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Abstract: Increasing evidence has shown the effects of pulsed electromagnetic fields (PEMFs) on the biological 
behaviors of osteoblasts and bone metabolism. This study aimed to investigate the effects of static magnetic fields 
(SMFs) on osteoblast differentiation and the underlying mechanism. Rat osteoblasts cultured in vitro were exposed 
continuously to a 12.5-, 125-, or 250-mT SMF for different periods. Osteoblast proliferation was evaluated by MTT 
assay. Alkaline phosphatase (ALP) and osteocalcin (OCN) activities were monitored. c-Jun mRNA and protein ex-
pression were measured by quantitative real-time PCR and immunohistochemistry. No significant difference in cell 
number was found between the exposed and control cells during the culture period. During a 20-day culture, ALP 
and OCN expression were significantly increased. Furthermore, c-Jun expression was significantly increased in cells 
exposed to a SMF in a dose-dependent manner. SMF exposure promoted osteoblast differentiation, and this may 
be related to the induction of c-Jun expression. These results provide insight into a possible mechanism by which 
SMF exposure affects osteoblast differentiation, which will aid in the selection of a suitable clinical therapeutic SMF 
flux density for osteogenesis. 
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Introduction 

Dental magnetic attachments provide a static 
magnetic force generated by a Neodymium 
(Nd2Fe14B) permanent magnet and offer many 
outstanding advantages [1, 2]. For example, 
they can provide a long-term reliable retention 
force to significantly improve the retention and 
stability of removable dentures as well as 
reduce lateral force to protect abutment teeth 
and improve masticatory efficiency. Therefore, 
dental magnetic attachments have been 
applied in a variety of therapies, especially for 
the retention of partial and full dentures, 
implant prostheses or other maxillofacial appli-
ances [3-5].

Increasing evidence has demonstrated the eff- 
ects of pulsed electromagnetic fields (PEMFs) 
on the biological behaviors of osteoblasts and 
bone metabolism [6, 7]. Moreover, PEMFs have 

been extensively used in the clinical treatment 
of delayed unions and non-unions [8-10]. 
Recently, in vivo and in vitro studies have shown 
that, like PEMFs, static magnetic fields (SMFs) 
affect a number of biological processes related 
to bone growth such as osteoblastic prolifera-
tion, differentiation, bone mineral density, and 
healing of bone fractures [11-13].

The proliferation and differentiation of osteo-
blasts, which are responsible for the growth, 
formation, and remodeling of bone, are regu-
lated by a wide variety of systemic and local 
regulatory factors such as cytokines and hor-
mones [14]. Moreover, osteoblastic prolifera-
tion and differentiation represent complicated 
multistep processes modulated by an integrat-
ed gene expression cascade [15, 16]. Proto-
oncogene c-Jun is one of the immediate early 
genes (IEGs), and it forms a complex with c-Fos 
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as activator protein-1 (AP-1) to regulate cell  
proliferation and differentiation [17]. After acti-
vation, AP-1 is recruited to the binding sites of 
its target genes, such as alkaline phosphatase 
(ALP), osteocalcin (OCN), transforming growth 
factor-β1 (TGF-β1), and insulin-like growth fac-
tor-I/II (IGF-I/II), where it activates their expres-
sion and ultimately modulates the cellular 
response. Thus, c-Jun is considered to be a 
critical regulator of osteoblastic differentiation 
[18].

In our studies, three magnetic flux densities of 
magnetic field systems were designed accord-
ing to the flux densities detected on the surface 
of Magnedisc 800 magnetic attachments in 

the clinical application. We have also previously 
demonstrated that SMF-simulating magnetic 
attachments have no effects on osteoblast 
shape, cell cycle distribution, and apoptosis 
[19]. However, SMF stimulation enhances cell 
differentiation in the early maturation stage 
[20], but the underlying mechanism remains 
unknown. In the present study, our results fur-
ther confirm that SMF exposure can promote 
osteoblastic differentiation and reveal that this 
effect is associated with the induction of c-Jun 
expression. These results provide insight into 
the effects of SMFs generated by magnetic 
attachments on bone formation and will aid the 
selection of a suitable clinical therapeutic SMF 
flux density for osteogenesis.

Figure 1. A. The structural diagram of the exposure system for the static magnetic field (SMF). The different parts 
of the exposure system are indicated with arrows. 3.5-cm cultured dishes were placed directly on the south polar 
surface of the permanent magnets and in the well-distributed 40-mm diameter magnetic area of the exposure 
system. B. The magnetic flux density distribution in the cross-sectional figure of the static magnetic field exposure 
system (e.g., 250 mT). Based on three-dimensional finite element method, the well-distributed magnetic area was 
40 mm in diameter and 40 mm in height. The direction of magnetic field was directed perpendicularly to the bottom 
of the field.
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Material and methods

SMF exposure system 

For SMF exposure, three independent magnet-
ic field systems were designed with average 
flux densities of 12.5, 125, and 250 mT, respec-
tively (Southwest Institute of Applied Magnetics, 
Mianyang, China) (Figure 1A, 1B). Each of them 
was constructed from magnetic poles and mag-
netic yokes. The magnetic poles were made of 
Neodymium (Nd2Fe14B) permanent magnets 
covered by pole shoes. Permanent magnets 
were designed to provide three kinds of mag-
netic flux densities, 12.5, 125, and 250 mT. 
The pole shoes were used to improve the homo-
geneity of the magnetic field. Through optimiz-
ing the shapes of the poles and pole shoes, a 
relatively uniform SMF was produced in a large 
imaging volume between the poles. The well-
distributed magnetic area was 40 mm in diam-
eter and 40 mm in height. The magnetic yoke 
made of pure iron was structured to reduce the 
loss of the field flux. It also housed and sup-
ported magnetic poles. The north magnetic 
pole was attached on the lower surface of the 
roof of the magnetic yoke, while the south mag-
netic pole was connected to the upper surface 
of the bottom of the magnetic yoke. The direc-
tion of magnetic field was directed perpendicu-
larly to the bottom of the field. Based on a previ-
ous study [21], the magnetic flux density on the 
surface of Magnedisc 800 magnetic attach-
ments is 250 mT under the open-field circuit 
and 12.5 mT under the closed-field circuit. In 
addition, 125 mT represented the middle flux 
density when the magnet and sliding keeper 
were maintained laterally at a certain distance 
or a sufficient amount of air existed between 
them. Therefore, there were three independent 
similar structural magnetic field systems de- 
signed according to different magnetic flux den-
sities, 12.5, 125, and 250 mT, respectively.

Cell culture 

Osteoblasts were isolated from calvarias of 
newborn Sprague-Dawley rats by enzymatic 
digestion. Newborn Sprague-Dawley rats were 
obtained from the Animal Experimental Center 
of Sichuan University. All procedures and han-
dling of animals conformed to the guidelines of 
international conventions on animal experi-
mentation. Animal protocols were approved by 
the ethics committee of Sichuan University. 
Cells were plated and cultured in DMEM sup-

plemented with 10% fetal bovine serum (FBS) 
(Harry Biological Engineering Co. LTD, Chengdu, 
China) and 1% penicillin-streptomycin (Gibco, 
Life Technologies, Carlsbad, CA, USA) at 37°C 
in a humidified atmosphere of 5% CO2. Cultured 
osteoblasts were divided into four groups: the 
control group and three SMF-exposed groups. 
Three SMF-exposed groups were exposed to 
flux densities of 12.5, 125 or 250 mT. Briefly, 
osteoblasts were seeded at a density of 1×105 
cells/ml in 3.5-cm dishes and cultured in 
DMEM (Gibco, Carlsbad, CA, USA) supplement-
ed with 10% FBS and 1% penicillin-streptomy-
cin in an unexposed environment in the incuba-
tor at 37°C with 5% CO2 for 24 h. For all SMF-
exposed groups, 3.5-cm cultured dishes were 
placed directly on the south polar surface of 
the permanent magnets and in the well-distrib-
uted 40-mm diameter magnetic area of expo-
sure system. Cultured cells were exposed con-
tinuously to a SMF for different periods. The 
control cells were cultured continually in an 
identical incubator without SMF exposure at 
the same time.

Cell proliferation assay

The numbers of viable cells with or without SMF 
exposure on days 1, 3, 5, 7, and 9 were deter-
mined using the methyl-thiazol-diphenyl-tetra-
zolium (MTT) colorimetric assay. Briefly, for pro-
liferation assay, osteoblasts were seeded at a 
low density of 1×105 cells/ml in 96-well plates. 
After exposure to the 12.5-, 125-, or 250-mT 
SMF, the cells were incubated with the tetrazo-
lium salt (MTT) for 4 h according to the suppli-
er’s instructions (MTT kit, Sigma-Aldrich, St. 
Louis, MO, USA). Then the formazan dye was 
solubilized with 500 µl dimethyl sulfoxide for 10 
min, and the absorbance of each well was mea-
sured by using a microplate reader (HTS 7000 
plus, PE Co., Ltd., Philadelphia, PA, USA) at 490 
nm.

ALP activity assay

ALP activity was detected using Sigma-Aldrich 
kit 85 (AMP buffer, Merit Choice Bioengineer- 
ing, Hong Kong, China) according to the manu-
facturer’s instructions. The ALP activity of cul-
tured osteoblasts was determined after 1-14 
days of exposure to the 12.5-, 125-, or 250-mT 
SMF. Briefly, osteoblasts were seeded at a den-
sity of 1×105 cells/ml in 3.5-cm dishes. At each 
time point, the media were aspirated, cells 
were washed twice with PBS, and 300 µl 0.05% 
(v/v) Triton X-100 (Sigma-Aldrich) was added 
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per dish. After three freeze/thaw cycles, 50-µl 
aliquots of cell lysate from each dish were 
transferred to a 96-well plate. Absorbance was 
measured at 405 nm with a spectrophotome- 
ter (HTS 7000 plus, PE Co. Ltd.). ALP enzyme 
activity was evaluated for 60 min and express- 
ed as Vmax. Total protein in cell lysate was 
detected at 595 nm by the Coomassie brilliant 
blue method. ALP activity values were normal-
ized against protein concentration of total cell 
lysate.

OCN expression assay

Cultured osteoblasts were exposed continu-
ously to a 12.5-, 125-, or 250-mT SMF for 20 
days, and OCN expression was measured with 
the Iodine [125I] Osteocalcin radioimmunoassay 
kit (Sigma-Aldrich) according to the manufac-
turer’s instructions. Briefly, the supernatants of 
each group were collected, lyophilized, and 
stored at -80°C. Samples were then dissolved 
in PBS and incubated with 100 µl Iodine [125I] 
Osteocalcin antibodies (1:250) overnight at 
4°C. Subsequently, samples were centrifuged 
at 1,000× g for 25 min. The radiation dose was 
detected using a SN-682 γ automatic counter 
(Shanghai Institute of Nuclear Research on the 
Environment and Instrument, Shanghai, China).

Quantitative reverse transcription-polymerase 
chain reaction (qRT-PCR)

Osteoblasts were exposed continuously to a 
12.5-, 125-, or 250-mT SMF for 2, 6, 12, 24, or 
48 h in the test groups for detecting the mRNA 
expression of cellular c-Jun, while the con- 
trol groups not exposed to a SMF were used  
for comparison. Total RNA was isolated from 
osteoblasts using the RNA extraction Kit 
(Promega, Madison, WI, USA). cDNA was syn-
thesized from 1 µg of purified total RNA using 
oligo dT primers and Improm-II Reverse 
Transcription System (Bio-Rad, Hercules, CA, 
USA). For qRT-PCR, a reference pool was gener-
ated by combining equivalent amounts of RNA 
from all the samples. The primer sequences 
were: 5’-GACTGCAAAGATGGAAACGA-3’ and 
5’-GGTCATGCTCTGCTTCAGAA-3’ for c-Jun; and 
5’-TGGGTGTGAACCACGAGAA-3’ and 5’-GGCAT- 
GGACTGTGGTCATGA-3’ for GAPDH. They were 
designed and analysed by using Primer Premi- 
er 5.0 software. The c-Jun level was normalized 
to that of GAPDH.

Immunocytochemical staining

After exposure to the SMF of 12.5-, 125-, or 
250-mT for 2, 6, 12, 24, or 48 h, osteoblasts 
were washed three times with PBS, fixed with 
4% paraformaldehyde in PBS for 1 h and stored 
at -80°C. c-Jun expression in osteoblasts was 
detected using the DAB Horseradish Peroxi- 
dase Color Development Kit (Sigma-Aldrich) 
according to the manufacturer’s instructions. 
Briefly, cells were incubated with primary rab-
bit-anti-mouse c-Jun monoclonal antibody 
(Sigma-Aldrich) overnight at 4°C, and then incu-
bated with horseradish peroxidase-conjugated 
secondary antibody (Sigma-Aldrich). Finally, the 
images were taken using a photomicroscope 
(Olympus BH 50, Tokyo, Japan). The specimens 
in each of the four groups were blindly evaluat-
ed by two histologists. The number of positive 
stained cells was calculated by counting the 
total cells in a 100-µm2 window through ampli-
fication slides at 40× magnification and ex- 
pressed as the percentage of positively stain- 
ed cells.

Statistical analysis

Data are expressed as means ± standard devi-
ation (SD), and data were analyzed using the 
SAS program (SAS version 8.1, Cary, NC, USA). 
Comparisons between control and SMF-
exposed groups were performed by repeated 
measures analysis of variance tests, and differ-
ences with p values less than 0.05 were con-
sidered significant.

Results

SMF exposure has no effect on osteoblast pro-
liferation

The number of viable cells in each group with or 
without SMF exposure showed a continuous 
increase throughout the experimental period 
(Figure 2). However, no significant difference in 
cell number was found between exposed and 
control cells during the culture period of 9 days 
(P>0.05). These data indicate that SMF expo-
sure has no effect on the proliferation of 
osteoblasts.

SMF exposure increases ALP activity of osteo-
blasts

Immunohistochemical assay of ALP activity 
showed that compared with the control group, 
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sure increases ALP activity of 
osteoblasts in a time- and 
dose-dependent manner.

SMF exposure increases OCN 
expression in osteoblasts

We further investigated late 
stage differentiation by mea-
suring the osteocalcin expres-
sion up to 20 days. Radio- 
immunoassay showed that 
compared with the control 
group, the OCN protein level 
was not significantly different 
after 1 or 3 days of exposure 
to a SMF (P>0.05). In contrast 
to the small differences at 5 
and 7 days, the differences at 
late stage were more pro-
found. The OCN protein level 
was markedly increased from 
12-20 days of exposure to a 
SMF (P<0.01). However, no 
significant changes were de- 
tected in OCN protein expres-
sion between the three SMF 
exposure groups (Figure 4). 
These results demonstrate 
that SMF exposure increases 
OCN expression in osteo-
blasts in a time-independent 
manner.

SMF exposure increases 
c-Jun mRNA expression in 
osteoblasts

Real-time PCR analysis show- 
ed that c-Jun mRNA expres-
sion in 12.5-mT SMF-exposed 
cells was significantly incre- 
ased at 6 and 12 h, compar- 

Figure 2. The effects of SMF exposure on osteoblast proliferation. The num-
bers of viable cells increased continually over the culture period. The cell 
growth trends of SMF-exposed cells and unexposed cells were similar. No sig-
nificant differences in viable cell number were found between SMF-exposed 
and control cells during the culture period (P>0.05).

Figure 3. The effects of the various flux densities of the SMF on ALP activity 
of osteoblasts. After 5 and 7 days of exposure, ALP activity was significantly 
different in the three groups with different SMF flux densities compared to 
the control and was gradually up-regulated during subsequent culture pe-
riods (10-14 days). This increase was dependent on the flux density of the 
SMF (*P<0.05, **P<0.01). 

ALP activity in SMF-exposed cells was not sig-
nificantly different after 1 day of exposure 
(P>0.05), but was slightly increased after 3 
days of exposure to the 125-mT and 250-mT 
SMFs (P<0.05). After 5 and 7 days of exposure, 
ALP activity was significantly different in the 
three groups with different SMF flux densities 
compared to the control and gradually up-regu-
lated during the subsequent culture periods 
(10-14 days), and this increase was dependent 
on the flux density of the SMF (P<0.01, Figure 
3). These results demonstrate that SMF expo-

ed to that in control cells (P<0.05). c-Jun mRNA 
expression in the 125-mT group was increased 
to 300% at 2 h and then decreased but 
remained higher at 6 h than that in the control 
and 12.5-mT groups (P<0.05). However, with 
longer exposure time, there was no statistical 
difference in c-Jun mRNA expression between 
the control and 125-mT groups (P>0.05). In 
addition, when cells were treated with the 250-
mT SMF, the c-Jun mRNA level was significantly 
increased to 310% at 2 h and maintained at 
higher level at 12 h compared to the control, 
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early significant increase in ALP expression of 
SMF-exposed cells may represent the early 
onset of osteoblast differentiation. These data 
suggest that SMF exposure promotes osteo-
blastic differentiation, consistent with the find-
ings of previous studies [23, 24].

OCN is one of only a few proteins that are 
expressed only in osteoblasts. OCN is expre- 
ssed by highly differentiated osteoblasts dur- 
ing the mineralization stage in rat calvaria cells 
and is a marker of late-stage osteoblast differ-
entiation [17, 25]. We had noted a large differ-

12.5-mT, and 125-mT groups (P<0.05). At 24 
and 48 h, no difference in c-Jun mRNA expres-
sion was found between the control and SMF-
exposed cells (Figure 5). 

SMF exposure increases c-Jun protein expres-
sion in osteoblasts

Immunohistochemical staining showed weak 
staining of c-Jun in the nuclei of unexposed 
control cells, but strong staining in the nuclei of 
SMF-exposed cells (Figure 6A-D). The percent-
ages of c-Jun-positive cells were significantly 

Figure 4. The effects of the various flux densities of the SMF on OCN expres-
sion in osteoblasts. In contrast to the small differences at 5 and 7 days, the 
OCN protein level was markedly increased from 12-20 days of exposure to 
the SMF (P<0.01). However, no significant changes were detected in OCN 
protein expression between the three SMF exposure groups (*P<0.05, 
**P<0.01). 

Figure 5. c-Jun mRNA expression in osteoblasts after SMF exposure. c-
Jun mRNA levels in the 125-mT and 250-mT groups were significantly in-
creased at 2, 6, and 12 h, compared to those in control cells (*P<0.05 and 
**P<0.01). 

increased after 6 and 12 h  
of exposure to the 12.5-mT 
SMF, compared to those 
among control cells (P<0.05). 
In the 125-mT SMF-exposed 
group, the percentages of 
c-Jun-positive cells were sig-
nificantly higher at 2 and 6 h, 
and then declined gradually. 
In the 250-mT SMF-exposed 
group, the percentages of 
positively stained cells for 
c-Jun at 2, 6, and 12 h were 
significantly higher than those 
in the control group (P<0.05), 
and then the percentages of 
these cells stained positively 
for c-Jun appeared to decre- 
ase at 24 and 48 h (Figure 7).

Discussion

Osteoblast differentiation is  
a multistep series of events 
modulated by an integrat- 
ed gene expression cascade, 
which initially supports cell 
proliferation and then pro-
motes matrix maturation and 
mineralization of the bone 
extracellular matrix [22]. ALP 
activity is a well-known early 
marker of osteoblast differen-
tiation. In the present study, 
we found that the ALP activity 
of SMF-exposed cells was 
slightly increase from days 3- 
to 5, and markedly increased 
from days 7 to 14, whereas 
the significant increase of 
unexposed cells was observ- 
ed after day 10. Thus, the 
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ence in OCN expression with SMF exposure. 
Though the increase in OCN expression was 

only slight at days 5 and 7,  
the sharp increase in OCN 
expression after day 12 may 
be indicative of its involve-
ment in the onset of increased 
mineralization, whereas the 
much more gradual increase 
observed in the absence of 
the SMF after day 16 may be 
responsible for the slower 
rate of mineralization. These 
results are in agreement with 
the report by Yamamoto [14], 
who found that SMF exposure 
promoted ALP activity and 
OCN content in the culture 
medium. 

To further investigate tran-
scriptional factors that regu-
late the expression of ALP and 

Figure 6. Immunohistochemical staining of c-Jun in osteoblasts after SMF exposure. (A) Weak staining of c-Jun was 
observed in the nuclei of control cells. Strong staining of c-Jun was observed in cells exposed to: (B) 125 mT at 2 h; 
(C) 250 mT at 2 h; and (D) 12.5 mT at 6 h. Scale bar = 25 µm.

Figure 7. The percentage of positively stained cells among osteoblasts after 
SMF exposure. The percentage of cells stained positively for c-Jun was signif-
icantly increased among cells exposed to a 12.5-mT SMF for 6 and 12 h, and 
those exposed to 125-mT and 250-mT SMFs for 2, 6, and 12 h, compared to 
control cells (*P<0.05 and **P<0.01).

OCN, we detected the expression of c-Jun by 
real-time PCR and immunohistochemical stain-
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ing. Under normal circumstances, the expres-
sion of c-Jun is too low to be detected in most 
cells. The transcription level of c-Jun has been 
characterized by rapid activation in response to 
extracellular stimuli. c-Jun heterodimerizes with 
c-Fos to form the transcriptionally active com-
plex known as activator protein 1 (AP-1), which 
binds to AP-1 binding sites of the target genes 
to activate their expression and ultimately 
affect cellular function [17, 18].

Recently, both in vivo and in vitro studies have 
indicated that c-Jun plays an important role in 
the induction of osteogenesis. c-Jun is consid-
ered to be a critical regulator of the expression 
of TGF-β, IGF-I, and IGF-II, which all contain AP-1 
binding sites. In addition, activated AP-1 pro-
tein can bind the DNA sequence 5’-TGA(C/G)
TCA-3’ in the promoters of osteoblast-specific 
growth factors such as ALP, OCN, type I colla-
gen, and type II collagen, to activate their 
expression and promote cell differentiation. 
Therefore, c-Jun plays an important role in the 
induction of osteogenesis. However, whether 
c-Jun is involved in the effects of SMF exposure 
on osteoblastic differentiation remains unclear.

In the present study, we observed relatively low 
levels of c-Jun mRNA and low percentages of 
positively stained cells in control osteoblasts 
throughout our experiments. However, after 
exposure to SMFs of different flux densities, the 
expression of c-Jun mRNA and the percentages 
of positively stained cells increased dramati-
cally. In cells exposed to a 12.5-mT SMF, c-Jun 
mRNA and the percentage of positively stained 
cells were significantly increased at 6 and 12 h 
compared to those in control cells. Moreover, 
exposure to both 125-mT and 250-mT SMFs 
promoted greater expression of c-Jun mRNA 
and protein than were observed in the control 
group and cells exposed to a 12.5-mT SMF as 
early as 2 h from the onset of exposure. In the 
250-mT SMF-exposed group, the increased 
expression of c-Jun mRNA and protein contin-
ued until 12 h. The variations in c-Jun expres-
sion in response to SMFS of different intensi-
ties indicated a dose-dependent relationship. 
Similarly, Hirose et al. [26] found that c-Jun 
expression in HL-60 cells is enhanced by expo-
sure to a high 6-T gradient magnetic field from 
24-72 h, but not by exposure to high magnetic 
flux density. The reasons for differential c-Jun 
expression in response to different SMFs are 
currently unknown, but these differences may 

be related to the type and flux density of the 
magnetic field. 

We found that ALP activity in untreated cells did 
not show a significant increase until 10-14 
days. Similarly, OCN production was not signifi-
cantly improved until 16-20 days. However, 
SMF stimulation tended to promote an early 
increase and then later a sharp increase in ALP 
and OCN production. c-Jun that encodes the 
major component of AP-1 belongs to the class 
of immediate early genes that are rapidly and 
transiently induced by extracellular stimuli. 
AP-1 acts as a nuclear third messenger, con-
verting cytoplasmatic signals into long-term 
alterations in gene expression, a mechanism 
that is essential for gene regulation in response 
to many extracellular stimuli [27-29]. Because 
c-Jun is considered to be a critical regulator of 
osteoblastic differentiation, the sharp increase 
in c-Jun expression induced by SMFs may be 
involved in the early increase and later rapid 
increase in ALP and OCN expression in SMF-
exposed cells.

In addition, we found that c-Jun mRNA expres-
sion and the percentage of positively stained 
cells were increased from 2-12 h of exposure to 
SMFs of different flux densities but not from 
24-48 h, suggesting that SMF-induced c-Jun 
expression is a temporary phenomenon. The 
expression pattern of c-Jun was consistent with 
the characteristics of an IEG, which is increased 
dramatically at the beginning of SMF exposure 
and then decreases sharply. The exact mecha-
nism underlying the transient expression of 
c-Jun remains elusive, and it may involve spe-
cific receptor desensitization, the shorter half-
life of mRNA, an increase in negative transcrip-
tion factors, or a decrease in positive transcrip-
tion factors [30, 31].

c-Jun/AP-1-mediated regulation should be  
considered within the context of a complex 
dynamic network of signaling pathways, as well 
as the cell type and its microenvironment [32]. 
In the present study, there were differences in 
the time of c-Jun upregulation and the time of 
ALP and OCN upregulation induced by SMF.  
We speculate that these are most likely related 
to the osteoblast matrix microenvironment. 
During osteoblast proliferation, several genes 
associated with the formation of the extracel-
lular matrix are actively expressed, such as 
type I collagen and TGF-β. It is primarily during 
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the proliferation period that the activity of  
these growth factors, their regulators, and the 
associated signal transduction mechanisms 
influence genes expressed later in osteoblast 
development, such as ALP [33]. Extracellular 
matrix biosynthesis during the proliferation 
period contributes to the onset and progres-
sion of osteoblast differentiation. Following 
type I collagen and TGF-β synthesis, ALP expres-
sion is initiated. In the present study, the time 
lag to ALP expression may therefore be related 
to type I collagen accumulation and extracellu-
lar matrix biosynthesis. Additionally, there are 
AP-1 bind sites in the type I collagen and TGF-β 
promoters [34-36]. The up-regulation of c-Jun 
by the SMF may also result in accelerated type 
I collagen synthesis and extracellular matrix 
synthesis. More detailed experiments will be 
needed to clarify this point.

Numerous studies have shown that the induc-
tion of high levels of OCN is dependent upon 
the formation of a mineralized extracellular 
matrix. Thus, mineral deposition may be re- 
quired to signal the expression of a subset of 
osteoblast phenotype genes such as osteocal-
cin [33]. ALP and type I collagen may be involv- 
ed in preparing the extracellular matrix for the 
ordered deposition of mineral. In the present 
study, the time of c-Jun activation by SMF was 
not completely consistent with that of the 
increased expression of OCN by SMF. It may be 
related to ALP synthesis, calcium deposition, 
and formation of collagen matrix. Rapidly 
induced c-Jun homodimer activates the ALP 
gene by mediating AP-1-ALP promoter TRE 
interaction. c-Jun functions as an early response 
element and may play a key role in subsequent 
stretch-induced ALP transcriptional control and 
augmented expression of OCN [35]. This evi-
dence further supports our findings that a SMF 
may affect the cells as a mechanical force [37].

In our present study, MTT analysis of cells 
exposed to SMFs for 1-9 days showed no sig-
nificant difference between the three tested 
flux densities. Yamamoto and co-workers [14] 
reported that osteoblast proliferation is not 
affected when rat calvarias, ROS 17/2.8, and 
UMR 106 cells are exposed to a SMF (flux den-
sity = 160 mT). Furthermore, three studies [24, 
38, 39] also suggested that SMF exposure has 
no effect on the proliferation of osteoblasts 
and dental pulp cells. Therefore, it is unlikely 

that SMF exposure affects the proliferation of 
osteoblasts. 

Conclusion

In summary, the present study showed that 
exposure to a SMF promoted osteoblastic dif-
ferentiation, and this was associated with 
increased ALP activity and OCN expression, as 
well as the up-regulation of c-Jun mRNA expres-
sion. These data provide insight into a possible 
mechanism by which SMF exposure affects 
osteoblasts, which will be valuable information 
in the selection of a suitable therapeutic SMF 
flux density for osteogenesis. Further research 
is needed to elucidate the signal transduction 
mechanisms involved in the effects of SMF 
exposure on bone formation. 
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