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Abstract. When bone resorption, aided by the activity of 
osteoclasts, exceeds bone formation induced by osteoblasts, 
bone metabolism loses equilibration, which results in the 
development of bone diseases, including osteoporosis. Pulsed 
electromagnetic fields (PEMFs) are known to be involved 
in various biological processes, including cell proliferation, 
differentiation and apoptosis. However, the exact mechanism of 
action of osteoclasts remains poorly understood. In the present 
study, the effects of PEMFs on osteoclast differentiation and 
associated signaling pathways were systematically investigated 
in RAW264.7 macrophages. RAW264.7 cells were induced 
by receptor activator of nuclear factor‑κB ligand (RANKL) 
to obtain osteoclasts in vitro. The results of the present study 
demonstrated that PEMF exposure decreased osteoclast 
formation, limited tartrate‑resistant acid phosphatase activity, 
contracted bone resorption area and inhibited osteoclastic 
specific gene and protein expression. Furthermore, western 
blot analysis indicated that PEMFs distinctly abolished the 
upregulation of phosphorylated‑protein kinase B (Akt), 
‑mammalian target of rapamycin (mTOR) and ‑ribosome 
S6 protein kinase (p70S6K) induced by RANKL, which 
was consistent with the effects of pharmacological inhibitor 
perifosine and rapamycin. Therefore, the present study 
suggested that PEMFs reduced osteoclast formation from 
RAW264.7 macrophages via inhibition of the Akt/mTOR 
signaling pathway. These findings provided novel insight into 

the mechanisms through which PEMFs suppress osteoclast 
differentiation.

Introduction

Osteoporosis is a common clinical disease exerting tremen-
dous emotional, economic and social repercussions on patients 
and their families  (1). Traditional pharmacological agents 
either promoting bone formation (e.g., parathyroid hormone) 
or inhibiting bone resorption (e.g., calcitonin, estrogen and 
bisphosphonate) may contribute to the prevention and reversal 
of osteoporosis to a certain extent; however, undesirable side 
effects, including metrorrhagia, esophagitis and mammary 
cancer, may occur simultaneously  (2,3). Despite extensive 
research in experimental studies and preclinical trials of other 
novel pharmacological agents (e.g., denosumab, odanacatib 
and saracatinib), the potential mechanisms and possible side 
effects are not fully understood (4‑6). Bonnick et al (7) found 
that odanacatib is a selective cathepsin K inhibitor being 
developed for the treatment of osteoporosis, but it increased 
the risk of atrial fibrillation and stroke. Furthermore, certain 
drugs are too expensive for patients to afford due to the long 
courses of drug treatment required.

Since the first application of pulsed electromagnetic 
fields (PEMFs) in accelerating clinical bone fracture healing 
in 1974 (8,9), the biological effects of PEMFs have gained 
considerable attention in orthopaedic research. Over the past 
four decades, studies regarding electromagnetic fields on 
different cells and animals have been extensively described. 
Accumulating evidence has revealed that PEMF stimulation 
potently promotes osteogenesis and enhances bone mineral-
ization both in vivo and in vitro (10‑12). Other studies have 
indicated that electromagnetic field treatment exerts protective 
effects on human bone marrow mesenchymal stem cells (13). 
Kang et al (14) suggested that the osteogenic differentiation of 
adipose‑derived stem cells and bone regeneration is acceler-
ated by PEMF stimulation. He et al (15) demonstrated that 
PEMFs significantly reduce the number of osteoclast‑like 
cells in the culture with macrophage colony stimulating factor 
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(M‑CSF) and receptor activator of nuclear factor‑κB ligand 
(RANKL), which indicates the potential role of PEMFs in 
osteoporosis. Despite the considerable beneficial effects of 
PEMF on osteoporosis  (16,17), the underlying mechanism 
remains to be fully elucidated, which may impose restrictions 
for the clinical application of PEMFs.

The pivotal role of osteoclasts in bone defects and osteopo-
rosis have resulted in their becoming a key therapeutic target in 
osteoporosis (18). Previous studies have investigated the effects 
of PEMFs on osteoblasts and osteoclasts. The results have 
demonstrated that PEMFs inhibit the differentiation of osteo-
clasts and facilitate the formation of osteoblasts, the underlying 
mechanisms of which are different (19,20). The promotion 
of osteoblast differentiation by PEMFs is primarily focused 
on the bone morphogenetic protein and the Wnt/β‑catenin 
signaling pathways, the activation of which facilitates osteo-
blast differentiation, and improves bone microstructure and 
strength (21,22). Various studies have suggested that PEMF may 
suppress osteoclast differentiation by regulating certain path-
ways in the RANK/RANKL/osteoprotegerin (OPG) signaling 
system (23), of which the protein kinase B (Akt)/mammalian 
target of rapamycin (mTOR) signaling pathway may be 
key  (24). The present study aimed to elucidate the effects 
of PEMFs on RANKL‑induced osteoclast differentiation 
from RAW264.7 macrophages and to explore the potential 
mechanisms involving the intracellular Akt/mTOR signaling 
pathway during this process.

Materials and methods

Cell culture and reagents. RAW264.7 cells were purchased 
from the American Type Culture Collection (Manassas, VA, 
USA). Cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA; 4.500 mg/l D‑glucose) supplemented with 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.) for maintaining cell growth or in α‑minimum essential 
medium (α‑MEM; Gibco; Thermo Fisher Scientific, Inc., 
1.000 mg/l D‑glucose) supplemented with 10% FBS (Gibco; 
Thermo Fisher Scientific Inc.) for inducing cell differentiation, 
at 37˚C in an environment containing 5% CO2. Recombinant 
mouse RANKL was obtained from R&D Systems 
(Minneapolis, MN, USA). Cell Counting Kit‑8 (CCK‑8) 
was purchased from Dojindo Molecular Technologies, Inc. 
(Kumamoto, Japan) and a tartrate‑resistant acid phosphatase 
(TRAP) staining kit was purchased from Sigma‑Aldrich; 
Merck KGaA (Darmstadt, Germany). Bovine bone slices were 
obtained from Third Military Medical University (Chongqing, 
China). cDNA Synthesis kits and All‑in‑One qPCR Mix 
were purchased from GeneCopoeia (Rockville, MD, USA). 
Antibodies against Akt, mTOR, ribosome S6 protein kinase 
(p70S6K), phosphorylated (p)‑Akt, p‑mTOR, p‑p70S6K, 
nuclear factor of activated T‑cells 1 (NFATc1), GAPDH and 
anti‑rabbit horseradish peroxidase‑conjugated antibodies were 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). Antibodies against matrix metallopeptidase 
(MMP)‑9, TRAP and cathepsin K (CTSK) were purchased 
from Proteintech (Rocky Hill, NJ, USA). Inhibitors perifo-
sine and rapamycin were purchased from Selleck Chemicals 
(Houston, TX, USA).

PEMF stimulation. To explore the effects of PEMFs on osteo-
clast differentiation, an electromagnetic field device was used, 
as previously described (25). Based on previous studies and the 
preliminary work of the present study, the appropriate param-
eters of PEMFs with 50 Hz and 1 mT were selected. Briefly, 
RAW264.7 macrophages were exposed to PEMFs in a system 
formed by Helmholtz coils (inner diameter of ~30 cm) that 
oriented to produce a sinusoidal PEMF with 50 Hz and 1 mT. 
All studies were conducted in a humidified incubator at 37˚C 
under 5% CO2 for 4 h per day. The control group was cultured 
in a separate incubator under the same conditions without 
exposure to PEMFs. Medium was changed every 2 days.

CCK‑8 assay for cell viability. Cell viability was tested 
using a CCK‑8 assay. RAW264.7 macrophages were seeded 
at a density of 2x103 cells/well onto a 96‑well culture plate in 
DMEM. Following the overnight incubation for attachment to 
the wall, the culture medium was changed to α‑MEM and cells 
were cultured further in a humidified incubator with RANKL 
(50 ng/ml), RANKL (50 ng/ml) + PEMF, perifosine (2.5 µM), 
rapamycin (1 µM) and PEMFs for 4 days. A CCK‑8 assay was 
carried out every 24 h (24, 48, 72 and 96 h) according to the 
manufacturer's protocol. CCK‑8 reagent was added to each 
well, followed by incubation for 4 h, prior to absorbance being 
measured at a wavelength of 450 nm using a microplate reader.

TRAP staining and activity. RAW264.7 macrophages were 
seeded at a density of 1.5x104 cells/well onto a 24‑well culture 
plate in DMEM overnight. Then, the medium was changed to 
α‑MEM with the addition of RANKL (50 ng/ml) or processed 
with RANKL + PEMF (50 Hz, 1 mT) for 4 days to induce 
osteoclast differentiation. Then, cells were fixed with 3.7% 
formaldehyde for 30 sec and were stained with TRAP staining 
solution (45 ml deionized water, 0.5 ml Fast Garnet GBC Base 
solution, 0.5 ml sodium nitrite solution, 0.5 ml naphthol AS‑BI 
phosphate solution, 2 ml acetate solution and 1 ml tartrate solu-
tion) according to the manufacturer's protocol. TRAP‑positive 
osteoclasts containing three or more nuclei were counted in 
12 wells/plate. This counting was repeated five times. TRAP 
activity was measured from osteoclast culture supernatants 
using a TRAP Staining kit. In brief, supernatants (30  µl 
per well) were incubated with the chromogenic substrates 
(170 µl) in a tartrate‑containing buffer for 3 h at 37˚C. Then, 
absorbance was measured to determine TRAP activities at a 
wavelength of 540 nm (26).

Bone resorption assay. Cells were seeded at a density of 
1.5x104 cells/well onto a 48‑well plate covered with bovine 
bone slices. RAW264.7 macrophages were then induced with 
RANKL (50 or 100 ng/ml) for 8 days with or without PEMF 
exposure. Following 8 days of culture, the bovine bone slices 
were washed with 5% sodium hypochlorite solution and 
toluidine blue staining was performed. To quantify the osteo-
clastic bone resorption, the resorbed pit areas were confirmed 
under a light microscope and identified by Image pro‑plus 
(version 6.0).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Cells were washed with DPBS, and 
total RNA was extracted using 1 ml TRIzol reagent. Samples 
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homogenized in TRIzol reagent were then extracted using 
0.2 ml chloroform. Following centrifugation at 10,000 rpm at 
4˚C for 15 min, the supernatant containing RNA was trans-
ferred into a new vial and RNA was precipitated by adding 
500 µl isopropanol. The supernatant was discarded following 
incubation for 10 min and centrifugation at 10,000 rpm for 
10 min. The pellet was washed with 1 ml 75% ethanol and 
centrifuged for 5 min at 7,000 rpm. The supernatant was then 
discarded and the pellet was dried. After adding 30 µl diethyl-
pyrocarbonate (DEPC)‑treated water, the pellet was dissolved 
at 85˚C for 10  min. Total RNA (1  µg) was then reverse 
transcribed with the cDNA synthesis kit to obtain cDNA, 
using the following temperature protocol: 37˚C for 60 min, 
followed by 98˚C for 5 min. qPCR was conducted in an ABI 
StepOnePlus Real‑time PCR system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) using ALL‑in‑One qPCR 
Mix. The thermocycling conditions were as follows: 95˚C for 
10 min followed by 95˚C for 10 sec, then 45 cycles of 60˚C for 
20 sec and 72˚C for 15 sec. The relative expression of genes 
was calculated using the 2‑ΔΔCq method and all results were 
normalized to GAPDH (27). The sequences of the forward and 
reverse primers were as follows: GAPDH, ACC​ACA​GTC​CAT​
GCC​ATC​AC and TCC​ACC​ACC​CTG​TTG​CTG​TA; NFATc1, 
GGT​AAC​TCT​GTC​TTT​CTA​ACC​TTA​AGC​TC and GTG​
ATG​ACC​CCA​GCA​TGC​ACC​AGT​CAC​AG; MMP‑9, CGC​
TCA​TGT​ACC​CGC​TGT​AT and TGT​CTG​CCG​GAC​TCA​
AAG​AC; TRAP, CTG​GAG​TGC​ACG​ATG​CCA​GCG​ACA 
and TCC​GTG​CTC​GGC​GAT​GGA​CCA​GA; and CTSK, AGG​
CAG​CTA​AAT​GCA​GAG​GGT​ACA and ATG​CCG​CAG​GCG​
TTG​TTC​TTA​TTC.

Western blotting. Cells were treated for the indicated time with 
various treatments. Then, western blotting was performed 
according to standard procedures. Cells were rinsed with 
PBS and harvested in radioimmunoprecipitation assay buffer 
containing protease and phosphatase inhibitors. Following 
incubation on ice for 30 min, the cell lysates were centrifuged 
at 12,000  rpm for 20 min and protein precipitations were 
collected. Proteins (20 ug) were separated on SDS‑PAGE 
(8‑12% gels) and devolved to nitrocellulose membranes. The 
membranes were blocked with 5% bovine serum albumin 
in TBST containing 0.1% Tween‑20 at room temperature 
for an hour and probed successively with rabbit primary 
antibodies against the following: MMP‑9 (1:1,000), TRAP 
(1:1,000), CTSK (1:500), NFATc1 (1:1,000), Akt (1:1,000), 
p‑Akt (1:2,000), mTOR (1:1,000), p‑mTOR (1:1,000), p70S6K 
(1:1,000), p‑p70S6K (1:1,000), β‑actin (1:1,000) and GAPDH 
(1:2,000) primary antibodies overnight at 4˚C. Horseradish 
peroxidase‑conjugated goat anti‑rabbit IgG antibodies were 
used as secondary antibodies at room temperature for an hour. 
The signals were detected by exposure in an enhanced chemi-
luminscence system system and then analyzed using ImageJ 
software (version 1.46).

Statistical analysis.. All data are expressed as the mean ± stan-
dard deviation. Statistical analyses were performed using 
Student's t‑tests or one‑way analysis of variance, followed by 
Student‑Newman‑Keuls post hoc test, using SPSS software, 
version 20.0 (IBM Corp., Armonk, NY, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effect of PEMF on cell viability. To investigate whether 
RANKL, PEMF or pharmacological inhibitors influenced 
cell viability, a CCK‑8 assay was performed. RAW264.7 
macrophages were cultured with different stimuli for 4 days. 
The 450 nm absorbance was detected every 24 h to assess 
cell viability post‑incubation with the CCK‑8 reagent. As 
presented in Fig. 1, over the four day period, there was no 
significant difference observed among the different groups, 
with respect to cell viability, suggesting that RANKL, PEMF 
and pharmacological inhibitors had no cytotoxic effects on 
osteoclast precursor cells.

Effect of PEMF on osteoclast formation and TRAP activity. 
TRAP enzyme is highly expressed and secreted in mature 
osteoclasts, and functions as a secure indicator for osteoclast 
formation (28). To explore the influence of PEMF on osteoclast 
formation, TRAP staining and measurement of TRAP activity 
was conducted. Osteoclasts containing three or more nuclei 
were categorized as TRAP‑positive cells. When treated with 
RANKL, the number of giant osteoclasts containing multiple 
nuclei was markedly increased compared with the control 
(Fig. 2A). However, the number of multinuclear osteoclasts 
induced by RANKL was significantly decreased by PEMF 
application (Fig. 2B). Results of the TRAP activity assay also 
demonstrated that RANKL treatment resulted in enhancement 
of TRAP activity, while this facilitating effect was attenuated 
by PEMF application (Fig. 2C). The suppression of multinucle-
ated osteoclast formation and TRAP activity during osteoclast 
differentiation suggested that PEMF decreased osteoclasto-
genesis via osteoclast precursor (RAW264.7 macrophages) 
fusion inhibition.

Effect of PEMF on osteoclastic bone resorption in  vitro. 
Mature osteoclasts function to absorb bone matrix, resulting 
in an irregular surface of the matrix (29). The present study 
investigated whether PEMF could inhibit osteoclastic bone 
resorption in  vitro (Fig.  3). RANKL‑induced osteoclasts 
resulted in resorption pits on bovine bone slices (Fig. 3A). 

Figure 1. Effect of pulsed electromagnetic fields on cell viability. RAW264.7 
macrophages were treated with different stimuli for 4 days. Cell viability 
was determined using the Cell Counting Kit‑8 assay every 24 h. Data are 
presented as the mean ± standard deviation of three independent experiments.
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Figure 2. PEMF inhibits RANKL‑induced osteoclast formation. (A) RAW264.7 macrophages were treated with or without RANKL (50 ng/ml) in the presence 
or absence of PEMF exposure for 4 days. Cells were stained for TRAP. Original magnification, x4. Scar bar=50 µm. (B) TRAP‑positive multinucleated cells 
(nuclei ≥3) were counted manually and using a nuclei‑counter plug‑in for ImageJ. (C) TRAP activity was quantitatively measured. Data are presented as the 
mean ± standard deviation of three independent experiments. ***P<0.001 vs. control; ###P<0.001 as indicated, based on Student's t‑tests and one‑way analysis of 
variance. PEMF, pulsed electromagnetic fields; TRAP, tartrate‑resistant acid phosphatase; RANKL, receptor activator of nuclear factor‑κB ligand.

Figure 3. (A‑D) PEMF inhibits RANKL‑induced bone resorption. (A and C) RAW264.7 macrophages were cultured on bone slices with or without RANKL 
(50 or 100 ng/ml) in the presence or absence of PEMF exposure for 8 days. Osteoclasts were removed and resorption pits on bone slices were then stained 
with toluidine blue. Original magnification, x10. Scar bar=100 µm. The red arrows show resorption pits. (B and D) Proportion of bone resorptive pit areas 
formed by osteoclasts were analyzed and processed using the Image pro‑plus system. Data are presented as the mean ± standard deviation of three independent 
experiments. ***P<0.001 vs. control; ##P<0.01 as indicated, based on Student's t‑tests and one‑way analysis of variance. PEMF, pulsed electromagnetic fields; 
RANKL, receptor activator of nuclear factor‑κB ligand.
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The data also revealed that bone resorptive pit areas increased 
with a higher concentration of RANKL (100 ng/ml; Fig. 3C). 
However, the bone resorption of osteoclasts induced by 
RANKL was markedly attenuated by exposure to 50  Hz 
PEMFs (Fig. 3B and D), which was consistent with the inhibi-
tory effects of PEMFs on osteoclast formation, and in turn 
implied the active bone resorption activity of multinucleated 
osteoclasts. These results indicated that PEMF repressed the 
bone resorption activity of osteoclasts in vitro.

Effect of PEMF on osteoclastic differentiation. To further 
elucidate the role of PEMF in osteoclast differentiation, 
the present study examined the expression of osteoclastic 

marker genes during osteoclastogenesis using RT‑qPCR. 
The expression of NFATc1, one of the osteoclast‑specific 
transcription factors, as well as that of three other osteoclastic 
specific genes, MMP‑9, TRAP and CTSK, was upregulated 
upon treatment with RANKL. However, this was signifi-
cantly decreased by the addition of PEMF (Fig. 4A‑D). This 
PEMF‑regulated expression of osteoclastogenic markers 
were further confirmed by western blotting (Fig. 4E and F). 
Collectively, these data supported the inhibition of osteoclast 
formation by PEMFs.

PEMFs inhibit RANKL‑induced osteoclastogenesis via 
regulation of the Akt/mTOR signaling pathway. To evaluate 

Figure 4. PEMF suppresses RANKL‑induced osteoclastic specific gene and protein expression. Cells were exposed to RANKL (50 ng/ml) alone or in combina-
tion with PEMF exposure for 2 or 4 days. Gene expression levels of osteoclastic markers (A) MMP‑9, (B) TRAP, (C) CTSK and (D) NFATc1 were determined 
by reverse transcription‑quantitative polymerase chain reaction. GAPDH served as a loading control. (E) On day 4, lysates were immunoblotted with MMP‑9, 
TRAP, CTSK and NFATc1 antibodies. β‑actin served as a loading control. (F) Relative protein expression levels were measured using ImageJ software. Data 
are presented as the mean ± standard deviation of three independent experiments. *P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. RANKL group, 
based on Student's t‑tests and one‑way analysis of variance. PEMF, pulsed electromagnetic fields; TRAP, tartrate‑resistant acid phosphatase; RANKL, receptor 
activator of nuclear factor‑κB ligand; MMP‑9, matrix metallopeptidase‑9; CTSK, cathepsin K.
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the effect of PEMF on RANKL signaling activation following 
RANKL treatment in RAW264.7 cells, proteins associated 
with the Akt/mTOR signaling pathway, including Akt, mTOR 
and p70S6K, were examined by western blotting. As demon-
strated in Fig. 5A, the data revealed that there was no significant 
difference among groups in the total protein expression levels 
of Akt,  mTOR and p70S6K. However, the expression of 
p‑Akt, p‑mTOR and p‑p70S6K, the type of modified protein 
with a crucial role in this signal transduction, was increased 
in response to RANKL treatment (Fig.  5B). Conversely, 
the upregulation of these proteins induced by RANKL was 
suppressed by pharmacological inhibitors, perifosine (Akt 
inhibitor) and rapamycin (mTOR and p70S6K inhibitor). In 
accordance with the inhibitory effects of antagonists, PEMF 
application also distinctly decreased RANKL‑induced 
upregulation of these phosphorylated proteins (Fig.  5C 
and D), suggesting the possibility that PEMF may inhibit 
RANKL‑induced osteoclastogenesis by suppression of the 
Akt/mTOR signaling pathway./

Discussion

Osteoclasts, the specialized cells derived from monocyte/
macrophage haematopoietic lineage, develop and adhere to 
bone matrix, and subsequently secrete acid and lyase that 
degrade it in an extracellular compartment  (24). Due to 
excess osteoclastic activity, bone resorption is accelerated 
resulting in an imbalance of bone remodeling, leading to 
osteoporosis and other associated diseases, particularly in 
the elderly population  (30). Osteoporosis is an important 
issue in orthopedics. PEMF has been successfully applied 
to various diseases in several basic research experiments, 
most commonly including senile osteoporosis, osteoarthritis 
and cancer bone metastasis. However, few studies have 
reported the effects of PEMF on osteoclast differentiation 
and formation, and the associated signaling pathway mecha-
nisms (31,32). A previous study demonstrated that PEMF 
exposure markedly inhibited RANKL‑induced osteoclast 
formation from RAW264.7 macrophages, and that this effect 

Figure 5. PEMF reduces RANKL‑induced osteoclastogenesis via inhibition of the Akt/mTOR signaling pathway. (A) Following serum‑starvation for 6 h, 
RAW264.7 cells were stimulated with RANKL (50 ng/ml) for 15 or 30 min. Cell lysates were prepared for immunoblotting with antibodies, as indicated. 
(B) Relative protein expression levels were measured using ImageJ software. GAPDH served as a loading control. (C) Following serum‑starvation for 6 h, 
RAW264.7 cells were incubated for 15 min with RANKL (50 ng/ml), RANKL (50 ng/ml) + PEMF or RANKL (50 ng/ml) with pharmacological inhibitors 
[perifosine (Akt inhibitor, 2.5 µM, dissolved in water) and rapamycin (mTOR and p70S6K inhibitor, 1 µM, dissolved in dimethyl sulfoxide)]. Total protein was 
extracted from each group and evaluated by western blotting. (D) Relative protein expression levels were measured using ImageJ software. GAPDH served 
as a loading control. Data are presented as the mean ± standard deviation of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs. control group; 
#P<0.05, ##P<0.01 vs. RANKL group, based on Student's t‑tests and one‑way analysis of variance. PEMF, pulsed electromagnetic fields; RANKL, receptor 
activator of nuclear factor‑κB ligand; Akt, protein kinase B; mTOR, mammalian target of rapamycin.
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resulted from suppression of intracellular Akt and mTOR 
protein phosphorylation.

RANKL and M‑CSF are necessary for the differen-
tiation and maturation of osteoclasts, which then activate the 
RANK receptor on the surface of haematopoietic precursor 
cells  (33). Macrophage RAW264.7 cells are capable of 
secreting adequate M‑CSF independently to support their 
osteoclast differentiation. This cell line is known to be suit-
able for investigating RANKL‑induced osteoclast formation 
in vitro due to the high levels of RANK it produces (34). The 
present study demonstrated that RANKL led to a significant 
increase in the number of osteoclasts, and the mRNA and 
protein expression of osteoclastic markers throughout the 
4 day experimental period. However, the marked increases in 
the number of multinucleated giant osteoclasts and the expres-
sion of osteoclastic‑specific marker were suppressed by PEMF 
exposure during osteoclastogenesis. Furthermore, it was 
demonstrated that PEMFs inhibited RANKL‑induced Akt 
and mTOR activation. Therefore, these results revealed that 
PEMF exposure reversed RANKL‑induced osteoclast differ-
entiation and formation via suppression of the Akt/mTOR 
signaling pathway.

RANKL, a tumor necrosis factor (TNF) family member, 
serves an important role in osteoclast survival, cytoskeletal 
reorganization, bone resorption and osteoclast differentiation. 
Activation of RANK by its ligand is crucial for osteoclastogen-
esis. Wong et al (35) demonstrated that RANKL activates the 
anti‑apoptotic serine/threonine kinase Akt through a signaling 
complex involving TNF receptor‑associated factor (TRAF) 6 
and c‑Src in osteoclasts. Akt, also known as protein kinase 
B, has been demonstrated to be vital in osteoclast differentia-
tion (36). Furthermore, Akt functions to phosphorylate mTOR, 
a protein involved in cell growth, homeostasis and cell differ-
entiation via the phosphatidylinositol 3‑kinase (PI3K)/Akt 
signaling pathway (37). Inhibition of mTOR by rapamycin, 
an mTOR inhibitor, decreases the number of multinucleated 
TRAP‑positive osteoclasts in the chondro‑osseous junction in 
rats (38). Following the activation of Akt and mTOR protein, 
the downstream signaling pathways are activated and osteo-
clast differentiation is promoted.

Despite the future potential of arising therapeutic strate-
gies revealed by these studies, there are also limitations. The 
specific mechanism by which PEMF inhibits the Akt/mTOR 
signaling pathway remains unclear. One possibility is that 
PEMF influences the Src signaling pathway, which is a 
significant RANK signaling network in osteoclasts. Src, a 
signaling protein required for osteoclast activation, has also 
been revealed to bind to TRAF6 and allow RANK‑mediated 
signaling to proceed through lipid kinase phosphatidylino-
sitol  3  OH kinase and serine/threonine protein kinase 
Akt (39). Src has an important role in the signal transduction 
of the RANK/RANKL/OPG signaling network. The activa-
tion or inhibition of Src signaling pathways may influence 
cell proliferation, differentiation, motility and cytoskeletal 
rearrangement  (24). However, further investigation is 
required to elucidate the specific underlying mechanisms and 
associations.

In conclusion, the results of the present study demonstrated 
that PEMF (50 Hz, 1 mT) inhibited osteoclast differentiation 
from RAW264.7 macrophages by inhibiting the Akt/mTOR 

signaling pathway. Therefore, PEMF may be an effective 
non‑invasive method in the treatment of a wide range of 
osteoclast‑associated diseases. Understanding the anti‑osteo-
clastogenesis mechanism of PEMF may be helpful for the 
efficient use of PEMF in osteoporosis‑associated diseases, 
both in animal experiments and as a future therapeutic 
strategy.
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