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Abstract: Objective: To investigate the effects of extremely low frequency electromagnetic field (ELF-EMF) on the
proliferation and cytokine production of mesenchymal stem cells (MSC) and the effects of mesenchymal stem cell
conditioned medium (MSC-CM) on the proliferation and migration of macrophagocytes (RAW264.7). Methods: Bone
marrow derived-mesenchymal stem cells (rBMSC) were isolated from rats, cultured and randomly divided into two
groups: SHAM group (absence of electromagnetic field exposure) and EMF group. Cells in EMF group were exposed
to ELF-EMF (50 Hz, 1 mT, 4 h/d) under sXc-ELF. Mouse mesenchymal stem cells (MMSC) were exposed to EMF for 3
days. Results: The cell viability, DNA synthesis and proportion of cells in S phase in EMF group increased markedly
when compared with SHAM group (P<0.05). When compared with SHAM group, the mRNA expressions of M-CSF and
SCF increased markedly at 2 days after EMF exposure (P<0.05), the mRNA expressions of SCF, M-CSF, TPO, LIF, IL-
11 and IL-7 increased dramatically, but the mRNA expressions of IL-6, SDF-1, IFN-y and TNF-a remained unchanged
(P>0.05) in MMSCs at 3 days after EMF exposure. In EMF group, the viability of RAW264.7 after MSC-CM treatment
increased markedly as compared to SHAM group (P<0.05), and the ability to migrate of RAW264.7 after MSC-CM
treatment in EMF group also increased significantly when compared with SHAM group (P<0.05). Conclusion: EMF is
able to promote the proliferation of rBMSCs, up-regulate the expressions of hematopoietic growth factors in rBMSC

and mMSC and increase the mMSC induced proliferation and migration of RAW264.7.
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Introduction

Bone marrow-derived mesenchymal stem cell
(BMSCs) is a group of pluripotent stem cells dif-
ferent from hematopoietic stem cells. BMSCs
have been widely used in the bone healing and
repair of myocardium, nerves and spinal cord
after injury, and play important roles in the reg-
ulation and construction of hematopoiesis.
BMSCs have been important seed cells in the
tissue engineering and cell therapy. In severe
GVHD patients, transplantation with both mes-
enchymal stem cells (MSCs) and hematopoietic
stem cells (HSCs) achieved a better survival as
compared to transplantation with MSCs alone
[1]. This may be related to a lot of cytokines
secreted by MSCs (such as macrophage colo-
ny-stimulating factor [M-CSF], stem cell factor
[SCF], leukemia inhibitory factor [LIF], thrombo-

poietin [TPO], stromal-derived factor-1 [SDF-1,
CXCL12], interleukin-6 (IL-6), IL-7, IL-8, IL-11,
IL-12, IL-14 and IL-15) because these cytokines
may promote the homing, localization, prolifera-
tion and differentiation of HSCs and are impor-
tant for the formation and repair of hematopoi-
etic microenvironment [1, 2]. With the wide
application of MSCs in clinical practice, the opti-
mal conditions for in vitro culture and massive
expansion of MSCs have been challenges in tis-
sue engineering and cell therapy [3, 4].

In recent years, the clinical application of
extremely low-frequency electromagnetic field
(ELF-EMF) as a non-invasive physiotherapy, has
been paid attention to. Several studies have
shown that ELF-EMF may promote the prolifera-
tion of MSCs, and induce the differentiation of
MSCs into osteoblasts, in which the synthesis
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of bone morphogenetic protein, alkaline phos-
phatase and collagen, playing important roles
in the therapy of bone non-healing and osteo-
porosis [5]. In addition, ELF-EMF may up-regu-
late the expression of some cytokines [6-9].
However, whether ELF-EMF may affect the
secretion of cytokines by MSCs is still unclear.
In this study, MSCs were cultured in vitro and
the effect of ELF-EMF on the secretion of cyto-
kines by MSCs was investigated. In addition,
the conditioned medium (CM) was collected
from MSCs after ELF-EMF and then the influ-
ence of CM on the proliferation and migration
of RAW264.7 were investigated. Our findings
may provide evidence for the clinical applica-
tion of ELF-EMF treated MSCs.

Materials and methods
Materials

Animals and cell lines: SD rats aged 4-6 weeks
(specific pathogen free) and weighing 80+20 g
were purchased from the Experimental Animal
Center of the Third Military Medical University.
The animal procedures were in accordance to
the guideline for the use and care of animals.
mMSCs were kindly provided by Chen CH in the
Department of Labor and Hygiene of the Third
Military Medical University. RAW264.7 were
kindly provided by Cao ZW in the Department of
Labor and Hygiene of the Third Military Medical
University.

Main reagents: DMEM, fetal bovine serum
(FBS), 0.25% trypsin (Gibco, USA), penicillin,
streptomycin (Beyoutime Biotech Co., Ltd),
FITC-CD44, FITC-CD29, FITC-CD45, PE-CD31,
isotype negative control antibody (BD, USA),
CCK-8 kit (Dojindo, Japan), EdU (Guangzhou
Ruibo), RNA extraction reagent and reagents
used for Real-time PCR (TRIzol, reverse tran-
scription kit, SYBR Green fluorescence quantifi-
cation kit) (TakaRa, Japan) were used in the
present study.

Preparation of electromagnetic field (EMF):
Electromagnetic device was purchased from
IT'IS Company (Zurich, Switzerland). The ratio-
nale of the operation of this device was
described by the Schuderer company [10]. This
device is composed of two independent elec-
tromagnetic field (EMF) generators and con-
nected to a computer via a specific sensor. It
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can produce an EMF of 3-1250 Hz and 0.04-
3.5 mT. In the present study, the sinusoidal
EMF of 50 Hz and 1 mT was used.

Methods

Separation and identification of rBMSCs: The
primary rBMSCs were separated according to
the previously described [5]. When the cell con-
fluence reached 80-90%, cells were digested
with 0.25% trypsin and passaged at a ratio of
1:2. Cells were observed under an inverted
phase contrast microscope during the culture.
rBMSCs of the 3™ generation were indepen-
dently incubated with FITC-CD29, FITC-CD44,
FITC-CD45 and PE-CD31, and isotype control
was also included. Cells were then subjected to
flow cytometry.

Preparation of MSC-CM: mMSCs were seeded
into 35-mm dishes at a density of 4x10%/dish
and exposed to EMF. Three days later, the
supernatant was harvested and centrifuged at
500 g for 10 min to remove debris, and then
mixed with normal medium at a ratio of 1:1.

CCK-8 assay of cell proliferation

Detection of rBMSC proliferation by CCK-8
assay: rBMSCs of the 3" generation were seed-
ed into 96-well plates at a density of 2x103/
well (100 pL/well). After exposure to EMF, 10 pl
of CCK-8 solution was added to each well, fol-
lowed by incubation at 37°C in an environment
with 5% CO, for 1.5 h. The absorbance was
measured at 450 nm.

Detection of RAW264.7 proliferation by CCK-8
assay: RAW264.7 were seeded into 96-well
plate at a density of 5x103/well, and medium
was refreshed 12 h later: (1) normal control
group (CONTROL); (2) SHAM group: supernatant
of mMMSCs was mixed with normal medium at a
ratio of 1:1; (3) EMF group: cells were exposed
to EMF and the supernatant of mMSCs was
with normal medium at a ratio of 1:1. Cells in
different groups were maintained at 37°C in an
environment with 5% CO, for 24 h, 48 hor 72 h,
and then 10 pl of CCK-8 solution was added to
each well, followed by incubation for 2 h. The
absorbance was measured at 450 nm.

Detection of DNA synthesis by EdU integration
assay: Cells were seeded into 24-well plates at
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Table 1. Primers used for real-time PCR

Genes Forward (5'—3’) Reverse (5'—3’) Length
Rat M-CSF TAGCGAGCAAGGAAGCGAAC GAGCCCATCCATGTCGAAGA 117 bp
SCF TGTTCTTGCTACCCGTGACC TGCTCCGTGCAACTTCTTCT 110 bp
GAPDH TGCCACTCAGAAGACTGTGGATG GCCTGCTTCACCACCTTCTTGAT 249 bp
Mouse M-CSF AAGGAGGTGTCAGAACACTG TAGCATTGGGGGTGTTGTCTTT 223 bp
SCF CTCCTATTTCAATCCTCTTGTC CCAAGTTTCGCTATGATGGAGTAA 267 bp
TPO TCTGTCCAGCCCCGTAGCTC CTTGCTCTGTTCCGTCTGGG 184 bp
LIF GCCACCTGTGCCATACGCACCC TCCACGTTGTTGGGAAACGGCTC 141 bp
I-11 TCCAGTAGACCTGGGTGAGG GTTCCCTGCTCTTCAGGGTC 106 bp
IL-7 GCCTGTCACATCATCTGAGTGCC TGTATCATCACATACATGTTTTCT 163 bp
IL-6 TCCAGTTGCCTTCTTGGGAC AGTCTCCTCTCCGGACTTGT 74 bp
SDF-1 CCATGGACGCCAAGGTCGTC GGGCTGTTGTGCTTACTTGTTT 284 bp
TNF-o TGACAAGCCTGTAGCCCACG TCTTTGAGATCCATGCCGTTG 108 bp
IFN-y AGCAAGGCGAAAAAGGATGC TCATTGAATGCTTGGCGCTG 83 bp
B-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA 171 bp

a density of 1x10%/well, and exposed to EMF.
Three days later, cells were subjected to EdU
staining, and then observed under a fluores-
cence microscope. The EdU positive cells were
counted.

Detection of cell cycle by flow cytometry: Cells
were seeded into T25 flasks at a density of
1x10%/mL and exposed to EMF. Three days
later, single cell suspension was prepared and
cells were washed in PBS once. Then, cells
were fixed in 1 ml of 70% pre-cold ethanol for
24 h at 4°C and cells were harvested by cen-
trifugation. Cells were re-suspended in 200 uL
of PBS and incubated with Pl in dark for 30 min
at 4°C, followed by flow cytometry.

Detection of mRNA expressions of growth fac-
tors of MSCs by Real-time PCR: rBMSCs were
seeded into 35-mm dishes at a density of
4x10°%/dish and then harvested at 0, 1, 2, and
3 d after EMF exposure. mMSCs were seeded
into 35-dishes at a density of 4x10°%/dish and
then harvested 3 days later. Total RNA was
extracted with Trizol, and 1 pg of total RNA was
used for reverse transcription into cDNA accord-
ing to manufacturer’s instructions with a 20-uL
mixture. Conditions for reverse transcription
were as follows: 42°C for 2 min, 37°C for 15
min and 85°C for 5 s. Then, 1 uL of cDNA was
used as templates for Real-time PCR, and the
mixture used for Real-time PCR was 25 pL in
volume. The conditions for Real-time PCR were
as follows: pre-denaturation at 95°C for 30 s,
40 cycles of denaturation at 95°C for 15 s,
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annealing at 59°C for 20 s and extension at
72°C for 10 s, and a final extension at 72°C for
90 s. Fluorescence was measured once every
increment of 0.5°C during 65°C-95°C. The Ct
value was used to calculate the relative expres-
sion of target gene as follow: AACttarget gone =
(Cttarget gene_C reference gene)EMF i (Cttarget gene- reference
gene)SHAM, and GAPDH and B-actin were used as
internal references. The expression of target
gene in EMF group was 222t folds that in SHAM
group. Primers for rat M-CSF, SCF, GAPDH,
mouse SCF, M-CSF, TPO, LIF, IL-11, IL-7, IL-6,
SDF-1, IFN-y, TNF-a and B-actin are shown in
Table 1.

Detection of RAW264.7 migration after MSC-
CM treatment by wound healing assay:
RAW264.7 were seeded into 12-well plates at a
density of 5x10%/well and incubated for 24 h. A
wound was made with a 10-ul pipette tip, and
the shedding cells were removed by washing in
PBS. The remaining cells were maintained in
1.0 ml of fresh medium. In SHAM group and
EMF group, MSC-CM was added. Cells were
observed under an inverted phase contrast
microscope, and photographed at 24 h, 48 h
and 72 h. The width of wounds was measured.

Statistical analysis

Data are expressed as mean * standard devia-
tion. Statistical analysis was performed with
SPSS version 13.0, and the Student’s t-test
was employed for comparisons. A value of P<
0.05 was considered statistically significant.
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Figure 1. rBMSCs observed under an inverted phase contrast microscope (x100). A: After culture for 10 days, rBM-
SCs were fish-like and spindle-shaped; B: rBMSCs of the 3th generation were fibroblast-like.
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Figure 2. Detection of markers of BMSCs by flow cytometry. A: High CD29 expression; B: High CD44 expression; C:

No CD45 expression; D: No CD31 expression.
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ELF-EMF increases the via-
bility of rBMSCs: After exp-
osure to ELF-EMF, CCK-8
assay was performed to de-
tect cell viability. As shown
in Figure 3, the rBMSC via-
bility in EMF group was
more potent than that in
SHAM group at 3 d after
exposure to EMF (incre-
ment of 12.26% at 3 d,
19.78% at 5 d and 12.65%

0d 1d 3d

Figure 3. Detection of rBMSCs viability after ELF-EMF exposure by CCK-8 assay.

A: P<0.05 vs. SHAM group.

Results
Morphology of rBMSCs

rBMSCs were adherent to the wall of dishes.
Two days later, the medium was refreshed to
remove suspended cells, and remaining cells
were observed under an inverted phase con-
trast microscope. Cells had diverse shapes:
Triangular, polygonal or spindle-shaped. Cells
were further cultured, and they became long
spindle-shaped. After culture for 10-12 days,
cells showed fish or swirl-like growth (Figure
1A). -BMSCs of the 3™ generation were evenly
distributed on the bottom and became fibro-
blast-like (Figure 1B). After passaging, the
growth latency became shorter and their prolif-
eration increased.

Identification of rBMSC

rBMSCs of the 3™ generation were subjected to
flow cytometry and results showed the propor-
tions of cells positive for CD29, CD44, CD45
and CD31 were 99.9%, 98.9%, 1.19% and
0.012%, respectively (Figure 2). The propor-
tions of cells positive for CD29 and CD44 were
higher than 95%, suggesting that these cells
were homogeneous and had the surface mark-
ers of MSCs.
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7d at 7 d) (P<0.05).

ELF-EMF increases the
DNA synthesis in rBMSCs:
As shown in Figure 4, the
proportion of EdU positive
cells at 3 d after EMF exposure (39.78+6.73%)
was significantly higher than that in SHAM
group (26.1445.08%; P<0.05), suggesting that
ELF-EMF may increase the DNA synthesis in the
rBMSCs.

Cell cycle after exposure to ELF-EMF: Flow
cytometry showed the cell cycle of rBMSCs
changed at 3 d after ELF-EMF exposure. The
proportion of cells in S phase after ELF-EMF
exposure (28.43+1.34%) was significantly high-
er than that in SHAM group (21.89+0.99%)
(Table 2).

MRNA expression of cytokines after ELF-EMF

After ELF-EMF exposure, the mRNA expres-
sions of M-CSF and SCF were measured by
rBMSC (Figure 5A). At 2 d after exposure, the
MRNA expressions of M-CSF and SCF began to
increase and were 1.48 and 1.61 times those
in SHAM group, respectively (P<0.05). The
MRNA expressions of M-CSF and SCF further
increased with the prolongation of exposure. At
3 d after exposure, the mRNA expressions of
M-CSF and SCF were 1.52 and 1.78 times
those in SHAM group, respectively (P<0.01).

At 3 d after ELF-EMF exposure, Real-time PCR
was done to detect the mRNA expressions of
M-CSF, SCF, TPO, LIF, IL-11, IL-7, IL-6, SDF-1,

Int J Clin Exp Med 2015;8(5):7394-7404
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Table 2. Influence of ELF-EMF on the cell
cycle of rBMSCs (n =3, X £ s, %)

Group G,/G, S G,/M
EMF 70.66+1.76 21.89+0.99 7.45+1.06
SHAM 65.89+1.77% 28.43+1.34° 5.68+1.22

Footnotes: a: P<0.05, b: P<0.01 vs. SHAM group.

TNF-a« and IFN-y (Figure 5B). Results showed
the mRNA expressions of M-CSF, SCF, TPO, LIF,
IL-11 and IL-7 after ELF-EMF exposure were sig-
nificantly higher than those in SHAM group
(P<0.05).

CM from ELF-EMF treated mMSCs increases
the proliferation of RAW264.7

CCK-8 assay was performed to measure the
influence of CM from ELF-EMF treated mMSCs

7399

EdU Merge

Figure 4. EdU incor-
poration assay of DNA
synthesis in rBMSCs
after ELF-EMF expo-
sure. A: EdU/Hoechst
33342 positive cells
(x100 uym); B: Statisti-
cal analysis; a: P<0.05
vs. SHAM group.

EMF

on the proliferation of RAW264.7. As shown in
Figure 6, the absorbance increased over time
(O h,24 h, 48 h and 72 h). When compared with
normal RAW264.7, the absorbance in SHAM
group and EMF group increased markedly after
incubation with MSC-CM (P<0.05). Moreover,
after culture for 72 h, the absorbance in EMF
was significantly higher than that in SHAM
group (P<0.05).

CM from ELF-EMF treated mMSCs increases
the migration of RAW264.7

mMSCs were exposed to EMF and the superna-
tant (CM) was collected. The influence of this
CM on the migration of RAW264.7 was investi-
gated. As shown in Figure 7, the wound width
reduced over time (O h, 24 h, 48 h and 72 h).
When compared with normal RAW264.7, the

Int J Clin Exp Med 2015;8(5):7394-7404
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Figure 5. mMRNA expressions of cytokines secreted by MSCs (Real-time PCR). A: mRNA expressions of M-CSF and
SCF in rBMSCs; B: mRNA expressions of SCF, M-CSF, TPO, LIF, IL-11, IL-7, IL-6, SDF-1, IFN-y and TNF-& in mMSCs; a:

P<0.05, b: P<0.01 vs SHAM group.
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Figure 6. Proliferation of RAW264.7 (CCK-8 assay). A: P<0.05 vs. CONTROL
group, B: P<0.01 vs. CONTROL group; C: P<0.05 vs. SHAM group.

width in EMF was signifi-
cantly reduced as com-
pared to SHAM group
(P<0.05).

Discussion

Mesenchymal stem cells
(MSCs) are a group of stem
cells with the multi-lineage
differentiation and are
derived from the meso-
derm. MSCs have a high
plasticity and exogenous
genes are easy to be intro-
duced to these cells to
achieve stable expression
of target gene. These MSCs
have been ideal seed cells
in tissue engineering and

wound width in EMF group reduced markedly at cell therapy. MSCs are easy to be separated
24 h after incubation with MSC-CM (P<0.05). from the bone marrow and thus bone marrow
Moreover, after culture for 72 h, the wound has been a major source of MSCs. However,
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Figure 7. Migration of RAW264.7 (wound healing assay). A: Wound width in different groups (x100); B: Statistical
analysis; a: P<0.05 vs. CONTROL group, b: P<0.01 vs. CONTROL group; c: P<0.05 vs. SHAM group.

the cell compositions are complex in the bone
marrow, and rBMSCs have a low proportion in
the bone marrow and account for only 0.001%-
0.01% of nucleated cells. Thus, the separation,
purification and in vitro expansion of MSCs of
bone marrow are of great importance. In the
present study, classic whole bone marrow
adherent culture was employed to separate
and purify r BMSCs, and flow cytometry showed
rBMSCs had high expressions of surface mark-
ers of MSCs (CD29 and CD44), but low or no
expressions of surface markers of hematopoi-
etic cells and endothelial cells (CD45 and
CD31). This suggests that rBMSCs with a high
purity were separated. In addition, with the
increase in passaging, the proliferation of
MSCs reduced and their ability of multi-lineage
differentiation was also compromised [11]. In
addition, the expressions of bone morphoge-
netic protein and alkaline phosphatase reduced
and the secretion of hematopoietic growth fac-
tors was also compromised in MSCs [12]. Thus,
to develop strategies to maintain the stemness
has been a focus in studies. The maintenance
of stemness of MSCs is dependent on their
self-renewal.

Our results showed ELF-EMF increased the via-
bility of r BMSCs, promoted the DNA synthesis,
and increased the proportion of cells in S
phase, which were consistent with previously
reported [5]. The proliferation of MSCs is also
related to the expressions of relevant cyto-
kines. Callaghan et al [6] and Goto et al [7]
found EMF could up-regulate the mRNA expres-
sion of fibroblast growth facter-2 (FGF-2). Of
note, FGF-2 may inhibit cellular senescence
and promote cell proliferation via PI3K/AKT-
MDMZ2 signaling pathway, which plays an impor-
tant role in the maintenance of self-renewal
and stemness of MSCs [13].

ELF-EMF may also increase the expressions of
some cytokines including factors related to
osteogenesis (BMP, ALP, RUNX2 and DLX5) [5,
8], which play important role in the therapy of
bone non-healing and osteoporosis. Li et al [9]
found ELF-EMF could up-regulate the mRNA
expressions of ACTN2, a-actin and TNNT2 and
promote the differentiation of rBMSCs into car-
diomyocyte-like cells. Bai et al [5] also pro-
posed that EMF could act synergistically with
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neural induction factor to promote the differen-
tiation of MSCs into neurons which expressed
specific markers of neurons. Our results also
revealed that ELF-EMF up-regulated the expres-
sions of some hematopoietic growth factors
(M-CSF, SCF, TPO, LIF, IL-11 and IL-7), but the
mRNA expressions of SDF-1, IL.-6, TNF-a and
IFN-y remained unchanged. This may be relat-
ed to the pattern of EMF and the time points.
Studies have shown that the biological effects
of EMF are related to the time of exposure,
waveform, frequency, amplitude, cell type and
cell status [14]. Both SCF and c-kit (SCF recep-
tor) are involved in the migration, proliferation
and differentiation of hematopoietic cells. The
proliferation and survival of early hematopoiet-
ic cells are controlled by c-kit signaling pathway
[15]. Exogenous SCF and G-CSF may increase
the proliferation of MSCs [16]. In the present
study, results showed ELF-EMF increased the
proliferation of MSCs, which may be partially
related to the increase in the expression of
proliferation-related genes. Colony-stimulating
factors (CSFs) are a group of glycoproteins
controlling the proliferation and differentiation
of monocyte-macrophages, neutrophils and
hematopoietic cells. M-CSF (CSF-1) is involved
in the regulation of proliferation and differentia-
tion of the mononuclear phagocytic system
[17]. The binding of CSF-1 to its receptor
(CSFAR) plays crucial roles in the proliferation,
differentiation and migration of cells [18]. Our
results also showed MSCs could promote the
proliferation and migration of macrophages,
and the abilities of MSCs after EMF exposure to
promote the proliferation and migration of mac-
rophages were more potent than that in SHAM
group, which might be ascribed to the up-regu-
lated M-CSF mRNA expression after EMF expo-
sure. The proliferation and differentiation of
MSCs require the continuous expressions of
some cytokines such as SCF and M-CSF, and
EMF-EMF could increase the expressions of
some cytokines. Although we did not confirm
the causative relationship between MSCs pro-
liferation and cytokines secreted by these cells,
our results suggested that the increase in
these cytokines could further facilitate the pro-
liferation of MSCs.

Taken together, ELF-EMF may promote the pro-
liferation of MSCs and up-regulate the mRNA

Int J Clin Exp Med 2015;8(5):7394-7404
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expressions of M-CSF, SCF, TPO, LIF, IL-11 and
IL-7. In addition, CM from mMSCs is able to
increase the proliferation and migration of
RAW264.7. Our findings provide a new strategy
for the in vitro expansion of MSCs and reliable
experimental evidence for the clinical use of
MSCs.
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