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Abstract
The study investigated the effects of pulsed electromagnetic fields (PEMFs) of
different frequencies on the gene expression of receptor activator of nuclear
factor kappa B (RANK) and Nuclear factor of activated T-cells cytoplasmic 1
(NFATc1) in rat osteoblast and osteoclast co-cultured model. Osteoblast-like
cells were isolated from calvariae of Newborn Sprague Dawley rats (SD rats),
while osteoclast-like cells were obtained from femora and tibiae of five weeks
old SD rats. After 1 days of co-culture, the cells were exposed to premarin (E2)
and different frequencies of PEMFs (8 Hz and 16 Hz, respectively) for 3 days.
The expression of RANK and NFATc1 mRNA was analysed with realtime
quantitative polymerase chain reaction. The gene expression of RANK and
NFATc1 in the E2, PEMF with 8 Hz and 16 Hz group was significantly lower
than that in the control group respectively. The gene expression of NFATc1 in
the PEMF with 8 Hz group was significantly lower than that in the control
group and PEMF with 16 Hz group. The study indicates that PEMF with 8 Hz
could regulate the gene expression of RANK and NFATc1 in co-cultured model.
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1. Introduction
Bone through this continuous dynamic remodeling provides structural integrity,
skeletal strength, and a reservoir for hematopoiesis. Two types of cells, osteoblasts and osteoclasts, maintain bone homeostasis by balancing each other’s function [1] [2]. Increased osteoclast numbers and activity cause osteoporosis and
periodontal disease. This bone remodeling process is regulated by numerous loDOI: 10.4236/jbise.2017.101003 January 23, 2017
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cal or systemic factors, which are secreted by either osteoblast-lineage cells and
influence differentiation and activity of both osteoblasts and osteoclasts or are
released by osteoclasts to regulate osteoblast activity [3]. In addition, direct contacts between osteoclasts and osteoblasts via membrane-bound ligands and receptors have been proposed to contribute to the coupling between bone formation and resorption [4].
The principal regulator of bone resorption is the receptor activator of nuclear
factor kappa B ligand (RANKL)/receptor activator of nuclear factor kappa B
(RANK)/osteoprotegerin (OPG) pathway. The binding of RANKL to RANK stimulates the differentiation of osteoclastic precursors into osteoclasts by inducing
the expression of osteoclastogenesis-specific transcription factors or by activating them. NFAT, a calcineurin- and calcium-regulated transcription factor, is a
family of transcription factors originally identified in T cells. Nuclear factor of activated T-cells cytoplasmic 1 (NFATc1, NFAT2)-deficient embryonic stem cells
fail to differentiate into osteoclasts [5]. The overexpression of constitutively active NFATc1 in bone marrow monocytes/macrophages causes precursor cells to
undergo efficient differentiation even in the absence of RANKL, suggesting that
NFAT2 is not only indispensable but also sufficient for osteoclastogenesis [6].
The murine co-culture assay originally described by Takahashi [7] was the
first culture system developed that generated genuine, bone-resorbing osteoclasts. The use of osteoblasts and osteoclasts in co-cultures has traditionally been
used to determine the relationship between the two cell types and the importance of RANKL to osteoclast differentiation [7] [8] [9].
Even though nowadays it is possible to generate osteoclasts from bone marrow cells alone by treating the cultures with RANKL and M-CSF, the co-culture
system is still a useful model for studying osteoblast-osteoclast interactions and
to determine the cell type affected in knock-out or transgenic mice.
Studies of the effects of PEMFs (7.5 Hz) on osteoclasts have indicated that
PEMFs accelerate the apoptosis rate of osteoclasts derived from primary osteoblasts and bone marrow cells cocultures [10] and can regulate osteoclastogenesis,
bone resorption, OPG, RANKL, and M-CSF concentrations in marrow culture
system [11]. Clinical investigations further confirmed that PEMF could help enhance bone mineral density and inhibit bone loss in human patients [12] [13].
PEMFs applied at 3.8 mT, 8 Hz, and 40 min per day for 3 days could regulate the
osteoclast-like cellic gene expression of RANK and CA II in vitro and vivo have
been reported [14] [15]. In this study, we investigated the effect of pulsed electromagnetic fields of different frequencies on the gene expression of RANK and
NFATc1 in rat osteoclasts co-cultured with osteoblasts and researched the molecular mechanisms underlying the effects of PEMFs on osteoclasts co-cultured
with osteoblasts in vitro.

2. Materials and Methods
2.1. Animals
Newborn SD rats and five-week-old SD rats with body weights of 120 - 130 g
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J. Chen et al.

were obtained from Medical College of Xiamen University Laboratory Animal
Center (certificate no.2007-0005), Xiamen, China. The rats were bred essentially
as previously described [14]. This study was authorized by the medical ethics
committee of the Zhong Shan Hospital of Xiamen University and accord with
Nation Institutes of Health guidelines regarding animal experimentation.

2.2. Reagents and Electromagnetic Stimulation System
The fetal bovine serum (FBS), trypsinase and penicillin-streptomycin were obtained from Gibco (USA). RANKL and M-CSF were obtained from Peprotech
(USA). E2 (premarin or conjugated E2) was obtained from Favor-clan HectoPalace Pharmaceutical Factory, Soochow, JiangSu, China. MEM-alpha and tris
used in this study was obtained from Invitrogen Co, USA. Alkaline phosphatase
(ALP) stain, Tartrate resistant Acidphos phatase (TRAP) were purchased from
Technology Co, Nanjing. Alizarin Red was purchased from Sangon Biotech Co.,
Shanghai. The PEMF apparatus (Union-2000A osteoporosis treatment system)
was purchased from the Biomedical Engineering Research Institute, Chinese
Academy of Medical Sciences, Tianjin. China.

2.3. Rat Osteoblast Cell
Osteoblasts were obtained from calvariae of newborn Sprague-Dawley rats by a
sequential enzymatic digestion as described previously [16]. Briefly, calvariae
were minced and incubated at room temperature for 20 min with slightly shaking of an enzymatic solution containing 0.1% collagenase, 0.25% trypsin in
phosphate-buffered saline (PBS, PH7.4). This procedure was repeated to yield a
total of six digests. The cells isolated from the last four to six digests were cultured separately in a-modified minimum essential medium (a-MEM) containing
15% fetal calf serum (FCS). After reaching a subconfluent state (80% - 90% confluent), the cells were removed from each flask and combined together as osteoblasts. Cultures were incubated at 37˚C in 5% CO2 and the medium was
changed every 3 days. Alkaline phosphatase (ALP) activity was measured by a
colourimetric assay as previously described [17]. After 15 days of culture, osteoblast were fixed in 70% cold ethanol for 1 h and mineralized nodules were
assessed by alizarin red staining followed to the method previously described
[17]. The second passage cells were used for the experiments [18].

2.4. Rat Osteoclast-Like Cell
Rat bone marrow cells were obtained by the method of Chen [19] with minor
modifications. Osteoclast-like cells morphology, TRAP staining and the resorptive lacunae were observed as previously described [19].

2.5. Establishment of Co-Culture System
Osteoclast-like cells (2 × 104 cells/well) cultured for 4 days were co-cultured with
second-generation osteoblasts (2 × 104 cells/well) in D-minimal essential medium, containing 10% fetal bovine serum in 6 well plates. These cells were
23
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co-cultured in moist air at 5% CO2 and 37˚C for 2 days.

2.6. Experimental Model
In the present study, the cells in the co-culture system were equally and randomly divided into the control group (osteoclasts co-cultured with osteoblasts),
E2 group (osteoclasts co-cultured with osteoblasts+ E2), PEMF with 8 Hz group
(osteoclasts co-cultured with osteoblasts+ PEMF with 8 Hz), PEMF with 16 Hz
group (osteoclasts co-cultured with osteoblasts+ PEMF with 16 Hz). After 24 h
of incubation, culture plates (6-well) derived from E2 group were exposed to E2
for 3 days, culture plates derived from PEMF group were exposed to different
frequency of PEMF (8, 16 Hz) for 3 days, RANK and NFATc1 mRNA were subsequently examined at the end of time points.
The intensity and time of PEMFs used in the present experiment were 3.8 mT
and 40 min per day for 3 days as used in previous studies [14], but the frequency
of PEMFs was 8 Hz, 16 Hz respectively.

2.7. Determination of RANK and NFATc1 mRNA Levels Using
Real-Time PCR
RANK and NFATc1 mRNA expression was analyzed by reverse transcription
and polymerase chain reactions (RT-PCR) as previously described [19]. Total
RNA was isolated using the TRIzol reagent according to the manufacturer’s instructions (Invitrogen, USA).The primer sequences, product sizes, and condition
for each gene are shown in Table 1. The threshold cycle (Ct) value was calculated from amplification plots [20]. β-actin was used as the housekeeping gene
for normalization. The ΔCt value for each sample was obtained by subtracting
the Ct values of a β-actin. The experiment of four samples from control group,
estrogen group, 8 Hz group, 16 Hz group was performed at least three times.

2.8. Statistical Analysis
All data were mean values ± SD. One-way ANOVA and the least significance
difference (LSD) test were analyzed using SPSS Science. P < 0.05 was considered
signiﬁcant.

3. Results
3.1. Identification of Osteoblast-Like Cells
The morphological and biochemical parameters of the cultured cells were
Table 1. The primer sequences and product size (bp).
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Primer

Sequence 5 - 3 direction

Control

Product size (bp)

RANK

5'-CTGCTCCTCTTCATCTCTGTG-3'
5'-CTTCTGGAACCATCTTCTCCTC-3'

(40) 95˚C, 5 min;
95˚C, 15 s; 60˚C, 60 s

162

NFATc1

5'-CAACGCCCTGACCACCGATAG-3'
5'-GGCTGCCTTCCGTCTCATAGT-3'

(40) 95˚C, 5 min;
95˚C, 15 s; 60˚C, 60 s

392

β-actin

5'-CAATTCCATCATGAAGTGTGAC-3'
5'-CCACACAGAGTACTTGCGCTC-3'

(40) 95˚C, 5 min;
95˚C, 15 s; 60˚C, 60 s

315
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characterised in a preliminary study. A monolayer of spindly to spherical cells
with round or elongated nuclei were formed (Figure 1(a)). ALP activity was appeared in 95% of analysed cells after 48 h in culture, verifying the purity of the
cultures (Figure 1(b)). Alizarin red stained after 15 days in culture, appeared red
calcified nodules (Figure 1(c)).

3.2. Identification of Osteoclast-Like Cells
As our previous study [14], the osteoclast-like cells emerged three or more nuclei
and pseudofoot-like activity at day 3. TRAP-positive multinucleated cells were
observed at day 4. They were irregular or elliptical in configuration (Figure 1(d)).

(a)

(c)

(b)

(d)

(e)

Figure 1. (a) Osteoblasts cultured at 3d (×200). (b) ALP stained (×40). (c) Alizarin red stained
(×200). (d) TRAP stained (×100). (e) Scanning electron microscopic picture of lacunae (×1400).
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In bone resorption studies, many resorption pits are observed on a bone slice
cultured with bone marrow cells at day 6. These bone resorption pits were
round, oval, sausage, or irregular (Figure 1(e)).

3.3. Regulation of RANK and NFATc1 mRNA Expression
The effect of the pulsed electromagnetic fields of different frequencies on rat osteoclasts co-cultured with osteoblasts was examined by analysing the mRNA expression of RANK and NFATc1. RT-PCR was accomplished after the high purity of the total RNA was verified and the primer design and probe synthesis were
validated. The gene expression of RANK in the E2 group, PEMF with 8 Hz group
and PEMF with 16 Hz group was significantly lower than that in the control
group (P = 0.000, P = 0.005, P = 0.017, respectively). The gene expression of
RANK in the E2 group was not statistically lower than that in the PEMF with
8Hz group and PEMF with 16 Hz group (P = 0.161, P = 0.056, respectively). The
expression of RANK mRNA in the PEMF with 8 Hz group was not statistically
lower than that in the PEMF with 16 Hz group (P = 0.562) also, illustrating that
PEMFs with 8 Hz group, PEMFs with 16 Hz group and estrogen inhibit the expression of RANK mRNA (Figure 2(a)). The gene expression of NFATc1 in the
control group was significantly higher than that in the E2 group, PEMF with 8
Hz group and PEMF with 16 Hz group (P = 0.000, P = 0.000, P = 0.004, respectively), demonstrating that PEMFs and estrogen inhibit the expression of
NFATc1 mRNA. The gene expression of NFATc1 in the E2 group was not statistically lower than that in the PEMF with 8 Hz group (P = 0.813). The gene expression of NFATc1 in the E2 group was significantly lower than that in the control group and PEMF with 16 Hz group (P = 0.000, P = 0.005, respectively). The
gene expression of NFATc1 in the PEMF with 8 Hz group was significantly lower
than that in the control group and PEMF with 16 Hz group also (P = 0.000, P =
0.008, respectively) (Figure 2(b)). *p < 0.05, **p < 0.05.

(a)

(b)

Figure 2. (a) Effect of different frequencies of pulsed electromagnetic fields on expression of RANK
genes. (b) Effect of different frequencies of pulsed electromagnetic fields on expression of NFATc1
genes.
26

J. Chen et al.

4. Discussion
Osteoclasts root in bone marrow cells of the monocyte/macrophage lineage
through differentiation, maturation and fusion. The receptor activator of nuclear
factor kappa B ligand (RANKL) and macrophage colony-stimulating factor
(M-CSF) play important roles and have been considered as indispensable for
differentiation and maintenance of osteoclasts in the process. RANKL generated
by osteoblasts through binding to its receptor (RANK) on osteoclast precursor
cells results in activation of osteoclast and easily lead to osteoporosis. RANK
stimulation affects gene expression of nuclear factor of activated T cells, calcineurin-dependent 1 (NFATc1) via the activator protein 1 (AP-1). Recently, A
major breakthrough in osteoclast biology was the identification of NFATc1 as a
main osteoclastogenic transcription factor. Takayanagi reported that NFAT2
plays an essential and sufficient role in osteoclastogenesis. They indicated that
RANKL causes and motivates NFAT2 through calcium signaling. Both the transient initial release of Ca2+ from intracellular stores and the influx through specialized Ca2+ channels operate the dephosphorylation of the cytoplasmic components (NFAT2 proteins) and give rise to their nuclear localization, which is
followed by the activation of osteoclast-specific genes [6].
Pulsed electromagnetic fields (PEMFs) are useful therapy for patients with
delayed fracture healing and nonunions [21] [22] [23] and affect different aspects of biomolecular synthesis in cells, including the kinetics of DNA, RNA,
and protein production [24] [25]. In previous studies, research has focused of
the effects of PEMF on osteoblasts and osteoclasts respectively, but the proliferation and activation of OC in OB-OC co-culture during PEMF stimulation has
not been fully elucidated. In vivo, osteoclast and osteoblast differentiation, survival, and activity are tightly coupled, Osteoblast-lineage cells at all stages of differentiation, from pluripotent precursors to matrix-embedded osteocytes, produce regulatory factors that modulate the differentiation and activity of both osteoblasts and osteoclasts. Osteoclasts can also release factors that feed back to
regulate osteoblast activity [3] [26] [27]. Therefore, the OB-OC co-culture system is much closer to the microenvironment in vivo. It have contributed to explain the interactions between osteoblasts and osteoclasts, exploring molecular
communication in bone diseases [28]. Currently, there are two main types of
co-culture systems: direct or indirect-contact systems. The direct-contact system
is well defined, in that two types of cells are co-incubated directly in the same
environment, thereby enabling synaptic connections for signal transduction. In
the indirect-contact system, two types of cells are co-cultured in a common environment without touching, and their interaction is dependent on the numerous cytokines and growth factors produced by both types of cells.
In this study, the direct-contact system was used. Osteoclast-like cells showed
various morphological appearances: most had irregular or elliptical configurations. TRAP staining of the osteoclast-like cells displayed uneven red deposits in
the cytoplasm of these large cells. Moreover, the round, elliptical, or irregular
resorptive pits excavated by the osteoclast-like cells were observed, which dem27
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onstrated the activity of these cells in the resorption experiment. Osteoblast
formed a monolayer of spindle-shaped to roughly trapezoidal cells with round
or elongated nuclei. ALP activity was present in 95% of analysed cells after 48 h
in culture, confirming the purity of the cultures. Alizarin red stained after 15
days in culture, appeared red calcified nodules. We have previously found that
PEMFs applied at 3.8 mT, 8 Hz, and 40 min per day for 3 days could modulate
the osteoclast-like cellic expression of RANK and CAII mRNA in vitro and vivo.
These data demonstrate that PEMFs could regulate the gene expression of CAII
in ovariectomized rats [14] [15]. In this study, we investigated the effect of
PEMFs on the gene expression of RANK and NFATc1 in rat osteoclasts
co-cultured with osteoblasts. This study clarifies that the gene expression of
NFATc1 and RANK in the E2 group and PEMFs groups was significantly lower
than that in the control group (P = 0.000, P = 0.000, P = 0.004, P = 0.000, P =
0.005, P = 0.017, respectively), demonstrating that E2 and PEMFs reduces the
expression of NFAT2 and RANK mRNA. In addition, the expression of NFAT2
in the PEMFs with 8 Hz group was significantly lower than that in the PEMFs
with 16 Hz group (P = 0.008, respectively).
This study has some limitations which have to be pointed out. There are lack
of immunohistochemistry and wester-blot analysis of RANK and NFATc1. We
acknowledge also that these are only elementary analyses on the effect of PEMFs
on rat osteoclasts in a co-culture system, evaluating only the mRNA expression
of RANK and NFATc1, but our preliminary results prove that different types
and values of electromagnetic fields can differently influence osteoclast cells in a
co-culture system. The study can be taken only as an initial evidence of the different effects of electromagnetic fields on bone tissue. Further studies on this
topic are necessary to increase our comprehension on how pulsed electromagnetic fields with 8 Hz could influence the molecular mechanism of signal transduction in a co-culture system. In conclusion, these data revealed that PEMFs
applied at 3.8 mT, 8 Hz, and 40 min per day for 3 days could affect the expression of RANK and NFATc1 mRNA in rat osteoclasts co-cultured with osteoblasts. Therefore, upon the predecessors’ investigations, our results, we deduce
that PEMFs with 8 Hz might regulate the process of osteoclast activation and
following bone resorption in a co-culture system, at least partially, through
RANK and NFATc1. Further studies on this topic are necessary to improve our
understandings on how PEMFs with 8 Hz could affect the molecular mechanism
of signal transduction in a co-culture system.
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