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Abstract

Background: Interest in the use of extremely low-frequency (ELF) electromagnetic field (EMF) for the treatment of pain and

inflammation is increasing due to the ability of this promising therapy to compete with pharmaceuticals without the adverse

effects caused by drugs. However, there continues to be concerns regarding cytotoxic and genotoxic effects that may occur

as a result of exposure to EMF.

Objective: To investigate this concern, we tested the effect of our known therapeutic 5 Hz, 0.4 milliTesla (mT) EMF on a

human mesenchymal stromal cell (hMSC) line to determine whether ELF-EMF exposure would cause cytotoxic or genotoxic

effects.

Methods: Treated samples along with controls were exposed to 5 Hz, 0.4 mT ELF-EMF for 20 min/day, 3�/week for 2 weeks

and then assayed for cell viability, proliferation rates, and chromosome breaks.

Results: Cytogenetic analysis of the viability and proliferation rates along with analysis of morphological genome stability

showed no cytotoxicity, and no chromosome breaks per karyotype analysis—therefore no genotoxicity.

Conclusion: Exposure to an ELF-EMF of 5 Hz, 0.4 mT for 20 min/day, 3�/week for 2 weeks does not cause cytotoxic or

genotoxic effects in hMSCs.
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Introduction

Extremely low frequency electromagnetic fields (ELF-
EMF) penetrate through the skin into the body’s deep
tissue to affect cell function.1–3 Studies report ELF-EMF
to be effective in the treatment of pain and inflamma-
tion4–7 and also tissue regeneration and wound heal-
ing.8,9 Evidence shows that mechanisms of action
include Ca2þ ion flux, and expression/activation of
Ca2þ ion binding proteins such as calmodulin, increase
the cytosolic Ca2þ concentration to affect signaling
pathways targeting tissues such as bone, cartilage, and
nerve for pain regulation and tissue regeneration.10,11

For many years, it was thought that EMF exposure

would only cause harmful effects in the body, but it is
now understood that the amount of energy (field
strength), frequency of the field, and length of time of
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exposure are the parameters that determine whether
EMF is harmful or beneficial.12

Mesenchymal stromal cells (MSCs)/pericytes are a het-
erogeneous, tissue-specific population of cells, located in
perivascular areas throughout the body that, depending
on the organ and on the pathology, assume tissue-specific
roles to respond/mitigate cellular events.13 Therefore, any
treatment using ELF-EMF would certainly reach, and
impact these cells, making them an ideal subject in
which to test cytotoxicity and genotoxicity. Here, we
investigated whether our known therapeutic ELF-EMF
of 5Hz, 0.4mT field4,5 could be cytotoxic/genotoxic
to MSCs/pericytes upon exposure for 20 min/day,
3�/week for 2 weeks. We found that MSCs’ viability,
proliferation rates, and morphological genome stability
were not affected or altered by ELF-EMF, when used at
the tested field strength and frequency.

Materials and Methods

Cell Culture

Human bone mononuclear cells (BMNCs) were obtained
from AllCells (Alameda, CA). BMNCs were enriched for
the Stro-1þ fraction using a Stro-1 antibody (R&D
Systems, Minneapolis, MN) and magnetic bead cell sort-
ing (Miltenyi Biotec, Inc., Auburn, CA). Stro-1þ cells
were expanded in vitro at 37�C in 5% CO2 humidified
air, in MSC-GM (growing media). At confluence, cells
were detached with 0.25% trypsin (Invitrogen Corp.,
Carlsbad, CA), and trypsin was neutralized with media
containing 10% fetal bovine serum (Thermo Fisher
Scientific, Grand Island, NY). Characterization by flow
cytometry, and by functional studies, demonstrated that
these cells displayed markers characteristic of bone
marrow-derived mesenchymal cells/pericytes, including
CD105, CD146, CXCL12, CD90, CD44, and CD29,
and that they were able to undergo trilineage differenti-
ation into adipocytes, cartilage, and bone.14 Cells were
cultured in T-75 flasks using 36mL of media per flask,
incubated at 37�C, with 5% CO2, and grown to 100%
confluency before being exposed to the ELF-EMF.

ELF-EMF Exposure

Flasks containing confluent cells were removed from
incubators and the media changed. Flasks with cells
were placed in 37�C water bath and exposed to a 5Hz,
0.4mT uniform ELF-EMF generated by a Helmholtz
coil (Figure 1) for 20 min, 3�/week (Monday,
Wednesday, and Friday) for 2 weeks. Flasks were
placed in center of ELF-EMF field to assure uniform
cell exposure.

Both treated and control cells originated from the
same batch of isolated cells. Controls were subject to

the same media change, but they were placed in the
EMF device with field turned off (sham).

Cell Viability (Live/Dead) Assay

Cells were washed prior to assay using 1mL ofDulbecco’s
phosphate-buffered saline. In both sham and treated cells,
imaging was performed using MSCs (1� 106 cells/mL)
that were transferred to coverslips (Mat-Tek, No. 1.5
cover glass) embedded with 35mm circular plates in the
cover glass. To determine viability, a live/dead stain cal-
cein assay kit (InvitrogenMolecular Probes, Eugene, OR)
was used according to manufacturer’s instructions. This
kit provides a 2-color fluorescence cell viability system
that uses 2 probes to measure recognized parameters of
cell viability—intracellular esterase activity (generating
green fluorescence to determine live cell activity) and
plasma membrane integrity using ethidium homodimer-
1 (EthD-1 generating red fluorescence to determine dead
cells). Cells were counted, and all images were quantita-
tively assessed based on live/dead cell percentages using
CellSens Standard software installed on Leica DMI
4000B inverted microscope.

Proliferation Rate Assay

To determine cell proliferation rates, PrestoBlue Cell
Proliferation Assay (Invitrogen, Eugene, OR) was used,
according to manufacturer’s instructions, to measure rates
of proliferation during the time of exposure to ELF-EMF.
PrestoBlue uses a permeable resazurin-based solution that

Figure 1. ELF-EMF Emitting Device Setup. EMF Emitting Device

Is an 1100 Diameter Helmholtz Coil Equipped With a Warm Bath

Heated With Ceramic Heating Element to Maintain 37�C

Constant Temperature. Oscilloscope Is Used to Measure

Frequency. Gauss Meter Is Used to Measure Field Strength.
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functions as an indicator of cell proliferation. The
reagent is modified by the reduction environment of
the viable cell and turns red in color, becoming highly
fluorescent. This color change can be detected using a
plate reader that measures optical rates of excitation and
emission. For this assay, a volume of 90 mL of cells
(1� 106/mL) were plated in 16 wells of 2 separate
96-well plates (1 plate treated with ELF-EMF exposed
cells, and the other with control cells). Next, they were
incubated at 37�C, with 5% CO2, for 24 h (considered
day 0) before the first time point was taken. This gave the
cells time to adhere to the wells. The second time point
was taken at 7 days, and the third time point was taken
at 14 days.

At each time point, assay was performed by transfer-
ring 90 mL of cell media from each well of the 96-well cell
plates into corresponding separate 96-well plates (treat-
ment and CTRL) for testing. Fresh media was then
added to the cells and replaced in the incubator. The
cell media used for testing was treated with 200 mL of
PrestoBlue (10% solution) mixed into each well and
then incubated for 20 min. Proliferation rate measure-
ments were taken using a Spectramax M5 plate reader
(Molecular Devices LLC, Sunnyvale, CA) for fluores-
cence reading (excitation 535 nm and emission 615).

Genotoxicity Analysis

To determine karyotype stability, we first determined
that MSC karyotype before treatment was stable
(Figure 2). Next, we stained a total of 12 cell samples
on slides (treatment with EMF (n¼ 6), and control cells
CTRL/sham (n¼ 6), to determine whether our ELF-
EMF treatment causes genotoxic effects. Slides were
stained for 1min 40 s with a working solution of 1mL
Giemsa stain prepared from a commercially available
stock solution (R66 solution, Sci Supply group,
Collingwood, Ontario, Canada), mixed with 50mL
Gurrs buffer (GibCo Life technologies, Thermo Fisher
Scientific, Waltham, MA), and then washed 2� 1 min in
Gurrs buffer. One sample each (control and treatment)
was stained with Giemsa (mixed with trypsin) to show
banding of chromosomes in order to determine the cell
sample karyotype.

Statistical Methods

Experimental results are presented as � the standard
error of the mean and were analyzed with Prism
(GraphPad Software, Inc., La Jolla, CA). Student’s
paired t test was used to determine significance of

Figure 2. Untreated Samples of MSCs. Sample Shows Stable Karyotype in MSC Sample Before Being Exposed to EMF.
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difference between means, with P< .05 considered stat-
istically significant for all tests.

Results

Impact of ELF-EMF-5-0.4 on Cell Viability

In order to test whether ELF-EMF, when administered
at the known therapeutic dosimetry of 5Hz, 0.4mT
(ELF-EMF-5-0.4), could have cytotoxic/genotoxic
effects, we began by investigating whether ELF-EMF-
5-0.4 had an impact on cell viability. Experimental
groups included ELF-EMF-5-0.4 exposed (n¼ 3)
versus control (CTRL/sham, n¼ 3) groups, in which
cells were placed in Helmholtz Coil with field turned
off, as described in the ‘‘Materials and Methods’’ sec-
tion. The time of exposure of 20 min/day, 3�/week
(Monday, Wednesday, and Friday) for 2 weeks, was
chosen as the midrange time of exposure used in our
previous experiments,4,5 and as shown by Shupak, N.15

Outcomes of cell viability (live/dead) assays for ELF-
EMF-5-0.4 treated and control cells show no statistical
significance (Figure 3).

Effect of ELF-EMF-5-0.4 on Cell Proliferation

To determine whether ELF-EMF-5-0.4 had an effect on
cell proliferation, cells were subjected to ELF-EMF
fields as described above. ELF-EMF-5-0.4 exposed (n
¼ 3) versus control (CTRL/sham, n ¼ 3) cell groups
were harvested, and data were calculated and plotted
showing high fluorescence values correlating to greater
total metabolic activity. Results in Figure 4 show no
statistically significant difference between the MSCs
exposed to EMF compared with CTRL after 2 weeks
of ELF-EMF exposure, therefore when ELF-EMF is
employed using these parameters does not alter cellular
proliferation.

ELF-EMF-5-0.4 Exposure Is Not Genotoxic to
MSCs/Pericytes

After determining that the MSC used had a normal
karyotype (Figure 2), we exposed cells to 5Hz, 0.4mT
ELF-EMF for 20 min/day, 3�/week (Monday,
Wednesday, and Friday) for 2 weeks (n ¼ 6 samples
per group) and compared them with MSCs controls
(sham, n ¼ 6). We stained the (a) CTRL samples and
(b) ELF-EMF-treated samples with Giemsa (mixed with
Gurrs) to investigate the presence of chromosomal aber-
rations that could have occurred as a result of exposure
to ELF-EMF. Euploid metaphases with 46 chromo-
somes were analyzed for the presence of chromosome
aberrations, including chromatid breaks, isochromatid
breaks, and chromatid exchanges. If present, chromatid

discontinuances of lengths greater than the width of the
chromatid were considered to be chromatid breaks.
Chromatid discontinuances with lengths less than the
chromatid width were considered to be chromatid caps
and were not counted as aberrations in the present ana-
lysis. If present, we considered exchanges to include
chromatid interchanges between 2 or more chromo-
somes, chromatid interchanges between arms of a
chromosome, nonterminal deletions and aberrations
resulting from the fusion of broken ends of chromatids
from 1 arm of a chromosome. Neither (a) MSC control
samples nor (b) MSC treatment samples showed chro-
matid breaks or discontinuances after being treated with

Figure 3. Cell Viability Assay. Cell Viability Assay Shows No

Statistically Significant Difference Between CTRL/Sham ELF-EMF

Treatment When Exposed to 5 Hz, 0.4 mT for 20 Min/Day, 3�/

Week for 2 Weeks. CTRL, Control; EMF, Electromagnetic Field.

Figure 4. Proliferation Assay. MSCs Exposed to ELF-EMF

(Denoted by Circle) Show No Statistically Significant Change in

Proliferation Rates Compared With CTRL (Denoted by Square)

When Exposed to 5 Hz, 0.4 mT for 20 Min/Day, 3�/Week for 2

Weeks. CTRL, Control; EMF, Electromagnetic Field.
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ELF-EMF of 5Hz, 0.4mT for 20 min/day, 3�/week for
2 weeks (Figure 5).

Discussion

Nonionizing radiation refers to any type of electromag-
netic radiation that does not carry enough energy to
ionize atoms or molecules, meaning completely removing
an electron from an atom or molecule, resulting in cell
toxicity. ELF fields are in the range of 3–30Hz and are
designated as nonionizing radiation. We chose an ELF-
EMF of 5Hz, 0.4mT field to test on MSCs/pericytes
because we have used this magnetic field strength and
frequency in past experiments to measure its effect on
various cytokines and transcription factors involved in
pain- and inflammation-related mechanisms in vitro.4,5

Although we demonstrated an anti-inflammatory secre-
tion profile in cells treated with ELF-EMF, others have
reported harmful cellular effects, depending on the
energy state of the field.10 Bioelectromagnetics, the
study of how living organisms interact with EMF, inves-
tigates the interaction between electrons, atoms, ions,
and molecules present in all living matter, and how

they are influenced by electromagnetic interactions.16

Faraday’s law of induction and Maxwell’s equations
explain how an EMF is created: an electric field is gen-
erated whenever a charge (Q) is present, and a magnetic
field arises from the electrical current flow. Units of
measure are Gauss and Tesla (10 000 Gauss), which
expresses the flux density/field strength produced by
the EMF. Faraday’s law can be applied to electrical cur-
rents that already exist in the body (heart, brain, etc),
which are capable of producing magnetic fields outside
the body.17 These fields can be measured by electrocar-
diograph, electroencephalograph, and magnetoencepha-
lography, which is a technique for mapping brain activity
by recording magnetic fields produced by electrical
currents occurring naturally in the brain. These endogen-
ous fields can be affected by exogenous EMF stimula-
tion, as can tissues and organs in the body, by
modulating biochemical reactions and the behavior of
charged molecules.18

Research shows the plasma membrane is one of the
main locations where applied EMF acts on the cell.19,20

EMF exposure to the outside surface of the cell can alter
ligand–receptor interactions11 known as mechanically

Figure 5. Karyotype Analysis After (a) CTRL/Sham Treatment and (b) ELF-EMF Treatment. Neither MSC Treatment Sample Show

Chromatic Breaks or Discontinuance After Being Treated With ELF-EMF of 5 Hz, 0.4 mT for 20 Min/Day, 3�/Week for 2 Weeks.
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gated ion channels.21 ELF-EMF can pass unobstructed
through living tissue, with frequencies close to the reson-
ant patterns of calcium (Ca2þ), sodium (Naþ), and other
ions.22 Due to this direct cellular interaction, EMF are
reported to increase healing rates much quicker than
other therapies, as they more quickly permeate tissue
immediately after insult.23 EMF quickly restores equilib-
rium between free radicals and antioxidants to stop the
cascade of inflammatory progression and biochemical
degradation in traumatized tissue.24 EMF therapies not
only have the potential to restore equilibrium in reactive
oxygen species related to free radical/antioxidative chem-
istry, they also induce currents that stabilize cytosolic
Ca2þ that is activated by oxidative stress.25 ELF-EMF
has also been reported to upregulate classes of protective
and restorative gene loci as well as downregulate dysre-
gulatory and apoptotic gene loci.23 Although the energy
in nonionizing radiation is not strong enough to break
ion bonds in atoms and molecules,26,27 numerous studies
have investigated the effects of EMF on adult stem cells,
demonstrating that changes in proliferation rates,
depend upon cell culture conditions and/or EMF param-
eters such as frequency, field strength, and time of expos-
ure.28–30 Here, we show that ELF-EMF-5-0.4 did not
alter MSCs/pericytes’ viability or proliferation ability.
Furthermore, we demonstrated that no breakages,
fusions, or translocations were present in MSCs/
pericytes after 2 weeks exposure to ELF-EMF of
5Hz, 0.4mT.

Investigations of cytotoxic or genotoxic effects of
EMF on other cells lines include blood cells and
immune cells. Previous investigations of comet assay,
sister chromatid exchanges, and chromosome aberra-
tions along with micronucleus tests were also conducted
to study genotoxic effects of ELF-EMF on blood cells.
Results showed the absence of genotoxicity.31 Previous
reports of the effect of EMF exposure to human lymph-
oid cells and human peripheral lymphocytes show EMF
produced no genotoxic effect either.32,33 Ames test ana-
lysis was conducted to investigate effects of EMF expos-
ure on 4 strains of Salmonella typhimurium (TA97a,
TA98, TA100, and TA102) to test whether EMF
would increase their rate of mutation. Results showed
a lack of EMF-induced genotoxic effect.34

Conclusion

The ongoing debate regarding harmful or beneficial
effects of ELF-EMF has created both positive and nega-
tive arguments for whether ELF-EMF could result in
pathological alterations in humans. ELF-EMF has
been investigated for decades to determine its effect
on different cell types and subcellular functions, with
conflicting results.35 In many, if not most cases, these
conflicting results are due to differences in dosimetry

(frequency, field strength, and time of exposure). In
order to reduce concerns that our ELF-EMF treatment
could cause cytotoxicity or chromosomal damage, we
tested it on human MSCs/pericytes, a heterogeneous,
tissue-specific population of cells located in perivascular
areas throughout the body. Based on the results of cell
viability tests, proliferation rate assays, and karyotype
analysis, data show that a 5Hz, 0.4mT EMF does not
cause either cytotoxic effects or genotoxic chromosome
breaks in MSCs/pericytes after 2 weeks exposure.
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