differentiation for 8 days. In addition, 
osteoclasts were induced to differentiate for 8 days, and Met (0, 1, 5, and 10 mM) was 
added for 24 h. Total RNA was extracted according to the instructions of TRIpure 
Total RNA Extraction Reagent Kit (ELK biotechnology, China). According to the 
instructions of HiScript III RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme, 
China), cDNA was obtained by reverse transcription at 50 ºC for 15 min and 85 ºC 
for 5 s, and the gene expression changes were detected on a q225 fluorescence quan-
titative qPCR instrument (KUBO, China). The primer sequences were as follows:
GAPDH forward: TGAAGGGTGGAGCCAAAAG;reverse: AGTCTTCTGGGTGG-
CAGTGAT;
TRAP forward:
TGTTGACAGCGGTCCATCTAG; reverse:AGCGAATCTCCCTGTTCCAC;
RANK forward:
CTCCTTGGAAAGCTAGAAGCAC; reverse: TTCCCTCCCTTCCTGTAGTAAAC;
Cathepsink forward:
GCACCCTTAGTCTTCCGCTC; reverse: GGTCATATAGCCGCCTCCAC;
NFATC-1 forward:
TATATGAGCCCATCCTTGCCT; reverse: GGCTGCCTTCCGTCTCATAG;
MMP-9 forward:
AAAGGCAGCGTTAGCCAGAA; reverse: ACAACTCGTCGTCGTCGAAA;
TRAF6 forward:
CTGTGCTGTGTCCATGGCATAT; reverse: GCAAGTGTCGTGCCAAGTGAT;
Bax forward:
GGGTGGCAGCTGACATGTTT; reverse: GCCTTGAGCACCAGTTTGCT;
bcl-2 forward:
GAGACAGCCAGGAGAAATCA; reverse: CCTGTGGATGACTGAGTACC;
Caspase-3 forward:
TGTCATCTCGCTCTGGTACG; reverse: AAATGACCCCTTCATCACCA;

4.9. Western-blot
Like for the real-time PCR stimulation method, the total protein was extracted with 
1:100 ratio of a protease inhibitor Cocktail (MCE, USA):RIPA lysate (Beyotime, 
China). The protein concentration was then measured according to BCA protein 
concentration determination kit (Beyotime, China). The protein samples were then 
prepared, denatured at 100 ºC for 5 min, and loaded. Next, SDS-PAGE electropho-
resis was performed and 5% skimmed milk was used for sealing at room temperature 
within 2 h. The samples were then incubated with primary antibodies overnight in 
a shaker at 4 ºC, and then incubated with secondary antibodies in a shaker at room 
temperature for 1 h. The samples underwent ECL development, and the gray values 
were measured with image J.

4.10. Animal models of osteoclast bone destruction and micro-CT 

scanning
Six 4-weeks-old male balb/c nude mice (Beijing Sparford Biotechnology Co., Ltd.) 
were randomly labeled from 1-6. Of these, the first 3 mice were intraperitoneally 
injected with normal saline (100 μl, twice a week), and the remaining 3 mice were 
intraperitoneally injected with Met (200 mg/kg, twice a week). The bilateral distal 
femoral medullary cavities of No. 1 and No. 4 mice were injected with normal saline 
(30 μl, twice a week); No. 2 and No. 5 were injected with osteoclasts (5x105 cells/30 μl, 
twice a week) into the left distal femoral medulla, and saline (30 μl, twice a week) 
was injected onto the right side; and No. 3 and No. 6 were injected with osteoclasts 
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(5x105 cells/30 μl, twice a week) into the distal medullary cavity of bilateral femur. 
Four weeks later, the femurs of nude mice were surgically removed, fixed with tissue 
fixative solution, and then scanned by micro-CT.

4.11. Immunohistochemical analysis of paraffi n sections
The femurs were decalcified by 10% EDTA decalcification solution (Absin, China) 
at 4 ºC for 3 days at a rotating speed of 0.02 m/s. The femurs were dehydrated by 
conventional gradient alcohol, and embedded in paraffin at 65 ºC. The paraffin tissues 
were then sliced (paraffin slicer: Lecia:RM2245) with a thickness of 8 μm, and roasted 
at 60 ºC for 1 h. After routine dewaxing and hydration, the slices were placed in 1X 
citric acid repair solution (Servicebio, China), repaired in a microwave oven for 8 
min, incubated with 3% H

2
O

2 
for 5 min, and sealed with 5% BSA (Servicebio, China) 

for 1 min. The primary antibody (1:200 dilution) was incubated for overnight at 4 ºC, 
rewarmed at 37 ºC for 30 min, washed with phosphate buffered saline (PBS) followed 
by biotin-labeled secondary antibody, dripped with SABC reagent (Solarbio, China), 
and incubated at 37 ºC for 30 min. DAB color was observed, and then was followed 
by washing with distilled water, restaining with hematoxylin, performing routine 
dehydration, and dry sealing. The observation was performed by Aperio VERSA 8.

4.12. Western-blot analysis of signal pathways
Primary BMMs (1x106 cells per well) were inoculated, and stimulated by 50 ng/ml 
M-CSF and 50 ng/ml RANKL at different time points (0, 5, 15, 30, and 60 min), and 
three other dishes of cells were pre-incubated with 1 mM Met, 20 mM LY294002 
(MCE, USA), and 5 mM U0126 (MCE, USA) for 1 h. The 50 ng/ml M-CSF and 
50 ng/ml RANKL were then added to stimulate the cells for 15 min. In addition, 
osteoclasts were differentiated for 8 days, stimulated with 5 mM Met at different time 
points (0, 5, 15, 30 min), and stimulated with 20 μM LY294002 and 5 μM U0126for 
30 min as positive control groups. As in the previous western blotting steps, the ECL 
chemiluminescence imaging system (TANON-5200) was applied to analyze the 
changes in the protein expression.

4.13. Statistical analysis
All experimental studies were repeated at least 3 times, and the data were expressed as 
means ± standard deviation. T-test was performed to compare the differences between 
the two groups. P<0.05 was defined as statistically different, and P<0.01 as significant 
difference.

Conflicts of interest: none declared.
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