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The static magnetic field accelerates the osteogenic
differentiation and mineralization of dental pulp cells
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Abstract Dental pulp cells (DPCs) can differentiate

into osteoblasts and are deemed a promising cell

source for bone regeneration. Static magnetic field

(SMF) stimulates osteoblast differentiation but the

effect in DPCs remains unknown. The aim of this

study was to investigate the effect of SMF exposure

on the osteogenic differentiation and mineralization

of rat DPCs in vitro. Cells were continuously exposed

to SMF at 290 mT in the presence/absence of

osteogenic induction [dexamethasone (Dex)/b-glyc-

erophosphate (b-GP)]. Results showed that SMF

alone did not impair the cell cycle and proliferation.

On the other hand, obvious condensation in the

metachromatic staining of the extracellular matrix

with toluidine blue was observed for SMF-exposed

cells as well as the Dex/b-GP treated cells. SMF in

combination with Dex/b-GP significantly increased

the mRNA expression of osteogenic genes, as well as

the ALP activity and extracellular calcium concen-

tration at the early stage, followed by obvious

calcium deposits later. Besides, SMF exposure

increased the activity of extracellular signal-regulated

kinase 1/2 (ERK1/2) at 3 h and accelerated the

mRNA expression of osteogenic transcription factor,

Cbfa1, advancing its activation time from 168 to 72 h

under osteogenic induction. In summary, SMF expo-

sure in combination of Dex/b-GP induction could

significantly accelerate the osteogenic differentiation

and mineralization of DPCs.
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Introduction

Physical force plays a crucial role in the development

and maintenance of many tissues including bone.

Physical factors such as mechanical, electrical, and

magnetic stimulation exhibit anabolic action on bone

formation (Bassett 1993; De Mattei et al. 1999; Vander

Molen et al. 2000; McLeod and Collazo 2000). Static

magnetic field (SMF) has been used advantageously in

various orthodontic treatments (Noar and Evans 1999).

Studies have demonstrated that SMF increased bone

repair (Darendeliler et al. 1997), bone deposition

(Darendeliler et al. 1995) and bone formation in vitro
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and in vivo (Kotani et al. 2002). SMF was also used to

prevent the decrease in bone density caused by surgery

or implantation (Yan et al. 1998). At the cellular level,

SMF was shown to stimulate osteoblastic differentia-

tion by activation of p38 phosphorylation (Yuge et al.

2003). SMF, however, also induced apoptosis of

lymphocytes and macrophages (Flipo et al. 1998).

Yamamoto et al. (2003) has established that bone

formation from rat calvaria cells was enhanced by SMF

to similar extent for the magnetic flux density at 160,

280 or 340 mT. The effect of SMF on the differenti-

ation of dental pulp cells (DPCs) remains unknown.

Dental pulp cells are not a homogeneous cell

population. They contain progenitor/stem cells that

can differentiate into dentin-forming odontoblasts

and maintain the homeostasis of dental mineralized

tissue by polarization and secretion of predentin-

dentin components, in response to the appropriate

stimuli, e.g. caries, chemicals or trauma (Tonomura

et al. 2007; Gronthos et al. 2002). Researches

indicated that DPCs whether from human, pigs or

rats were recognized as a source of mesenchymal

stem cells (Yang et al. 2007; Zhang et al. 2005;

Alliot-Licht et al. 2005). They can be induced and

differentiated into odontoblast-like and osteoblast-

like cells by a variety of inducing reagents such as

dexamethasone (Dex), b-glycerophosphate (b-GP)

and 1, 25-dihydroxyvitamin D, and can help to the

repair the dentin and bone after injury (Tonomura

et al. 2007; Alliot-Licht et al. 2005). Recently, DPCs

were deemed as a promising cell source for bone

regeneration because of the following advantages

(Graziano et al. 2008a, b). The collection site of these

cells is easy and produces very low morbidity. The

extraction of stem cells from pulp tissue is highly

efficient. They have an extensive differentiation

ability and can interact with biomaterials, which

makes them ideal for tissue reconstruction. Addition-

ally, DPCs possess immunoprivileges as they can be

grafted into allogenic tissues and seem to exert anti-

inflammatory abilities (Graziano et al. 2008b; de

Mendonca et al. 2008; Laino et al. 2005). In bone

regeneration, DPCs have been shown to differentiate

into osteoblast-like cells in vitro (Papaccio et al.

2006) and to repair the large defect of cranial and

fibrous bone in vivo (Laino et al. 2005; Graziano

et al. 2008b; de Mendonca et al. 2008). However, not

all cell populations existing in DPCs have the

potential for osteoblastic differentiation (Papaccio

et al. 2006). Thus it may be essential to augment the

osteogenic differentiation potential of DPCs.

Dex is one of the common osteogenic inducers. It

can induce the osteogenesis of marrow stromal cells

and maturity of osteoblasts when used in vitro either

alone or in combination with b-GP, ascorbate-2-

phosphate and bone morphogenetic proteins (BMPs)

(McCabe et al. 1995). The activation of Dex is

mediated via glucocorticoid receptors to trigger the

early events in cooperation with transcription factors

(D’Souza et al. 1999). Differentiation of the mesen-

chymal tissue is controlled by universally expressed

and unique transcriptional factors. The core-binding

factor a1, Cbfa1, a transcriptional factor that belongs

to the runt domain gene family (Cbfa1/RUNX2),

regulates the gene expression of osteocalcein (OCN),

a bone-matrix protein involved in controlling the late

phase of osteogenesis. Cbfa1 is essential for osteo-

blastic differentiation, bone formation and tooth

development (D’Souza et al. 1999). It can be

phosphorylated by the integrin-mediated activation

of the extracellular signal-regulated kinase 1/2

(ERK1/2), the subgroups of mitogen-activated pro-

tein kinase (MAPK) (MEK-ERK1/2-Cbfa1 signal-

ing), to control transcription of osteogenic gene (Xiao

et al. 2000; Kanno et al. 2007). Moreover, mechan-

ical force can increase the differentiation of osteo-

blasts, by altering the interaction of cell-extracellular

matrices (ECM) and inducing the ECM integrin-

dependent ERK1/2 to regulate the osteogenic genes

(Kanno et al. 2007; Hughes-Fulford 2004).

As mentioned, many previous studies have indi-

cated that SMF accelerates the differentiation of

osteoblasts and bone formation in vitro and in vivo.

Albeit, there have been no studies examining whether

the SMF exposure also influences the proliferation

and differentiation of DPCs and its role in the

differentiation-related mechanism. In the presented

work, the effects of SMF exposure on the cell

viability and capacity of osteogenic differentiation in

rat DPCs were investigated. The osteogenic marker

genes of alkaline phosphatase (ALP), osteopontin

(OPN) and osteocalcein (OCN), ALP activity, extra-

cellular calcium concentration, mineralization and

ERK-cbfa1 signaling pathway of rat DPCs in the

presence/absence of Dex/b-GP induction were exam-

ined in vitro.
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Materials and methods

Animal treatment

All experimental procedures involving animals were

conducted in accordance with the NIH guidelines.

The experimental protocol was approved by the

Institutional Animal Care and Use Committee

(IACUC) of the university.

Primary cultures

Rat DPCs were isolated from incisors by a modifi-

cation of the method described previously (Yokose

et al. 2000). Rat dental pulp was isolated from the

mandibular incisors of 2-week-old neonatal Sprague–

Dawley rats, placed into calcium and magnesium-free

phosphate-buffered saline (PBS) and washed two

times. The extracted teeth were cut into several

pieces. The tissue fragments were incubated at 37 �C

for 60 min with gentle shaking in 3 mL of a sterile

enzyme solution containing 0.3% collagenase type

1A (Sigma, St. Louis, MO, USA) and dipase II

(Roche, Basel, Switzerland) in PBS. The enzyme

medium containing rat DPCs was screened with a

40 lM mesh (BD Falcon, Becton–Dickinson, Hei-

delberg, Germany) and washed with PBS three times.

The cell pellets were resuspended with 1:1 mixture of

Dulbecco’s modified Eagle medium (DMEM-LG,

Gibco/BRL, Grand Island, NY, USA) and Ham’s F12

(Gibco/BRM, Grand Island, NY, USA) supplemented

with 10% fetal bovine serum (FCS, Biological

Industries, Israel) and 100 U/ml penicillin–strepto-

mycin (Sigma, St. Louis, MO, USA), and cultured in

T75 flask (BD Falcon., Becton–Dickinson, Heidel-

berg, Germany) in an atmosphere of 5% CO2 at

37 �C. The cell passages 2 to 5 were used in the

subsequent experiments. After having reached a

subconfluent state, the cells were inoculated into

24-/or 6-multiwell plates (BD Falcon, Becton–Dick-

inson, Heidelberg, Germany) at a density of 2 9 104/

cm2 for in vitro osteogenic assays. At the following

day (day 0), the cells were grown either in fresh basal

medium or in the presence of osteogenic supplements

containing 2 mM b-glycerophosphate (b-GP, Sigma,

St. Louis, MO, USA), 50 lg/ml L-ascorbic acid

(Sigma, St. Louis, MO, USA) and 10-8 M dexa-

methasone (Dex, Sigma, St. Louis, MO, USA) during

osteogenic differentiation. The medium was changed

at 2 day intervals.

Exposure system of static magnetic field

The rat DPCs culture with basal or osteogenic

induction medium was divided into unexposed con-

trol groups (Basal/Con and Dex/b-GP/Con) and

SMF-exposed groups (Basal/SMF and Dex/b-GP/

SMF). The exposure system is depicted in Fig. 1,

which was a modification of the system described

previously (Yamamoto et al. 2003). The magnetic

field was generated by a neodymium-iron-boron

magnet disk (NEOMAX, Sumitomo, Osaka, Japan).

The length, width, and thickness of a disk was 55, 40

and 8 mm. 24-well plastic culture plates (0.75 mm

thickness) were used. The magnet was placed below

the wells to expose the cultures to north fields as

shown in Fig. 1a. A total of six wells of a 24-well

plastic culture plate could be exposed simultaneously

to the same magnetic field. During the exposure

process, two adjacent culture plates were set apart by

more than 50 mm as the edge-to-edge distance in

order to exclude the mutual interference from the

adjacent magnetic fields. In the SMF-exposed groups,

the cells with the basal or osteogenic culture medium

were subjected to continuous SMF exposure. The

magnetic flux density was monitored with a Gauss

meter (Series 9900, F.W. Bell, Orlando, FL, USA) at

the bottom of each well, where rat pulp cells attached

themselves to the culture plates. The magnetic field

showed an average flux of 290 mT (Fig. 1b). In the

unexposed control groups, non-magnetic disks of

neodymium-iron-boron were placed below the cul-

ture plates. The culture plate of the unexposed control

groups was placed next to that of the experimental

groups in the same incubator. The flux density values

in the wells of the control culture plates were not

greater than 0.05 mT, which is the level of the natural

magnetic field of the earth.

Proliferation assay

To determine cell proliferation, cells were seeded at a

density of 2 9 104 cells/cm2 in a 24-well plastic plate

in the presence/absence of Dex/b-GP with or without

SMF exposure, and cultured for 1, 3, 5, 7 and 9 days.

Cells were detached from the culture wells with
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0.05% trypsin/EDTA (Gibco/BRL, Grand Island,

NY, USA) and counted using a hemocytometer.

Cell cycle analysis by flow cytometry

At 0 and 24 h after SMF exposure, cells were

collected (500 g, 10 min) and incubated with ice-cold

PBS. Then the cells were fixed with ethanol,

collected, and washed with PBS by centrifugation

(500 g, 10 min). Cell deposition was added with 1 ml

of PBS and 200 ll of RNAase A (100 lg/ml)

(Sigma–Aldrich, St. Louis, MO, USA) at 37 �C for

30 min. Cells were stained with 5 ll of propidium

iodide (10 lg/ml) (Sigma–Aldrich, St. Louis, MO,

USA) in dark. Cells were measured for their DNA

content by flow cytometry (BD FACScan, San Jose,

CA, USA) after passing through a cell filter.

Alkaline phosphatase (ALP) activity and protein

assay

Alkaline phosphatase activity was determined in cell

lysates using a Sigma FAST-p-nitrophenyl phosphate

(Sigma, St. Louis, MO, USA) kit. Samples of lysates

were added to p-nitrophenyl phosphate as substrate

and reacted for 30 min. The reaction was stopped with

0.02 N NaOH, and the concentration of the product

was determined by means of a UV/VIS spectropho-

tometer (Hitachi, Japan) at 405 nm. Cell lysates were

also analyzed for the protein content by means of a

Bio-Rad Protein Assay kit (Mississauga, Ontario,

Canada). The ALP activity was normalized to the total

protein concentration (O.D./30 min/mg protein).

Histochemical stain and bone nodule formation

assay

To assess the ECM and calcium deposition around

the cells, toluidine blue stain (metachromatic stain-

ing) and von Kossa technique were used. Cells were

washed with PBS three times, followed by fixation

with 3.7% paraformaldehyde in 3.5% sucrose for

10 min. They were again washed three times with

distilled water. The cells were stained with toluidine

blue O (0.1%) (Sigma, St. Louis, MO, USA) for 2–

3 min and washed with distilled water for another

three times. For von Kossa stain, the fixed cells were

stained with 5% AgNO3 (Sigma, St. Louis, MO,

USA) solution for 1 h. After being stained, they were

washed with distilled water for three times and fixed

in 3% Na2S2O3 (Sigma, St. Louis, MO, USA)

solution for 5 min, and counterstained with

Nuclear-fast Red (Sigma, St. Louis, MO, USA) for

5 min.

Extracellular calcium assay

The extracellular calcium ion content per well was

determined using a calcium diagnostic kit (Sigma, St.

Louis, MO, USA), based on the o-cresolphthalein

complexone color development method), according

to the manufacturer’s recommendations. A standard

curve was generated each time using the standards

provided in the kit, and the calcium ion concentration

in the samples was calculated. Samples of the culture

medium after 7 days of culture were collected and

Fig. 1 Diagram showing the top view of magnet (gray color)

placement below a 24-well plastic culture plate (a), and the

distribution of magnetic flux density (solid line) in the wells of

the culture plate (b). A total of 6 wells in the 24-well culture

plate could be exposed simultaneously to the same magnetic

field. The defined location of wells and magnetic flux density

were recorded along the centre position of the magnet
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added to the reaction buffer and the staining solution.

After reaction for 3 min, the calcium content in the

samples was determined by measuring the absor-

bance at 575 nm using a microtiter plate reader

(Immunella, 990 GDV, Italy). The values have been

deducted from those obtained for the individual blank

culture medium.

Semi-quantitative reverse transcription-

polymerase chain reaction (RT–PCR)

Total RNA was extracted from the cultured rat DPCs

grown in culture conditions or normal medium with/

without SMF for different days, by using the Trizol�

reagent (Invitrogen, USA) according to the manufac-

turer’s instructions. cDNA synthesis and amplification

via PCR were performed using RevertAid
TM

First

Strand cDNA Synthesis Kit (Fermentas, USA) and an

oligo dT. Furthermore, cDNAs were also amplified

using specific primers by RT–PCR to generate prod-

ucts corresponding to mRNA. The cDNA obtained

from a 0.5 lg of total RNA was used for one PCR. The

PCR reaction mixture was made up in 25 ll and 5 lM

of targeted gene oligonucleotide primers: alkaline

phosphatase (ALP), F: AGGCAGGATTGACCAC

GG, R: TGTAGTTCTGCTCATGGA; osteopontin

(OPN), F: ATGAGACTGGCAGTGGTT, R: GCTTT

CATTGGAGTTGCT; osteocalcein (OCN), F: AGG

ACCCTCTCTCTGCTCAC, R: AACGGTGGTGCC

ATAGATGC; core-binding factor a1 (Cbfa1), F:

ATGCTTCATTCGCCTCACAAA, R: CTACAACC

TTGAAGGCCACG; b-actin, F: TCCTGTGGCATC

CACGAAACT, R: GGAGCAATGATCCTGATCT

TC. Using the Thermal Cycler (GeneAmp PCR System

2700, Applied Biosystems, Foster City, CA, USA), 35

cycles of PCR consisting of denaturing at 94 �C for

30 s, annealing at 55 �C for 30 s and extension at

72 �C for 50 s were performed. b-actin primers were

added in all reactions as an internal control. The PCR

products were then detected on a 1% agarose gel. The

image was recorded by an image analyzer (BioDoc-It
TM

System, UVP, Upland, CA, USA) and the intensity of

the bands was quantified by using LabWorks software

(UVP, Upland, CA, USA).

Western blot

The phosphorylation status of ERK1/2 was analyzed

at each time period, for groups with/without Dex/b-

GP at SMF 290 mT. To obtain a protein sample, the

cultured cells were washed with PBS, lysed by

adding RIPA buffer (50 mM Tris (pH 7.5), 150 mM

NaCl, 10 mM EDTA, 1% NP-40, 0.1% SDS, 1 mM

PMSF and 10 lg/ml Aprotinin). After reaction for

30 min on ice, the lysate was centrifuged at 5,000 g

for 15 min at 4 �C. After heating to 95 �C for 5 min,

the protein samples were separated by 10% SDS–

PAGE and blotted onto polyvinylidene difluoride

membranes (Hybond-P, Amersham International Plc.,

Amersham, UK).Western blots were performed by

using primary antibodies for phosphorylated ERK1/2

(p44/p42) (Thr202/Tyr204) (rabbit monoclonal IgG)

(Cell Signaling, MA, USA) and for the total forms of

ERK1/2 (Cell Signaling, MA, USA). The membranes

were blocked with the blocking buffer (Tris-buffered

saline, pH 7.6, containing 0.1% Tween 20 and 5%

non-fat dried milk) for 1 h at room temperature and

incubated with the primary antibodies by gentle

agitation overnight at 4 �C. After extensive washing,

the membranes were incubated for 1 h at room

temperature with an anti-rabbit secondary antibody

conjugated to horseradish peroxidase (HRP) (Chem-

icon, Temecula, CA, USA) and the substrate solution

(TMB/H, Chemicon, Temecula, CA, USA) was

added. The blotting images were scanned with a

computer-associated scanner and the densities of the

bands were recorded by an image analyzing software

(BioDoc-It
TM

System, UVP, Upland, CA).

Statistical analysis

Numerical values were expressed as the mean ± stan-

dard deviation (SD) for 3–5 samples per group. In all

studies, at least three independent experiments were

performed for each type of experiment to ensure

repeatability. Statistical differences among the exper-

imental groups were evaluated by the analysis of

variance followed by Student’s t test; p values \ 0.05

were considered statistically significant.

Results

The effect of SMF exposure on cell-cycle

distribution and cell proliferation

After SMF exposure alone for 24 h (Basal/Con), the

portion of cells with cell cycle in the S phase was
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obviously enhanced (from 8.6 ± 1.37 to 14.1 ±

2.09%) but that in the G2/M phase was not (Fig. 2a)

(p \ 0.05). For cells cultivated with osteogenic

induction (Dex/b-GP/Con) for 24 h, the percentage

of G0/G1 phase was obviously reduced (from

83.2 ± 3.28 to 71.7 ± 2.09%), and the expression

of S phase was promoted (from 8.6 ± 1.37 to

13.7 ± 1.82%) (p \ 0.05). On the other hand, there

was no significant difference in cell cycle between

the SMF-exposed and unexposed cells cultivated with

Dex/b-GP. The effects of osteogenic induction and

SMF exposure on cell viability were further exam-

ined by cell proliferation assay. After 9 days of

culture, Dex/b-GP induction significantly reduced the

cell proliferation compared with the basal culture

medium (Basal/Con) (Fig. 2b) (p \ 0.05). Exposure

to SMF alone (Basal/SMF) did not affect cell

proliferation. However, when cells were exposed to

SMF with the Dex/b-GP (Dex/b-GP/SMF), the cell

proliferation was significantly reduced at the 7th and

9th day of culture when compared with the control

cells (Dex/b-GP/Con) (Fig. 2b) (p \ 0.05).

The matrices condensation and mineralization

in SMF-exposed cells

The toluidine blue analysis (metachromatic staining)

(Fig. 3) revealed the presence of organized ECM-

sulfated proteoglycans around the SMF-exposed

cells. Cells were arranged in circular shape after

SMF exposure in basal medium for 7 days (Basal/

SMF) (Fig. 3b) whereas the unexposed cells did not

show such a trend (Basal/Con) (Fig. 3a). As indicated

by arrows (Fig. 3b), the matrices were more abundant

around the cells in circular pattern. Similar cell

morphology and ECM patterns were also observed

for the cells cultivated with osteogenic induction

medium (Dex/b-GP/Con) (Fig. 3c). Cell images at a

higher magnification (Fig. 3d,e,f) clearly revealed

that SMF-exposed cells accumulated a greater

amount of metachromatic ECM shown as deeper

blue color (Fig. 3e, indicated by arrows). The more

obvious expression in ECM condensation was also

observed when cells were cultivated with osteogenic

induction medium (Dex/b-GP/Con) (Fig. 3f). The

above results indicated that the reorganization and

condensation of ECM was indeed induced during

osteogenic induction and a similar phenomenon was

found in cells exposed to SMF alone.

To understand which osteo-specific genes were

involved with such a morphological change, the

mRNA expressions of ALP, OPN and OCN were

examined by RT–PCR at 7 days of culture in the

presence/absence of osteogenic induction (Dex/b-

GP) (Fig. 4). The ALP and OPN but not OCN genes

were found to obviously express in the original rat

DPCs (110.3 ± 20.81 and 85.1 ± 7.16%, respec-

tively) (Fig. 4a). SMF exposure alone and Dex/b-GP

did not significantly affect gene expression of ALP

and OPN. On the other hand, SMF exposure alone as

well as the Dex/b-GP induction induced OCN gene

expression (22.6 ± 3.42 and 11.7 ± 0.42%, respec-

tively) (p \ 0.05) (Fig. 4a, b). Moreover, SMF

exposure promoted the expression of OCN induced

by the osteogenic medium (from 11.7 ± 0.4 to

26.9 ± 1.44%) (p \ 0.05). Not only the expression

Fig. 2 The effect of SMF exposure (290 mT, average flux

density) on the cell properties. The cell cycle after 24 h of SMF

exposure (a) and cell proliferation at different periods of time

were analyzed, respectively in the DPCs culture with the basal

or osteogenic medium (Dex/b-GP) (b). ?, p \ 0.05 (n = 3;

compared with the difference between the basal and osteogenic

medium culture in SMF-unexposed groups) *, p \ 0.05

(n = 3; compared the difference between SMF-exposed and

unexposed groups in basal medium or osteogenic medium

culture) (Con) control, unexposed group; (SMF) static mag-

netic field; (d) days; (Basal) basal medium; (Dex/b-GP)

dexamethasone/b-glycerophosphate
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of OCN but also that of ALP and OPN genes was

upregulated by SMF exposure in the presence of

Dex/b-GP (from 94.7 ± 6.62 to 115.14 ± 7.3%

and 66.1 ± 0.12 to 80.5 ± 6.40%, respectively)

(p \ 0.05) (Fig. 4b).

In order to further confirm the effect of SMF

exposure on the ability of osteogenic differentiation

in rat DPCs, the ALP activity, extracellular calcium

concentration and calcium deposition were analyzed

(Fig. 5). Dex/b-GP induction (Dex/b-GP/Con) sig-

nificantly increased the ALP activity (7.4 ± 1.26) by

about 39% after 7 days of culture over the non-

treated cells (5.4 ± 0.38) (Basal/Con). About a 92%

enhancement was observed from the culture period of

7 to 14 days (p \ 0.05) (Fig. 5a). SMF exposure

alone (Basal/SMF) did not affect the ALP activity

within 7 days of culture (Basal/Con) (5.1 ± 1.03 v.s.

5.4 ± 0.38) (Fig. 5a). However, the combination of

SMF exposure and Dex/b-GP (Dex/b-GP/SMF) sig-

nificantly promoted the cellular ALP activity at

7 days of culture (from 7.4 ± 1.26 to 14.4 ± 2.15)

and the value was similar to that with Dex/b-GP

induction alone (Dex/b-GP/Con) for 14 days

(14.3 ± 0.87). The efficiency of enhancement

(93%) was obviously higher than that by Dex/b-GP

alone (39%) (Dex/b-GP/Con) for 7 days of culture

(p \ 0.05) (Fig. 5a). After 14 days of Dex/b-GP

induction, the expression of ALP in SMF-exposed

cells (16.9 ± 1.94) was still higher than that in

unexposed cells (14.3 ± 0.87). However, the

enhancement by SMF between 7 and 14 days (17%)

was lower than that by Dex/b-GP (92%) (Fig. 5a).

The extracellular calcium concentration and calcium

deposition were analyzed further in the presence of

osteogenic induction for 7 and 14 days, respectively

(Fig. 5b, c). The results showed that the extracellular

calcium concentration (mg/dl) was induced by Dexb-

GP induction (Dex/b-GP/Con) (from 3.9 ± 0.54 to

6.1 ± 1.03) (p \ 0.05) (Fig. 5b). The combination of

SMF exposure and Dex/b-GP (Dex/b-GP/SMF) fur-

ther enhanced the extracellular calcium concentration

by about 2-fold relative to Dex/b-GP treated cells

(Dex/b-GP/Con) at 7 days (from 6.1 ± 1.03 to

12.0 ± 3.56) (p \ 0.05) (Fig. 5b). SMF alone

affected neither extracellular calcium concentration

(Fig. 5b) nor ALP activity (Fig. 5a). An increased

calcium deposition (using von Kossa staining) (deep

colored black-brown dots) was also observed in the

group of Dex/b-GP/SMF after 14 days of culture

(Fig. 5c).

Fig. 3 The cell morphology and the expression of extracellu-

lar matrix in cells exposed to SMF (290 mT, average flux

density) for 7 days. The metachromatic staining of the

extracellular matrix with toluidine blue was observed with

different magnification of images for the unexposed (a,d) and

SMF-exposed group (b,e) in basal culture medium. The cells

cultivated with osteogenic medium served as the positive

control (Dex/b-GP/Con) to compare the SMF-mediated effect

(c,f). The arrows indicated the special morphology (b,c) and

the obvious matrix condensation (e,f) around the circle of cell

arrangement to compare with non-exposed cells with basal

culture medium. The scale bar represents 50 lm. (Con)

control, unexposed group; (SMF) static magnetic field; (Basal)

basal medium; (Dex/b-GP) dexamethasone/b-glycerophos-

phate
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Time tracking in mRNA of Cbfa1 and upstream-

regulating MAPK pathway during the osteogenic

process

The expression of transcriptional factor Cbfa1 is

essential to turn on the transcription of the osteogenic

gene, OCN, during the osteogenic differentiation.

Therefore, the gene expression of Cbfa1 was further

examined from 6 to 168 h with/without SMF exposure

during the osteogenic induction (Fig. 6). In the

presence of Dex/b-GP, the mRNA expression level

of Cbfa1 remained relatively low from 6 to 72 h and

was induced at 168 h in the cells without SMF

exposure (Dex/b-GP/Con) (Fig. 6a). However, the

expression of the Cbfa1 gene was activated by SMF

exposure as early as 72 h and kept its expression until

168 h (Fig. 6a). The expression for the SMF exposed

group at 72 h was significantly higher (about 3.5 fold

in the normalized band intensity to b-actin) compared

to the nontreated group (0.95 vs. 0.32, p \ 0.05, data

not shown). To further confirm the upstream regulat-

ing signal in activation of Cbfa1 during the osteogenic

process, the ERK1/2 activity was analyzed by Western

blot at different time course in the presence of

Dex/b-GP and was evaluated by the phosphorylated

status of ERK1/2 proteins (p-ERK) (Fig. 6b). The

ERK phosphorylation was observed for cells culti-

vated in osteogenic medium for 3 h, and its expression

was obviously enhanced when combined with SMF

exposure (Fig. 6b).

Discussion

SMF (at a flux density of 100 mT) did not affect bone

growth of rat calvaria cells but significantly inhibited

thymidine uptake (Camilleri and McDonald 1993).

The present study showed that SMF exposure

(290 mT) alone increased the double DNA content

(the expression of the S phase) but did not activate

mitosis (the expression of the G2 phase), leading to

cell growth. The cell proliferation results showed that

SMF exposure alone affected neither cell dynamics at

24 h nor cell proliferation even in a long-term

culture. Therefore, the present results agreed with

the previous findings, which demonstrated that SMF

Fig. 4 The expression of osteogenic genes in DPCs with/

without SMF exposure (290 mT, average flux density) for

7 days in basal and osteogenic culture medium (Dex/b-GP)

culture. The mRNA expressions were analyzed by RT–PCR (a)

and the band intensities were further quantified (b). *, p \ 0.05

(n = 3; compared the difference between SMF-exposed and

unexposed groups in basal or osteogenic culture medium)

(Con) control, unexposed group; (SMF) static magnetic field;

(Basal) basal medium; (Dex/b-GP) dexamethasone/

b-glycerophosphate
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exposure did not cause DNA damage or affect cell

viability (Lin et al. 2008; Amara et al. 2007). Alliot-

Licht et al. (2005), however, indicated that Dex

significantly inhibited the proliferation of human

DPCs but conversely stimulated ALP activity in a

7-day culture. In the present study, we found a similar

result that the Dex/b-GP treatment decreased cell

proliferation at 9 days but increased ALP activity

when compared with nontreated cells. Moreover,

when combined with SMF exposure, Dex/b-GP

decreased cell proliferation as early as at 7 days,

together with a higher expression of ALP activity.

The expression of ALP activity is essential and an

early indicator of osteoblastic differentiation in

mesenchymal stem cells (Yoshiki and Kurahashi

1971; Osyczka et al. 2004). SMF exposure alone did

not induce ALP activity, extracellular calcium con-

centration, or affect cell proliferation, but it promoted

the osteogenic differentiation induced by Dex/b-GP,

including the expression of osteogenic genes, as well

as the increase in ALP activity and calcium accumu-

lation. Therefore, we proposed that SMF exposure

may play a cooperative role to affect the cell

properties and osteogenic differentiation in rat DPCs.

Cell condensation is a pivotal stage in skeletal

development. During osteogenesis, condensation

amplifies the number of committed osteogenic cells.

When differentiation is initiated, the cell commitment

is via condensation to the onset of osteogenic

differentiation (Hall and Miyake 1995). The osteo-

blast-specific transcription factor, Cbfa1, was acti-

vated via ECM–dependent ERK1/2 signal

transduction to turn on OCN gene transcription (Xiao

et al. 1997; Kanno et al. 2007). Therefore, cell-ECM

interactions are very important for osteoblastic

differentiation. In the present study, obvious ECM

condensation occurred at 7 days in cells with osteo-

genic induction. Interestingly, a similar phenomenon

was also observed in cells exposed to SMF alone. It

has been demonstrated that SMF (1 T) exposure can

Fig. 5 The efficiency of osteogenic differentiation in DPCs

with/without SMF exposure (290 mT, average flux density).

The ALP activity of cells cultivated with the basal and

osteogenic medium (Dex/b-GP) for 7 days was analyzed (a).

The prolonged expression of ALP activity was further analyzed

under Dex/b-GP culture of 14 days. The extracellular calcium

concentration (b) and calcium deposition of cells cultivated in

osteogenic medium (Dex/b-GP) was analyzed at the 7th and

14th day of culture, respectively (c). ?, p \ 0.05 (n = 5;

compared with the difference between basal and osteogenic

medium culture in SMF-exposed or unexposed groups)

*, p \ 0.05 (n = 5; compared the difference between SMF-

exposed and unexposed groups in osteogenic medium culture

of 7 or 14 days) #, p \ 0.05 (n = 5; compared the difference

between 7 and 14 days of culture in osteogenic medium) (Con)

control, unexposed group; (d) days; (SMF) static magnetic

field; (Basal) basal medium; (Dex/b-GP) dexamethasone/

b-glycerophosphate
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result in the orientation of macromolecules, such as

collagen in animal cells (Torbet and Ronziere 1984;

Miyakoshi 2005). The fibroblasts were oriented along

the magnetic orientation of the collagen resulting

from strong SMF (4.0 and 4.7 T) (Guido and

Tranquillo 1993). Recent research has also found

that SMF exposure (10 and 120 mT) affected cell

shape and shrinkage (Xu et al. 2008). Here, we found

additionally that SMF exposure alone not only

affected the cell morphology but also simultaneously

increased gene expression of OCN (bone matrix

protein). However, the present results showed that

SMF-mediated ECM-transmitted signaling alone was

insufficient to induce the occurrence of osteogenic

differentiation in rat DPCs. This could be because the

regulation of matrix signals in osteogenic differenti-

ation requires a post-translational pathway or acces-

sory factors (Xiao et al. 1998). On the other hand,

SMF exposure promoted the osteogenic differentia-

tion in cells treated with Dex/b-GP, but ECM

condensation was not increased (data not shown).

The mechanism for the effect of SMF in osteogenic

medium and that regarding how the change in cell

morphology or ECM pattern could affect the osteo-

genic differentiation of DPCs deserve further

exploration.

Alkaline phosphatase activity is widely detected in

pre-osteoblasts and osteoblasts in the bone tissue and

is an early marker of osteoblast differentiation. A

high level of ALP activity has also been found in

dental papilla tissue, and even in dental pulp cells

(Goggins and Fullmer 1967; Spoto et al. 2001). In

this study, we isolated rat DPCs that had obvious

colony-forming morphology, similar to rat bone

marrow stromal cells (data not shown). Moreover,

we also noticed that not only the ALP gene but also

its protein expression in rat DPCs was higher than

human gingival fibroblasts (1.48 ± 0.29) and was

similar to human dental pulp cells (5.46 ± 0.24)

(data not shown). Dental pulp cells are the common

progenitors of odontoblasts and osteoblasts (Batouli

et al. 2003) and they proceed with differentiation/

mineralization from the total population of cells

(Kasugai et al. 1993; Gronthos et al. 2000). Accord-

ingly, we thought that DPCs still had the potential to

differentiate into osteoblast-like cells from the lim-

ited population of dental progenitors/stem cells,

inspite of a possibly lower efficiency of differentia-

tion. On the other hand, bone and dentin are similar in

their matrix protein composition, including OPN,

collagen type I, and bone sialoprotein, though their

crystal structures are different (Batouli et al. 2003;

Shimazu et al. 2002). One of the functions of those

matrices seemed to support cell differentiation,

whether in the osteogenesis or detinogenesis (Batouli

et al. 2003). We found that DPCs had the original

expression of ALP and OPN genes. The bone matrix

of OCN was not expressed in undifferentiated DPCs

in our findings, consistent with earlier reports (Laino

et al. 2005). OCN expression is restricted to mature

osteoblasts and is a late marker for osteogenic

differentiation (Frendo et al. 1998). Therefore, the

gene expression of OCN certainly helped to clarify

the effect of Dex/b-GP induction, SMF exposure or

their interplay on osteogenic differentiation in the

present study. Relative to the OCN gene, the

variations in the gene expressions of ALP and OPN

seemed to have interfered with the original expres-

sion, leading to the unapparent results in the current

study. Nevertheless, a significant difference was still

shown by the quantification of the band intensity.

Fig. 6 The effect of SMF exposure (290mT, average flux

density) on the mRNA expression of transcriptional factor

(core-binding factor 1, Cbfa1), and the related upstream-

regulation MAPK pathway (ERK) during the osteogenic

process. Time-dependent mRNA expression in Cbfa1 from 6

to 168 h with/without SMF exposure was analyzed by RT–

PCR (a). Time tracing of the ERK activity (phosphorylated

ERK1/2) from 0.5 to 3 h with/without SMF exposure was

examined by Western blot during the early stage of osteogenic

differentiation (b). (Con) control, unexposed group; (SMF)

static magnetic field; (h) hours; (Dex/b-GP) dexamethasone/b-

glycerophosphate; (ERK) extracellular signal-regulated protein

kinase; (p-ERK) the phosphorylation of extracellular signal-

regulated protein kinase
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Because of the above observations, analyses by ALP

activity and calcium accumulation became crucial to

provide more direct evidence regarding the effect of

Dex/b-GP and SMF exposure on the osteogenic

differentiation of DPCs. In addition, mineralization is

an essential process, both in osteogenesis and deti-

nogenesis (Batouli et al. 2003). We suggested that

SMF exposure also assisted in the dentinogenesis

based on the present findings in this study, though we

did not study the differentiation of odontoblasts.

Dex/b-GP induced significant ALP activity after

7 days, but more notable induction was not observed

until the 14th day. When it was combined with SMF

exposure for 7 days, the Dex/b-GP induction was

activated in advance, and the value was similar to the

Dex/b-GP induction for 14 days. Therefore, we

believe that SMF exposure accelerated the process of

osteogenic differentiation in the presence of Dex/b-

GP. Further evidence was obtained from an analysis of

the matrices, osteospecific genes, and extracellular

calcium. As expected, SMF exposure promoted oste-

ogenic differentiation at an early stage and obvious

mineralization was demonstrated after 14 days of

culturing. Moreover, the related evidences in cell

signaling also showed that the combination of SMF

exposure advanced the activation time of Cbfa1

mRNA caused by Dex/b-GP from 168 to 72 h.

Furthermore, the SMF exposure increased the amount

of ERK1/2 phosphorylation (Cbfa1-upstream signal-

ing transduction) induced by Dex/b-GP after 3 h. The

increase in OCN gene transcription was accompanied

by an increase in the binding of Cbfa1 to the promoter

of the OCN gene (Kanno et al. 2007). The ERK1/2

activation initiated by ECM-integrin interaction can

subsequently stimulate the expression of down-stream

gene, OCN, by phosphorylating Cbfa1 to advance the

early stage of differentiation (Yuge et al. 2003; Kanno

et al. 2007). The advance of ERK phosphorylation

observed after SMF stimulation for 3 h was not

surprising because MAPK/ERK kinase activities had

been reported to be rapidly regulated by Dex treatment

within 2 h (Engelbrecht et al. 2003). Besides, the

ECM-induced activation of ERK during the osteo-

genic process of stem cells was observed within 2 h,

which represented one of the earliest decision making

events controlling their commitment to the osteogenic

phenotype (Salasznyk et al. 2007). Thus, the expres-

sion pattern of ERK activity at different time points

during the osteogenic process remained to be

elucidated in the future. In summary, the above results

supported our assumption that the cooperative influ-

ence from SMF in osteogenic differentiation was

possibly via reorganizing the interaction of cell-ECM

to accelerate the activation and maturation of the

DPCs-derived osteoblast-like cells that produced

obvious mineralization. On the other hand, the regu-

lation of ERK1/2 phosphorylation by SMF exposure

seemed to depend on the difference in cell type, as well

as on the magnetic flux intensity selected (Prina-Mello

et al. 2006; Yuge et al. 2003). Despite the positive

findings on the effect of SMF on the osteogenic

differentiation of DPCs in this study, it needs to be

confirmed whether SMF effect is mediated by ERK1/

2-dependent activation or by another mechanism.

The repair of human mandible bone defect by

grafting of DPCs and collagen sponge biocomplexes

has been demonstrated recently (d’Aquino et al.

2009). The advantage of this procedure is efficient,

exhibits low morbidity of the collection site, and is

free from diseases incurred by transmission of

pathogens. Thus, the autologous DPCs technique

represents a new tool for bone tissue engineering.

Here, our in vitro study further showed that SMF

(290 mT) combined with osteogenic induction could

enhance early osteogenic gene expressions, ALP

activity, and extracellular calcium and bone miner-

alization of DPCs. SMF exposure alone was not

sufficient to induce the occurrence of osteogenic

differentiation, though it was able to change the

reorganization and pattern of ECM and induce the

mRNA expression of the OCN gene. Therefore, we

speculated that it may play a cooperative role to

accelerate osteogenic differentiation, the maturation

of osteoblast-like cells, and mineralization, via the

ECM-mediated activation of ERK1/2-Cbfa1 signal-

ing. It has been demonstrated that a magnetic field

accelerates the differentiation of osteoblasts. This

study revealed for the first time that SMF exposure

can increase the potential for progenitors/stem cells

in dental pulp to differentiate into osteoblast-like

cells, which may contribute to increase the efficacy of

bone defect repair via DPCs transplantation in the

bone tissue engineering.
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