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Abstract
Extremely low-frequency electromagnetic fields (ELF-EMF) affect numerous biological functions such as gene expression, cell fate

determination and even cell differentiation. To investigate the correlation between ELF-EMF exposure and differentiation, bone

marrow derived mesenchymal stem cells (BM-MSCs) were subjected to a 50-Hz electromagnetic field during in vitro expansion.

The influence of ELF-EMF on BM-MSCs was analysed by a range of different analytical methods to understand its role in the

enhancement of neural differentiation. ELF-EMF exposure significantly decreased the rate of proliferation, which in turn caused an

increase in neuronal differentiation. The ELF-EMF-treated cells showed increased levels of neuronal differentiation marker (MAP2),

while early neuronal marker (Nestin) was down-regulated. In addition, eight differentially expressed proteins were detected in

two-dimensional electrophoresis maps, and were identified using ESI-Q-TOF LC/MS/MS. Among them, ferritin light chain, thior-

edoxin-dependent peroxide reductase, and tubulin b-6 chain were up-regulated in the ELF-EMF-stimulated group. Ferritin and

thioredoxin-dependent peroxide reductase are involved in a wide variety of functions, including Ca2þ regulation, which is a critical

component of neurodegeneration. We also observed that the intracellular Ca2þ content was significantly elevated after ELF-EMF

exposure, which strengthens the modulatory role of ferritin and thioredoxin-dependent peroxide reductase, during differentiation.

Notably, western blot analysis indicated significantly increased expression of the ferritin light chain in the ELF-EMF-stimulated

group (0.60 vs. 1.08; P< 0.01). These proteins may help understand the effect of ELF-EMF stimulation on BM-MSCs during neural

differentiation and its potential use as a clinically therapeutic option for treating neurodegenerative diseases.
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Introduction

The discovery of non-invasive stimulation of the brain has
given rise to a novel therapeutic target in cognitive psych-
ology. Electrical stimulation has been used to treat progres-
sive neurodegenerative disorders. Neurodegenerative
diseases are characterized by progressive neuronal losses
that affect specific regions of the nervous system. While
advances in treatments for these illnesses have improved
and elongated the life spans of the afflicted patients, no
treatments for a complete cure are currently available. The
impact of cellular therapy approaches that use stem cells to
treat neurodegenerative disease has been tremendous but
much is yet to be discovered. One potential therapy is the
use of electromagnetic wave therapy on stem cells to induce
them to differentiate into functional neuronal cells.

Mesenchymal stem cells (MSCs) have the capacity for
self-renewal and exhibit multipotent differentiation poten-
tial through which they can produce connective tissues

based on non-haematopoietic lineages. They are usually
harvested from the bone marrow, adipose tissue and umbil-
ical cord blood, among many other sources. MSCs possess
several qualities that may be used to treat diseases of the
central nervous system. They are known to secrete a variety
of cytokines and growth factors that have both paracrine
and autocrine activities against damaged tissues, including
the brain.1 MSCs are thought to have therapeutic potential
because of their capacity for self-renewal and differenti-
ation. They are also known to be able to restore injured
neural tissues, a property that may afford promising treat-
ments for neural injury. Previous studies showed that
electromagnetic field radiation can modulate adult neuro-
genesis of the central nervous system and neuroendocrine
functions.2,3 It is also known that extremely low-frequency
electromagnetic fields (ELF-EMF) enhance neuronal differ-
entiation of cortical neural stem cells in vitro through the
up-regulation of Cav1-channel expression and activity.4
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The entry of Ca2þ through these channels can influence the
transcription of certain classes of genes that are involved in
cell survival and differentiation. The mechanism underly-
ing the promotion of neural differentiation by ELF-EMF
in vitro remains elusive. Therefore, we investigated the
influence of ELF-EMF on the expression of proteins
during the neural differentiation of BM-MSCs by using
proteomic analysis.

Materials and methods
Cell culture and ELF-EMF stimulation

BM-MSCs (PT-2501, Walkersville Inc., MD) were thawed
and cultured in Non-haematopoietic Expansion Medium
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) sup-
plemented with 100 U/mL penicillin and 100mg/mL
streptomycin (Gibco BRL, Gaithersburg, MD, USA) in a
humidified incubator at 37�C and 5% CO2. Non-haemato-
poietic Expansion Medium was optimized and standar-
dized for the reproducible and reliable expansion of MSCs.5

When the BM-MSCs were exposed to ELF-EMF, the
medium was replaced with Dulbecco’s Modified Eagle
Medium Low Glucose (DMEM-LG, Gibco BRL,
Gaithersburg, MD) supplemented with 10% foetal bovine
serum (FBS, Lonza Walkersville Inc., MD, USA), 100 U/mL
penicillin, and 100mg/mL streptomycin (DMEM-LG, Gibco
BRL, Gaithersburg, MD, USA), and the cells were incubated
in a humidified incubator at 37�C and 5% CO2. The BM-
MSCs were cultured under an ELF-EMF at 50 Hz at 1 mT,
and the control group was cultured without an ELF-EMF
for 12 days. The cells were subjected to an ELF-EMF by
using the device that was provided by Hankyong
National University (Seoul, Korea).6 After 6 days, the
groups were subcultured to maintain their exponential
growth. The BM-MSCs in the early passages (between
four and seven passages) were used in all the experiments.

BrdU proliferation assay

The incorporation of BrdU (5-bromo-20-deoxyuridine)
during DNA synthesis was measured using a Cell
Proliferation ELISA kit with BrdU (Roche Diagnostics,
Penzberg, Germany) according to the manufacturer’s
protocol. Briefly, the cells were cultured on 96-well black
plates to a density of 2000/well and exposed to 50 Hz,
1 mT ELF-EMF. The cells were pulse-labelled with BrdU
for 24 h and fixed with FixDenat solution. Next, the BrdU
label was located in the DNA using a peroxidase-
conjugated anti-BrdU antibody (anti-BrdU-POD). The cells
were then washed three times with washing solution. The
bound anti-BrdU-POD was quantified with a peroxidase
substrate (Luminol/4-iodophenol) in a luminometer. Each
experiment was performed in triplicate.

Immunofluorescence staining

BM-MSCs were grown on glass cover slips and fixed in 4%
paraformaldehyde (Fluka Chemie AG, Buchs, Switzerland)
in PBS for 10 min. After three washes with cold PBS, the
cells were permeabilized by immersion in 0.25% Triton
X-100 in PBS for 10 min.4 Next, the cells were incubated

with 1% bovine serum albumin (BSA) at room temperature
for 1 h to block non-specific binding of the antibodies.
Staining was performed using 1 : 250 diluted mouse anti-
MAP2 (Abcam, Cambridge, UK) and 1 : 40 diluted rabbit
anti-Nestin antibodies (Santacruz, CA) in 1% BSA/PBS for
1 h followed by 1 : 200 diluted FITC-conjugated rabbit anti-
mouse (green) and Texas Red-conjugated goat anti-rabbit
(red) antibodies with three washes in cold PBS.
Subsequently, the cells were stained with 40,6-diamidino-
2-phenylindole (DAPI DAPI, Sigma–Aldrich, MO, USA).
After an additional three washes in cold PBS, the cells
were mounted and viewed under a confocal laser scanning
microscope that was equipped with an LSM 5 Exciter (Carl-
Zeiss, Jena, Germany). Each experiment was performed in
triplicate.

Intracellular calcium concentration

Fluo4-AM dissolved in DMSO was used for detecting intra-
cellular Ca2þ,7 which bound to cytoplasmic-free Ca2þ and
fluoresced green (peak at 516 nm). BM-MSCs were collected
in polypropylene tubes and the pellets were obtained by
centrifugation at 1300 rpm for 3 min. The cell pellets were
re-suspended in the cell-loading medium at 105 cells/mL.
The loading medium that was used in the experiments was
Hank’s Buffered salt solution (Invitrogen, Rockville, MD,
USA) that consisted of 1 mM calcium, 1 mM magnesium,
and 1% FBS. The cells were incubated with 2 mM Fluo4-
AM at 37�C for 30 min in the dark. These cells were then
washed three times with Dulbecco’s Phosphate Buffered
Saline (Invitrogen, Rockville, MD, USA) with no calcium
and magnesium and incubated at 37�C for a further
30 min to allow for complete de-esterification of the dye
by cytosolic esterases inside the cells. Subsequently, the
cells were examined to determine their fluorescence of
Ca2þ bound to Fluo4-AM using FL1 by FACS Calibur
flow cytometry (BD Biosciences, San Diego, CA, USA).
Simultaneously, they were treated with DMSO in parallel
as a negative control for each treatment. The intensity of the
fluorescence of the Fluo4-AM treated cells was normalized
against the background of the DMSO-treated cells and the
geometric mean value (Geo Mean) of the fluorescence for
each experiment was calculated as the value of normalized
Geo Mean using the program CellQuest (BD Biosciences,
San Diego, CA, USA).8

Two-dimensional electrophoresis (2-DE)

Sample preparation for 2-DE. The BM-MSCs were
exposed to 50 Hz, 1 mT ELF-EMF, and the control cells
were harvested and washed twice in PBS. The pellets
were obtained by centrifugation at 1300 rpm for 3 min.
The lysates were extracted in 200mL of radio-immunopre-
cipitation buffer that consisted of 50 mM Tris HCl (pH 8.0),
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and
0.1% SDS, and centrifuged at 13,000 rpm and 4�C for 20 min.
Then, the supernatant fractions were collected, and the cell
debris was removed. The concentration of protein in each
sample was determined by a modified Bradford protein
assay method using BSA as a standard.9
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Isoelectric focusing. Ready-to-use Immobiline DryStrips
(24 cm, pH 4–7) were used for isoelectric focusing (IEF).
DryStrips were re-hydrated with the samples (100 mg of pro-
tein) in 450mL of solubilization solution that consisted of
8 M urea, 2% CHAPS, 1% IPG buffer (pH 4–7), 13 mM
DTT, and a trace amount of BPB for 5 h without current
and 5 h with current at 80 V. IEF was carried out using an
IPGphor IEF system (AP Biotech, Sweden) at 200 V for 1 h,
500 V for 1 h, 100 V for 1 h, 1,000–8,000 V for 30 min, and
constantly at 8,000 V until approximately 100,250 Vh was
reached.10 The gel strips were equilibrated over two steps
of 10 min each with gentle shaking. The first equilibration
solution contained 50 mM of pH 8.8 Tris-HCl buffer
with 6 M urea, 20% glycerol, 2% SDS, and 1% DTT. In the
second equilibration solution, the DTT was replaced with
2.5% IAA.

SDS-PAGE. After equilibration, the IPG strips were
slightly rinsed with DW and blotted to remove the excess
equilibration buffer. They were then applied onto 12% SDS-
PAGE gels (26� 20 cm2) and overlaid with a solution of
0.5% agarose that consisted of a trace amount of BPB. 2-D
SDS-PAGE was performed in an Ettan DALT II system (AP
Biotech, Sweden) at 55 V for 1 h, 160 V for 1 h, and 330 V for
6 h.10 Proteins were visualized by a silver staining method
with some modifications.11

Image analysis. Computer analysis of the 2-DE image was
carried out using ImageMasterTM 2D Platinum Software.
The expression levels of the spots were determined by the
volume of each spot divided by the total volume of all of the
spots in the gel – a technique called Total Spot Volume
Normalization. For each spot, the relative volume intensity
was averaged and expressed as the mean� standard error
of the mean (SEM). The spots that were differentially
expressed with a statistical difference were selected by
using the Student’s t-test (P< 0.05) and identified via
liquid chromatography electrospray ionization tandem
mass spectrometry (ESI-Q-TOF LC/MS/MS).

ESI-Q-TOF LC/MS/MS

In-gel digestion. The proteins were subjected to in-gel
trypsin digestion.12 The excised gel spots were destained
with 100mL of destain solution (30 mM potassium ferri-
cyanide and 100 mM sodium thiosulfate) by shaking for
5 min. After removing the solution, the gel spots were incu-
bated with 200 mM ammonium bicarbonate for 20 min. The
gel pieces were then dehydrated with 100mL of acetonitrile
and dried in a vacuum centrifuge. Next, the dried gel pieces
were re-hydrated with 20 mL of 50 mM ammonium bicar-
bonate that consisted of 0.2mg of modified trypsin
(Promega corporation, Madison, WI, USA) for 45 min on
ice. After removing the solution, 30 mL of 50 mM ammo-
nium bicarbonate was added. The digestion was performed
overnight at 37�C. The peptide solution was desalted using
a C18 nano column.

Desalting and concentration. Custom-made chromato-
graphic columns were used for desalting and determining

the concentration of the peptide mixture prior to mass spec-
trometric analysis.5 A column consisting of 100–300 nL of
Poros reverse phase R2 material (20–30mm bead size,
PerSeptive Biosystems, Framingham, MA, USA) was
packed into a constricted GELoader tip (Eppendorf,
Hamburg, Germany). A 10-mL syringe was used to force
the liquid through the column by gently applying air pres-
sure. Thirty microlitres of the peptide mixture from the
digestion supernatant was diluted in 5% formic acid,
loaded onto the column, and washed with 30mL of 5%
formic acid. For analyses by MS/MS, the peptides were
eluted with 1.5mL of 50% methanol/49% H2O/1% formic
acid directly into a pre-coated borosilicate nanoelectrospray
needle (EconoTipTM, New Objective, USA).

ESI-Q-TOF LC/MS/MS

MS/MS of the peptides that were generated by in-gel diges-
tion was performed by using a nano-ESI in a Q-TOF2 mass
spectrometer (AB Sciex Instruments, CA).11 The source tem-
perature was room temperature. A potential of 1 kV was
applied to the pre-coated borosilicate nanoelectrospray nee-
dles (EconoTipTM, New Objective, USA) in the ion source
combined with a nitrogen back-pressure of 0–5 psi to pro-
duce a stable flow rate (10–30 nL/min). The cone voltage
was 40 V. The quadrupole analyser was used to select pre-
cursor ions for fragmentation in the hexapole collision cell.
The collision gas was Ar at a pressure of 6–7� 10�5 mbar,
and the collision energy was 25–40 V. The product ions were
analysed using an orthogonal TOF analyser that was fitted
with a reflector, a microchannel plate detector, and a time-
to-digital converter. The data were processed using a pep-
tide sequencing system.

To identify the proteins, all the MS/MS spectra of the
tryptic peptides that were derived from spots were com-
pared against protein sequences from the NCBI database
by using the MASCOT search program (www.
matrixscience.com).

Western blotting. For western blotting, BM-MSCs lysate
proteins (10mg of control and 50-Hz ELF-EMF, n¼ 3,
respectively) were denatured using SDS and incubated at
100�C for 5 min. Each protein sample was separated by 12%
SDS-PAGE and transferred to nitrocellulose membranes
(PALL Corporation, Ann Arbor, MI)) and then immuno-
blotted with ferritin antibody (Abcam, Cambridge, UK)
and GAPDH (Abcam, Cambridge, UK), respectively.13 The
western blots were scanned using a flat-bed scanner and
digitalized using Multi-Gauge v3.0 software (Fujifilm) and
the values are mean� standard error of the mean (SEM).

Statistical analysis

All the experiments were run in triplicate by using three
independent observations per experiment. For 2-DE ana-
lysis, we collected individual samples from six control
dishes and the 50 Hz, 1 mT ELF-EMF-treated dishes,
respectively. For each of the spots, the relative intensity
was averaged and expressed as mean� SEM. All significant
differences were assessed via unpaired Student’s t-tests
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(*P< 0.05, **P< 0.01, ***P< 0.001) using the SPSS 12.0 stat-
istical software package (SPSS, Chicago, IL).

Results
BM-MSCs morphology and proliferation by ELF-EMF

A morphological study of the BM-MSCs that were cultured
under ELF-EMF was performed at 2, 6 and 12 days after
exposure. The unconditioned BM-MSCs had flattened,
spindle-like, fibroblast-like features. The ELF-EMF-stimu-
lated BM-MSCs-induced morphological changes that
resembled neurite-like features (Figure 1(a)), which were
narrow, elongated and branch-like in nature.

The proliferation of the BM-MSCs was estimated via a
BrdU incorporation assay. Figure 1(b) shows that there was
no significant difference among the cells treated with ELF-
EMF on day 2, while those for days 6 and 12 showed a
significant decrease in BrdU incorporation, and thus prolif-
eration. This shows that ELF-EMF induced a positive effect
on the differentiation of the BM-MSCs.

BM-MSCs neural differentiation by ELF-EMF

After ELF-EMF exposure for 12 days, the cells were
detected as positive for mature neural marker nestin

(Figure 2(a)). As shown in Figure 1(a), the cells cultured
under ELF-EMF shows characteristic neuronal morphology
consisting of a contracted cytoplasm, condensed nucleus
and neurite-like outgrowths.

Figure 2(b) shows a fluorescence histogram; the fluores-
cence was shifted for the cells that were treated with ELF-
EMF and their intracellular Ca2þ levels were increased. The
BM-MSC intracellular Ca2þ content that was affected by
ELF-EMF (269.17� 31.58) was elevated with statistical sig-
nificance (P< 0.05) when compared with the control group
(202.11�33.73; Figure 2(c)). This result demonstrates a novel
regulatory mechanism that employs intracellular Ca2þ sig-
nalling that is induced by ELF-EMF in BM-MSCs neural
differentiation.

Comparative analysis of protein expression

Protein expression profiling experiments were conducted to
identify proteins that the expressed proteins from the con-
trol BM-MSCs on the 2-DE gels were compared to those of
ELF-EMF exposed cells for each of the six different gels. As
depicted in Figure 3(a), approximately 1500 spots were
detected in each of the gels through a pH range of 4–7 by
image analysis.

Figure 1 The morphology and proliferation of BM-MSCs during ELF-EMF exposure. Cells were cultured up to 12 days in DMEM-LG (with 10% FBS and 1% P/S) with

or without ELF-EMF stimulation at 50 Hz, 1 mT. (a) Cell morphology of control group and ELF-EMF exposure group. Magnification: 100�. (b) Proliferative capacity was

assessed through a BrdU incorporation assay after ELF-EMF exposure. The error bars represent the mean�SEM. *P< 0.05; ***P<0.001. (A color version of this figure

is available in the online journal)
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In the comparative analysis of the normalized volumes
of each spot, eight spots were differentially expressed in the
ELF-EMF-stimulated BM-MSCs (Figure 3(b)). Five spots
were up-regulated by more than 200% and the other three
were down-regulated by approximately 200% compared to
the control group. The relative volume intensities of the up-
and down-regulated spots are shown in Figure 3(b).

Identification of differentially expressed proteins

An ESI-Q-TOF LC/MS/MS analyser was used to obtain the
data to identify the proteins accurately. The ESI-Q-TOF MS/
MS spectrums were then matched against proteins in the
NCBInr database by using the MASCOT program. Table 1
lists the proteins that were identified, which included five
up-regulated proteins and three down-regulated proteins.

Western blot analysis of the ferritin light chain

To confirm the identity of protein deduced from the result
of ESI-Q-TOF LC/MS/MS, the expression level of ferritin
was analysed by Western blot (Figure 4). The total protein
load was verified by the GAPDH expression level. Ferritin
light chain expression in the ELF-EMF-stimulated group
was significantly higher than that in the control group
(0.60 vs. 1.08; P< 0.05).

Discussion

Many epidemiological surveys were conducted to study the

biological effects of electromagnetic fields on humans.14 In

previous studies, electromagnetic radiation could be used to

modulate adult neurogenesis as well as central nervous and

neuroendocrine functions.2,3 ELF-EMF enhance the neur-

onal differentiation of cortical neural stem cells in vitro.4

Moreover, magnetic fields induce neurite outgrowth in

chromaffin cells.15 However, no study has systematically

examined the effects of ELF-EMF at the cellular level.
In this study, we proposed the possibility of ELF-EMF

having a positive effect on BM-MSC neural differentiation
(Table 2). BM-MSC proliferation activity decreased when
the cells were subjected to 50 Hz, 1 mT ELF-EMF compared
with a control group of cells that were not exposed to ELF-
EMF (Figure 1(b)). The decreased BM-MSC proliferation
capacity under the influence of ELF-EMF suggests that
ELF-EMF induces a positive effect on the differentiation
of BM-MSCs. In addition, neural differentiation related
mRNA levels were verified and shown to be increased as
a result of 50 Hz, 1 mT ELF-EMF treatment (supplementary
data). Notably, intracellular Ca2þ levels were elevated
(Figure 2(b) and (c)) after ELF-EMF exposure. These results
suggest that ELF-EMF enhance the neural differentiation of
BM-MSCs.

Figure 2 BM-MSCs neuronal differentiation after exposure to ELF-EMF. (a) Cells were stained with an antibody against MAP2 (green) and nestin (red). The top panel

represents the control group where the four panels below show the cells that have undergone ELF-EMF treatment. In each experiment, the nuclei were counterstained

with 40,6-diamidino-2-phenylindole (DAPI) (blue). Magnification; 40�. (b) Intracellular Ca2þ contents measured with Fluo-4 AM in FACS, (c) Relative intracellular Ca2þ

level compared to ELF-EMF group. Error bars represent mean�SEM. *P< 0.05. (A color version of this figure is available in the online journal)
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In the present study, to determine how ELF-EMF act at
the cellular level, proteomic analysis of BM-MSCs with or
without ELF-EMF exposure was performed to identify dif-
ferentially expressed proteins that responded to ELF-EMF.
Expression of the ferritin light subunit, tubulin b-6 chain,

thioredoxin-dependent peroxide reductase, p24k-1, and
cytosolic inorganic pyrophosphatase were shown to be
up-regulated, and the expression of thioredoxin1, thiore-
doxin2, and N-acetyl-b-glucosaminidase prepro-polypep-
tide were shown to be down-regulated in BM-MSCs that

Figure 3 Representative 2-DE maps of whole-cell lysates of BM-MSCs and differentially expressed spots after ELF-EMF. A colour version of this figure is available in

the online journal.Representative 2-DE maps of whole-cell lysates from BM-MSCs. Proteins totalling 100mg were separated via 2-DE using a 24-cm pH 4–7 IPG strip

and homogenous 12% SDS-PAGE. The map was analysed using the Image Master 2D Platinum Software (version 6.0, Amersham Biosciences). (a) 2-DE maps for

control group and ELF-EMF-treatment group, (b) Differentially expressed, which is the average% volumes of the spots, for proteins that were two-fold up- and down-

regulated between the control group and ELF-EMF group. Statistically significant spots are represented in the graph (n¼ 6). The error bars represent the mean�SEM.

*P<0.05; **P<0.01. (A color version of this figure is available in the online article)

Table 1 Identification of the up- and down-regulated proteins in the 50 Hz, 1 mT ELF-EMF-treated group by using ESI-Q-TOF-LC/MS/MS

Spot no. Identification MW (Da) pI Score* Accession no.

Up-regulated

8429 p24k-1 (AA 1-91) 10,109 8 61 CAA34498

8509 Thioredoxin-dependent peroxide reductase 28,017 7.67 92 NP_006784

9324 Ferritin light subunit 16,441 5.65 58 AAA52440

9647 Tubulin b-6 chain 50,281 4.77 47 Q9BUF5

9736 cytosolic inorganic pyrophosphatase 32,277 5.42 54 AAD24964

Down-regulated

8914 Thioredoxin 2 18,515 8.45 39 AAF86467

8949 Thioredoxin 1 11,971 4.69 75 AAF86466

9725 N-acetyl-b-glucosaminidase prepro-polypeptide 64,720 7.03 40 AAA51828

*The score is�10�log(P), where P is the probability that the observed match was a random event. It was based on the data in the NCBInr database using the MASCOT

search program for MS/MS data.
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had been exposed to 50 Hz, 1 mT ELF-EMF compared with
the control group. We also confirmed the increase of cal-
cium concentrations in response to ELF-EMF. The rapid
increase of calcium ion is known to induce the production
of ROS which results in apoptosis.16 Prdx3 and ferritin are
expected to be related in repressing the production of ROS.
Prdx3, known as thioredoxin-dependent peroxide reduc-
tase, acts as anti-oxidant in mitochondria. Ferritin down-
regulates the production of ROS caused by rapid increase
of Fe ions.17 These two protein play a significant role in
repressing the production of ROS caused by surge of cal-
cium ion.

Ferritin is an important regulator of intracellular iron
content. Ferritin subunits consist of two types – a light
chain and a heavy chain—which share extensive homology
with each other. Pharmacologically obtained iron depletion
induces major cellular alterations, including cell cycle arrest
and apoptosis,18 but at elevated tissue concentrations, iron
is a potential toxin.19 The storage of intracellular iron in
ferritin molecules together with the down-modulation of
the transferrin receptor are the two key mechanisms
through which human tissues are shielded from the toxic
effects of excess iron.20 Ferritin can be viewed as both a
storage pool of iron and as a site for cellular detoxification.21

In several neurodegenerative disorders such as
Alzheimer’s disease and Parkinson’s disease, ferritin sub-
unit expression and brain iron homeostasis in general may
be altered.22

Ferritin is also involved in calcium homeostasis. Ferritin,
as the protein regulating the cellular iron levels, repressed
the production of reactive oxygen species (ROS).23 The syn-
thesis of ferritin is regulated by the iron regulatory protein
which also acts as an aconitase in TCA cycle converting
citrate to isocitrate. The energy produced in the TCA cycle
is used in actin filament reorganization involved in neural
differentiation through neurite outgrowth.17 Based on the
hypothesis, we are currently researching on the signalling
pathways relating ferritin to neural differentiation.

Thioredoxin-dependent peroxide reductase
(Peroxiredoxins3, Prdx3) is a new family of thiol-specific
peroxidases that rely on Trx as the hydrogen donor for
the reduction of H2O2 and lipid hydroperoxides.24,25

Prdx3 is exclusively present in the mitochondria.26 Prdx3
expression can be induced in response to oxidant
treatments. Further, antisense-mediated inhibition
of Prdx3 expression sensitizes bovine aortic endothelial
cells to oxidative challenges.27 In this study we propose
that ferritin and Prdx3 exhibited antioxidant functions
against iron or free radicals and had a neuroprotective
effect.28,29

Tubulin is the major constituent of microtubules.
Microtubules are fundamental eukaryotic cell components
that are involved in a wide variety of functions, including
mitosis, transport of various organelles, maintenance of cel-
lular morphology, and axonal transport in neurons.30

Vertebrates have six functional genes for a-tubulin and at
least six for b-tubulin.30–34 Although all these tubulin vari-
eties are not expressed in a single tissue, five distinct a-
tubulin isotypes and five different b-tubulin isotypes are
expressed in the brain, chiefly in the neurons.35,36 Tubulin
b-6, also known as neuron-specific b-III tubulin, is
expressed in relatively differentiated neurons after their
commitment. Therefore, ELF-EMF enhances the neural dif-
ferentiation of BM-MSCs and possibly exhibits a neuropro-
tective effect via up-regulation of Prdx3 and ferritin
expression.

In summary, the results of this study could provide
useful information for understanding the mechanism of
ELF-EMF stimulation, which has beneficial effects on vari-
ous physiological functions in humans and animals.
Although the details of the mechanism remain
unclear, the proteins that were identified in this study
could provide a better understanding of the mechanism
by which ELF-EMF operates in terms of the neural differ-
entiation of BM-MSCs. ELF-EMF might represent a clinic-
ally useful means for the treatment of neurodegenerative
disorders.
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Figure 4 Western blot analysis of the ferritin light chain. Western blot analysis of hUC-MSCs lysate proteins (10mg) from each set of the two groups was conducted.

Quantitative analysis of the gel bands was conducted using Scion image analysis software (Scion Corp., MD) (n¼ 3, respectively)

Table 2 Summary of positive effects of ELFEF on the differentiation of

BM-MSCs

Control EMF

Proliferation Rate Normal rate Decreased rate

Stemness markers

(gene and protein expression)

High Decreased

Differentiation markers

(gene and protein level)

Low High
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Abbreviations

BM-MSC bone marrow derived mesenchy-
mal stem cell

BPB bromophenol blue
BSA bovine serum albumin

2-DE two-dimensional electrophoresis
ELF-EMF extremely low-frequency electro-

magnetic fields
FBS foetal bovine serum

GAPDH glyceraldehyde-3-phosphate
dehydrogenase

IAA iodoacetamide
IEF isoelectric focusing

LC-ESI MS/MS liquid chromatography electro-
spray ionization tandem mass
spectrometry

MSCs mesenchymal stem cells
PBS phosphate buffered saline

SEM standard error of the mean
SDS-PAGE sodium dodecyl sulphate poly-

acrylamide electrophoresis
TBST Tween-20
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