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Abstract

Previously, we showed that exposure of human normal and cancer cells to a 6 mT, 60 Hz

gradient electromagnetic field (EMF) induced genotoxicity. Here, we investigated the cellu-

lar effects of a uniform EMF. Single or repetitive exposure to a 6 mT, 60 Hz uniform EMF nei-

ther induced DNA damage nor affected cell viability in HeLa and primary IMR-90 fibroblasts.

However, continuous exposure of these cells to an EMF promoted cell proliferation. Cell via-

bility increased 24.4% for HeLa and 15.2% for IMR-90 cells after a total 168 h exposure by

subculture. This increase in cell proliferation was directly correlated with EMF strength and

exposure time. When further incubated without EMF, cell proliferation slowed down to that

of unexposed cells, suggesting that the proliferative effect is reversible. The expression of

cell cycle markers increased in cells continuously exposed to an EMF as expected, but the

distribution of cells in each stage of the cell cycle did not change. Notably, intracellular reac-

tive oxygen species levels decreased and phosphorylation of Akt and Erk1/2 increased in

cells exposed to an EMF, suggesting that reduced levels of intracellular reactive oxygen

species play a role in increased proliferation. These results demonstrate that EMF uniformity

at an extremely low frequency (ELF) is an important factor in the cellular effects of ELF-

EMF.

Introduction

Extremely low frequency (ELF) electromagnetic fields (EMFs) are produced when electricity is

generated and transmitted, such as in transmission lines, railways, and electrical home appli-

ances [1]. EMFs of 0–300 Hz are defined as ELF-EMFs. We are exposed daily to 50–60 Hz

ELF-EMFs produced by most electrical home appliances [1, 2].

Several epidemiological studies have suggested that ELF-EMF increases the risk of develop-

ing cancer, including leukemia, brain, and breast cancers [3–5]. Thus, there have been con-

cerns regarding the latent biological risk of ELF-EMFs. Some cell-based studies reported that
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50–60 Hz of ELF-EMFs induce DNA double-strand breaks (DSBs), activation of cell cycle

checkpoints, chromosomal instability, and apoptosis. For example, 14 μT EMFs of 60 Hz

induced apoptosis in mouse testicular germ cells, 100 μT EMFs of 50 Hz arrested the cell cycle

at G1 in human SH-SY5Y neuroblastoma cells, 1 mT EMFs of 60 Hz induced chromosomal

instability in human fibroblasts, and 5 mT EMFs of 60 Hz led to cell death through reactive

oxygen species (ROS) generation in human HL-60 promyelocytic leukemia cells [6–9]. Thus,

the International Agency for Research on Cancer (IARC) classified ELF-EMFs as a group 2B

carcinogen in 2002.

In contrast, other studies using ELF-EMFs of similar intensity and frequency ranges

reported that ELF-EMFs have no cellular effects due to their low energy. For example, the cel-

lular effects of 60 Hz EMFs at 1 mT were negligible in mouse fibroblast NIH/3T3 cells, human

lung fibroblast WI-38 cells, human lung epithelial L132 cells, and human mammary gland epi-

thelial MCF10A cells [10, 11]. Moreover, a 50 Hz EMF at 2 mT had no effect on rodent brain

cells [12]. Meanwhile, other studies showed that 0.5–5 mT ELF-EMFs promote cell prolifera-

tion in human epidermal stem cells, prostate cancer cell lines, HL-60 leukemia cells, rat-1

fibroblasts, and WI-38 diploid fibroblasts [13–15]. Thus, the cellular effects of ELF-EMFs

remain highly controversial as their biological effects are not consistent and the cause for this

discrepancy is not yet fully understood. The inconsistency of cellular effects induced by

ELF-EMFs strongly suggests that there is an overlooked parameter that plays a key role in

modulating its effect on cells.

Previously, we showed that a single or repetitive exposure to a gradient EMF of 60 Hz at 6

and 7 mT induces DSBs and apoptosis [16, 17]. In an attempt to interpret the discrepancy

between these genotoxic effects, we dissected the factors responsible for cellular effects of a 60

Hz EMF at 6 and 7 mT and paid attention to the uniform or gradient characteristics of the

EMF.

In this study, we designed a novel device that generates a uniform EMF of 60 Hz at 1–10

mT and examined its cellular effects to verify the importance of EMF characteristics. Unlike a

gradient EMF of 60 Hz, a uniform 60 Hz EMF showed neither genotoxic nor apoptotic effects.

Rather, it increased cell proliferation in both cancer and normal cells, strongly suggesting that

uniform or gradient characteristics of ELF-EMFs play a key role in cellular responses.

Materials and methods

A uniform ELF-EMF-generating device

A closed-type ELF device was designed as shown in Fig 1 and S1a Fig. To generate strong mag-

netic fields, a highly permeable ferrite core with a closed-type flux path was adopted. Two E-

shaped cores were placed facing each other (S1b and S1c Fig). Since the magnetic resistance of

this design was centered on the middle gap, the magnetic field is focused on the middle gap

and may reduce the coil current. The culture plates were placed in the 15 mm center gap. The

magnetic flux density inside the dish was designed to generate up to 10 mT without the coil

overheating. To enable multiple exposures simultaneously, a multi-dish plate can be placed as

shown in S1d Fig. For 6 dishes, 28 cores were used in this design.

Each coil is 0.4 mm in diameter and has 1,000 turns. Magnetic flux density inside the dish

is easily controlled as it is proportional to the coil current. Thus, this device can generate

strong and uniform magnetic fields without overheating. The magnetic field was measured

by a Gauss meter (7010; F.W. Bell, Milwaukie, OR, USA) and the design parameters are sum-

marized in Table 1. As shown in Fig 1e, the magnetic field of the plate is uniform in all 6

dishes.
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Fig 1. A 60 Hz EMF device generates a uniform EMF. (A) Closed-type ELF-EMF device. (B) Open-type ELF-EMF

device. (C) Schematic front view and size of ELF-EMF device. (D) Manufactured EMF device. (E) Simulated and

measured magnetic flux density distribution by using Maxwell 3D software and a Gauss meter in the closed-type

device. (F) Simulated and measured magnetic flux density by Maxwell 3D and a Gauss meter in the open-type device.

https://doi.org/10.1371/journal.pone.0199753.g001

Table 1. Design parameters for the uniform ELF-EMF device.

Parameter Value

Length 280 mm

Coil diameter 0.4 mm

Coil turns 1,000 turns

Current 0.08 A

Material ferrite core

Maximum magnetic flux density without overheating 10 mT

https://doi.org/10.1371/journal.pone.0199753.t001
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Cell culture

Human cervical cancer HeLa and human lung fibroblast IMR-90 cells were purchased from

the American Type Culture Collection (ATCC; Manassas, VA, USA). HeLa cells were cultured

in high glucose-containing Dulbecco’s modified Eagle medium (DMEM; Gibco, USA) supple-

mented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and 1% peni-

cillin–streptomycin (Gibco). IMR-90 cells (passages 8–13) were grown in minimum essential

medium (MEM; Gibco) supplemented with 10% FBS and 1% penicillin–streptomycin. Both

cells were maintained at 37 ˚C in a humidified atmosphere containing 5% CO2.

Exposure to uniform ELF-EMF

Cells (3 × 104) were plated in 35 mm culture plates. After 20 h of incubation, the cells were

exposed to a 60 Hz uniform ELF-EMF at 1, 3, 6, or 10 mT for different periods of time. The

incubator was monitored by an NT-312 probe to maintain a temperature of 37 ± 0.5 ˚C.

Cell proliferation assay

Cell viability was analyzed by spectrophotometric measurement of mitochondrial dehydroge-

nase activity using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) [18].

Following incubation with 0.5 mg/mL MTT, the formazan products were dissolved in 1 mL

DMSO, transferred to 96-well plates, and measured using a microplate reader (SOFTmax PRO

4.0; Molecular Devices, CA, USA). The relative viability was expressed as the optical density

(OD) value at 570 nm of the exposed cells relative to that of unexposed control.

Cell number was counted with a hemocytometer (Neubauer; Marienfeld-Superior, Ger-

many) following the manufacturer’s protocol.

Western blot analysis

Cells were harvested, washed with cold phosphate buffered saline (PBS; Gibco-BRL), and lysed

in whole cell lysis buffer containing 50 mM Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA, 1% Tri-

ton X-100, 0.1% β-mercaptoethanol, and 0.1% SDS. Histones were extracted using 0.25 M HCl

containing 10% glycerol and neutralized with 1 M NaOH. Proteins (30 μg of whole cell lysate

or 10 μg histone) were resolved by 10% SDS-PAGE and electro-transferred to polyvinylidene

difluoride membrane prior to the incubation with the primary antibody to detect the protein

of interest. Anti-sera against β-actin (1:3000), histone H3 (1:3000), phospho-histone H3

(1:3000), CDK4 (1:1000), p-Erk1/2 (1:1000), Erk1/2 (1:2000), p-Akt (1:1000), Akt (1:2000)

(Cell Signaling Technology, Danvers, MA, USA), and γ-H2AX (1:3000, Abcam, MA, USA)

were used. Relative protein expression was normalized to β-actin and H3 using ImageJ soft-

ware (National Institutes of Health, MD, USA).

Intracellular ROS detection

HeLa cells (3×104) seeded on 35 mm culture plates with gelatin-coated glass coverslips were

incubated for 20 h and continuously exposed to 60 Hz ELF-EMFs for 72 h and 168 h. Cells

were then incubated with Hank’s balanced salt solution (HBSS) containing 5 μM 5(6)-car-

boxy-20,70-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA; Invitrogen, CA, USA)

for 30 min at 37 ˚C in the dark. Nuclei were co-stained with Hoechst 33342 (Invitrogen). Cov-

erslips were washed twice with cold PBS and mounted with HBSS. Cells were imaged using an

Axio Imager A2 (Carl Zeiss, Jena, Germany) equipped with an AxioCam Hrc CCD camera

(Carl Zeiss) and then analyzed with the AxioVision software (Carl Zeiss). Excitation/emission

wavelengths were 492–495/516–527 nm for carboxy-H2DCFDA and 350/461 nm for Hoechst
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33342. Fluorescence signals of carboxy-H2DCFDA were obtained with fixed 5,000 ms

exposures.

Glucose oxidase treatment

After 18 h of cell seeding, cell culture medium was removed, cells were washed with PBS, and

then replenished with culture medium containing 0.1 mU/mL of glucose oxidase (GOx).

Flow cytometry analysis

For cell cycle analysis, cells were detached and harvested at each time point with trypsin-

EDTA (Gibco-BRL), washed with cold PBS, and fixed in 70% cold ethanol for 2 h. Cells were

washed in 2% FBS containing cold PBS, resuspended in PBS with 100 μg/mL RNase A (Bio

Basic Inc., ON, Canada) for 30 min at 37 ˚C, and then stained with 10 μg/mL propidium

iodide (PI; Sigma-Aldrich) for 15 min at room temperature in the dark.

To measure intracellular ROS levels, cells harvested by trypsin were stained with 5 μM car-

boxy-H2DCFDA in HBSS for 30 min in a CO2 incubator and washed twice with cold PBS.

Flow cytometry was performed using a BD FACSCalibur (BD Biosciences, NJ, USA), analyzed

with BD CellQuest Pro software (BD Biosciences), and then data was analyzed using Flowing

software (v 2.5.1; http://www.uskonaskel.fi/flowingsoftware).

Statistical analysis

All experiments were performed at least three times. Results are expressed as the mean ± stan-

dard deviation (SD). Statistical analysis was performed using GraphPad Prism (v 6.01; Graph-

Pad Software Inc., CA, USA). P-values < 0.05 were considered statistically significant, while P-

values> 0.05 were not significant (ns).

Results

An E-shaped core generates a uniform ELF-EMF

To examine the cellular effects of a uniform 60Hz EMF exposure on human cells, a closed-

type EMF device was designed to generate a strong and uniform magnetic field (Fig 1A); the

parameters are detailed in Table 1.

Our device has many advantages compared with the commonly used HelmHoltz type open

device, as illustrated in Fig 1B. Owing to the highly permeable magnetic core, strong magnetic

fields can be produced by a relatively small coil current. If the magnetic resistance of the core

and the field fringing on the pole side are neglected, the magnetic flux density inside the cul-

ture plate can be derived as follows,

~BðtÞ ¼
m0 � N

g
� IðtÞ � ây; ð1Þ

Where μ0 is the permeability, g is the gap between the two poles, N is the number of coil turns,

and I(t) is the coil current. At a frequency of 60 Hz, the current and magnetic flux density of

the culture plates are time-varying.

To generate the same magnitude of 6 mT magnetic flux density in the culture plates, the

closed-core coil only needs a current of 24 mA whereas the open type Helm-Holtz coil needs

144 mA, even though the number of coil turns in both devices are 1,000. As the heat of the coil

is proportional to the square of the current, the Helm-Holtz coil may cause a heating problems

inevitably during experiments.
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The most important advantage of our device is magnetic shielding from the external envi-

ronment. During experiments, the culture plate is located inside an incubator that is covered

with iron. In the case of an open-type device, even if the magnetic field distribution is designed

uniformly, field is changed by the highly permeable iron incubator. However, since the closed

structure is used in our device, there is no influence by the external environment and a uni-

form magnetic field distribution is maintained. In such circumstances, although field distribu-

tions are designed to produce a uniform field, it is inevitably affected by the highly permeable

iron incubator.

The spatial distributions of magnetic flux densities of culture plates in closed-core type and

open-type Helm-Holtz devices are shown in Fig 1E and 1F. The magnitude and distribution of

the magnetic flux density of culture plates in the closed-core type device is invariant inside the

incubator. The variation of magnetic field is within 0.1 mT, which keeps the uniformity devia-

tion under 1.67%. However, for culture plates in the open type Helm-Holtz, the magnitude

changes and distributions are distorted up to 8.2%, which means a difference between the

maximum and minimum value is 2.51 mT, and the consistency of the cell experiment could be

prevented (Fig 1F). Therefore, the following experiments were conducted using a closed-type

device that has been validated to apply a uniform magnetic flux density.

A single exposure to a uniform ELF-EMF neither induces DNA damage nor

affects cell viability in cancer and normal cells

A 60 Hz uniform ELF-EMF is used throughout the study unless otherwise stated. Using the

newly fabricated device, we examined if the exposure of human cells to a uniform EMF

induced acute cellular effects similar to a gradient EMF. The cervical cancer HeLa cell line and

human lung fibroblast IMR-90 cells were used to assess whether the effects of ELF-EMF expo-

sure is different between cancer and normal cells. After both cell types were exposed to an

ELF-EMF, the cell viability was estimated by MTT assays. In both HeLa and IMR-90 cells, a

single exposure to an EMF for 30 and 60 min did not affect viability (Fig 2A and 2B). Previous

studies, including ours, reported that ELF-EMFs act as genotoxic stress and can induce DSBs

[19, 20]. Thus, we examined DNA damage in HeLa and IMR-90 cells after exposure to a uni-

form ELF-EMF by detecting γ-H2AX. γ-H2AX is phosphorylated H2AX and a DSB marker.

No phosphorylation of H2AX was observed (Fig 2C). These data indicate that a single expo-

sure of both cell types to an EMF did not have any detectable effects.

Repetitive exposure to a uniform ELF-EMF neither induces DNA damage

nor affects cell proliferation

We then further investigated the cellular effects on human cells of repetitive exposure to an

EMF at 3 and 6 mT. When both HeLa and IMR-90 cells were exposed to an ELF-EMF at 3 and

6 mT for 30 min every 24 h for 72 h, there was no decrease in cell viability (Fig 3A and 3B).

Furthermore, γ-H2AX levels were similar to that of the negative control (Fig 3C). Instead, we

observed a slight increase in cell viability of HeLa cells that were repetitively exposed to an

ELF-EMF at 6 mT, but this increased viability was not statically significant. To clarify the

increased viability by repetitive exposures to ELF-EMFs, we exposed HeLa and IMR-90 cells to

an ELF-EMF of 6 mT for 30 min in 30 min intervals, 8 times per day for 3 days, and then

assessed cell viability every 24 h for 3 days. No statistically significant increase in cell viability

was observed in both HeLa and IMR-90 cells (S2A and S2B Fig). These results demonstrate

that repetitive exposure of HeLa and IMR-90 cells to an EMF neither induced any genotoxic

effects nor enhanced cell proliferation.
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Fig 3. Cellular effects of repetitive exposures to a uniform EMF at 3 and 6 mT. (A, B) HeLa and IMR-90 cells were

exposed to a repetitive EMF at 3 or 6 mT for 30 min every 24 h for 3 days. After incubation, cell viability was assessed

by MTT assays and evaluated as a percentage relative to the viability of unexposed cells (0 h). Values are presented as

the mean ± SD (n = 3) and P-values were determined by two-way ANOVA with the Bonferroni correction. P> 0.05

was considered statistically not significant (ns). (C) γ-H2AX was detected by western blot analysis. N.C., unexposed

negative control. Histone H3 was used as a loading control and cells exposed to UV (100 J/m2) were used as positive

controls for DNA damage.

https://doi.org/10.1371/journal.pone.0199753.g003

Fig 2. Cellular effects of a single exposure to a uniform EMF of 6 mT. (A, B) HeLa and IMR-90 cells were exposed

to an EMF of 6 mT for 0, 30, and 60 min. Cell viability was measured by MTT assays and evaluated as a percentage

relative to the viability of unexposed cells (0 min). Values are presented as the mean ± SD (n = 3) and P-values were

determined by two-way ANOVA with the Bonferroni correction. Values of �P< 0.05, ��P< 0.01, ���P< 0.001, and
����P< 0.0001 were considered statistically significant, and P> 0.05 was considered statistically not significant (ns).

(C) γ-H2AX was assessed by western blot analysis. Histone H3 was used as a loading control and cells exposed to

ultraviolet (UV) (100 J/m2) were used as positive controls for DNA damage.

https://doi.org/10.1371/journal.pone.0199753.g002

A 60 Hz uniform electromagnetic field promotes human cell proliferation

PLOS ONE | https://doi.org/10.1371/journal.pone.0199753 July 16, 2018 7 / 18

https://doi.org/10.1371/journal.pone.0199753.g003
https://doi.org/10.1371/journal.pone.0199753.g002
https://doi.org/10.1371/journal.pone.0199753


Continuous exposure to uniform ELF-EMFs promotes cell proliferation

and its effect is reversible

Since single and repetitive exposures to an EMF at 3 or 6 mT neither induced DNA damage

nor decreased cell viability, we examined the cellular effects of a continuous exposure to an

ELF-EMF of 6 mT in both HeLa and IMR-90 cells. When exposed to this EMF for up to 72 h,

the viability of HeLa and IMR-90 cells increased 4.1% and 13.3%, respectively, compared with

EMF-unexposed groups (Fig 4A and 4C). These observations suggest a trend of increased cell

proliferation in response to a continuous exposure to ELF-EMFs. To clarify this effect, HeLa

and IMR-90 cells already exposed to an ELF-EMF for 72 h were detached and subcultured in

an EMF at 6 mT for an additional 96 h. We observed a marked increase in viability of cells that

were grown and subcultured under an EMF for a total of 168 h; viability increased 24.4% in

HeLa and 15.2% in IMR-90 cells compared with unexposed cells. We also confirmed this

increased viability by hemocytometer cell counting (S3A and S3C Fig). These observations

demonstrate that a continuous exposure to an ELF-EMF activates cell proliferation in both

HeLa and IMR-90 cells.

Fig 4. Continuous exposure to a uniform ELF-EMF promotes cell proliferation in HeLa and IMR-90 cells. (A, C)

HeLa and IMR-90 cells were exposed continuously to a 6 mT ELF-EMF for up to 72 h. Cell viability was assessed by

MTT assays every 24 h and evaluated as a percentage relative to the viability of unexposed cells (0 h). (B, D) After 72 h

of ELF-EMF exposure, HeLa and IMR-90 cells were detached and further subcultured in an ELF-EMF of the same

strength for up to 96 h. For the recovered group, cells exposed for 72 h were detached and subcultured without any

further EMF exposure. Cell viability was assessed by MTT assays every 24 h and relative cell viability was evaluated as

to the viability of 72 + 24 h cells. Data were plotted as the mean ± SD (n = 3). P-values were determined by two-way

ANOVA with the Bonferroni correction. Values of �P< 0.05, ��P< 0.01, ���P< 0.001, and ����P< 0.0001 were

considered statistically significant, and P> 0.05 was considered statistically not significant (ns).

https://doi.org/10.1371/journal.pone.0199753.g004
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Surprisingly, when HeLa and IMR-90 cells that had been exposed to EMFs for 72 h were

further incubated for 96 h without EMF exposure (a recovered group), the increased cell viabil-

ity trend was no longer observed and the viability was similar to that of unexposed control

cells (Fig 4B and 4D). These observations suggest that the proliferative effect of a continuous

exposure to an EMF is reversible and temporary. We also confirmed that this increased viabil-

ity was reversible by hemocytometer cell counting (S3B and S3D Fig).

We also examined the proliferative effect of an EMF by continuous exposure to different

magnetic field strengths. HeLa and IMR-90 cells were continuously incubated for 72 h under

an EMF at 1, 6, or 10 mT. At 1, 6, and 10 mT, cell viability increased 6.5%, 12.1%, and 21.2% in

HeLa cells, respectively, and by 1.6%, 9.5%, and 16.3% in IMR-90 cells, respectively, compared

with viability of unexposed cells (S4A and S4B Fig). Enhanced increase in cell proliferation

was observed with stronger magnetic fields, strongly suggesting that proliferative effects

induced by EMFs depend on the magnetic field strength.

Continuous exposure to a uniform ELF-EMF activates cell cycle

progression without perturbing individual cell cycle stages

Since we observed increased cell proliferation induced by an ELF-EMF in both HeLa and

IMR-90 cells, we next examined the expression of cell cycle progression markers. Cyclin-

dependent kinase 4 (CDK4) was used as a marker for G1 progression, proliferation cell nuclear

antigen (PCNA) for DNA synthesis in S phase, and phosphorylated histone H3 (p-H3) for G2/

M. The expression levels of CDK4, PCNA, and p-H3 increased in a time-dependent manner

in cells subjected to an EMF when compared with unexposed control (Fig 5A). Increased

expression of these markers specific for different cell cycle stages suggests that continuous

exposure to an EMF may not activate a specific cell cycle process. To confirm, we analyzed the

distribution of HeLa and IMR-90 cells in different cell cycle stages by flow cytometry every 24

h (Fig 5B). After comparing with untreated control cells, we did not detect any significant

changes in cell cycle distribution of HeLa and IMR-90 cells after exposure to an ELF-EMF (Fig

5B and 5C). Altogether, these observations suggest that continuous exposure to an EMF

slightly accelerates overall cell cycle progression for increased proliferation without dysregula-

tion of a specific cell cycle stage.

Continuous exposure to a uniform EMF decreases intracellular ROS levels

We questioned how exposure to an EMF increased cell proliferation. Several previous studies

reported that ELF-EMFs can alter intracellular ROS levels [21–23]. ROS are constantly gener-

ated in cells by metabolic redox reactions. A minor increase in intracellular ROS levels may

induce cell proliferation through promoting signaling cascades [24]. Supplementing with anti-

oxidants also increases cell proliferation by reducing intracellular ROS levels [25, 26]. Thus, we

first investigated if activated proliferation induced by uniform EMFs is due to alterations of

intracellular ROS levels.

Human cells uptake non-fluorescent carboxyl-H2DCFDA, which is then oxidized by intra-

cellular ROS to emit a bright green fluorescent signal. We monitored the fluorescence by flow

cytometry in HeLa and IMR-90 cells incubated under an EMF of 6 mT for up to 72 h and 96 h

further by subculture. The relative intensity of fluorescence slightly decreased in an exposed

time-dependent manner in HeLa and IMR-90 cells exposed to an EMF compared with unex-

posed control (Fig 6A). When the relative fluorescence intensity was quantified in comparison

with unexposed cells, it was on average reduced to 6.7%, and 11.6% in HeLa and 24.5% and

27.9% in IMR-90 after 72 and 72+96 h of incubation by EMF exposure, respectively. (Fig 6B).

To confirm flow cytometry data, we also observed the intensity of fluorescence in HeLa cells
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by fluorescence microscopy; consistent with Fig 6A, intracellular ROS levels decreased in cells

exposed to an EMF (Fig 6C). These observations suggest that one of the main causes of

increased proliferation is the time-dependent reduction in intracellular ROS levels.

To confirm that increased proliferation of HeLa and IMR90 cells by continuous exposure

to an EMF is mainly the result of decreased ROS levels, we exposed these cells to an ELF-EMF

in the presence of GOx, which continuously produces low concentrations of intracellular

H2O2 and reduces cell viability [27]. If continuous exposure to an ELF-EMF decreased intra-

cellular ROS levels, then exposure to an ELF-EMF would mitigate the anti-proliferative effects

of GOx. The viability of HeLa and IMR-90 cells treated with GOx decreased after 72 h of incu-

bation compared with untreated control (Fig 6D). As expected, however, we detected that cell

viability slightly increased in HeLa and IMR-90 cells exposed to an ELF-EMF in the presence

of GOx after 72 h of incubation, compared with the cells treated only with Gox (Fig 6D).

Fig 5. Continuous exposure to a uniform ELF-EMF activates cell cycle progression without perturbing individual

cell cycle stages. HeLa and IMR-90 cells were exposed to an EMF at 6 mT for 72 h and then subcultured for an

additional 96 h under the same ELF-EMF. (A) After continuous exposure, the expression of cell cycle stage markers

(CDK, PCNA, and p-H3) was detected by western blotting. Indicated time denotes the total time cells were exposed to

ELF-EMFs. β-actin was used as a loading control. (B) Cell cycle distribution of HeLa and IMR-90 cells exposed to an

ELF-EMF was determined by flow cytometry using PI staining. For each flow cytometric analysis, 10,000 cells were

counted and plotted. (C) From the flow cytometric data obtained from three independent experiments in (B), the

average percentage of cells in each stage of the cell cycle was plotted as a bar graph. Values are presented as the

mean ± SD (n = 3) and P-values were determined by two-way ANOVA with the Bonferroni correction. P> 0.05 was

considered statistically not significant (ns).

https://doi.org/10.1371/journal.pone.0199753.g005
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Using carboxyl-H2DCFDA and flow cytometry, we examined the relative intracellular ROS

levels of HeLa and IMR-90 cells treated with GOx under the EMF for 72 h in comparison with

those of HeLa and IMR-90 cells only treated with GOx. Relative to untreated HeLa and IMR-

90 cells, fluorescence intensity decreased in cells treated with 0.1 mU/mL GOx under the EMF,

while cells only incubated with GOx showed a slight increase in fluorescence intensity (Fig

6E). Altogether, these results strongly support that continuous exposure to an ELF-EMF

reduces intracellular ROS levels.

Fig 6. Continuous exposure to a uniform ELF-EMF reduces intracellular ROS levels in HeLa and IMR-90 cells.

HeLa and IMR-90 cells were exposed to an EMF at 6 mT for 72 h and further subcultured under the same ELF-EMF

for an additional 96 h. Indicated time denotes the total time cells were exposed to uniform ELF-EMFs. (A) Intracellular

ROS levels were monitored by carboxy-H2DCFDA fluorescence using flow cytometry. For each flow cytometric

analysis, 10,000 cells were counted and plotted. The data are shown as overlapping histogram plots. (B) From data

obtained in (A), the relative fluorescence intensity of EMF-exposed cells and untreated control was quantified from the

geometric mean of fluorescence intensity in 10,000 cells and then plotted as the mean ± SD (n = 3). (C) Representative

fluorescence microscopy images. Scale bar = 50 μm. Carboxy-H2DCFDA (green) represents intracellular ROS levels.

Cell nuclei are stained with Hoechst 33342 (blue). (D) Cells were incubated with 0.1 mU/mL GOx alone or GOx under

a uniform EMF of 6 mT for 72 h. Cell viability was measured by MTT assays every 24 h and evaluated as a percentage

relative to the viability of untreated cells (0 h). Data were plotted as the mean ± SD (n = 3). (E) After 72 h incubation of

(D), intracellular ROS levels were monitored by carboxy-H2DCFDA fluorescence through flow cytometry. For each

flow cytometric analysis, 10,000 cells were counted and plotted (left) as the mean ± SD (n = 3). The data are shown as

overlapping histogram plots (right). (B, D, E) P-values were determined by two-way ANOVA with the Bonferroni

correction. Values of �P< 0.05, ��P< 0.01, ���P< 0.001, and ����P< 0.0001 were considered statistically significant,

and P> 0.05 was considered statistically not significant (ns).

https://doi.org/10.1371/journal.pone.0199753.g006
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Continuous exposure to a uniform EMF increases phosphorylation of Akt

and Erk1/2

To further confirm that increased proliferation of HeLa and IMR90 cells by continuous expo-

sure to an EMF is mainly due to decreased ROS levels, we examined the intracellular ROS-

mediated signaling pathways that control cell growth. Several studies have shown that reduced

intracellular ROS levels by antioxidants increase phosphorylation of Erk1/2 and Akt [28, 29].

Consistent with this, we observed phosphorylation of Akt and Erk1/2 in HeLa and IMR-90

cells exposed to an EMF for 1, 6, 12, and 24 h by western blot analysis. In comparison with

untreated cells incubated at the same durations, the levels of phospho-Akt and phospho-Erk1/

2 were slightly increased in both HeLa and IMR-90 cells exposed to an ELF-EMF at 1 and 6 h

(Fig 7A–7C). These results suggest that an ELF-EMF induces cell proliferation by activating

Akt and Erk1/2 (Fig 7A–7C).

Discussion

We are constantly exposed to ELF-EMFs of 50–60 Hz in our daily lives; thus, there is a growing

public interest in the thermal effects of ELF-EMFs. However, the biological effects of ELF-

EMFs remain highly controversial. Some studies reported adverse effects, such as DNA dam-

age and cell death, whereas others suggested an application of ELF-EMFs in cell differentiation

and even wound healing [6, 13, 30, 31]. Since the cellular effects of ELF-EMFs are inconsistent

and previous studies mainly focused on frequency and intensity, we questioned if an ELF-EMF

parameter that plays a key role in modulating cellular effects had been overlooked.

In this study, we focused on the uniformity of ELF-EMFs applied to cells as a key parame-

ter. Most studies on ELF-EMFs claimed to have used a device generating ‘uniform ELF-EMFs’

Fig 7. Continuous exposure to a uniform ELF-EMF increases phosphorylation of Akt and Erk1/2 in HeLa and

IMR-90 cells. (A) HeLa and IMR-90 cells were continuously exposed to a 6 mT ELF-EMF for 1, 6, 12, 24 h and then

expression levels of Erk1/2, p-Erk1/2, Akt, and p-Akt were detected by western blot analysis. β-actin served as a loading

control. (B, C) Calibration histograms were used to quantify p-Akt and p-Erk1/2 levels from three independent

experiments including (A). Relative protein expression levels of total Akt (t-Akt) and Erk1/2 (t-Erk1/2) were first

normalized to β-actin and then p-Akt and p-Erk1 levels were normalized to t-Akt and t-Erk1/2. Values are presented

as the mean ± SD (n = 3) and P-values were determined by two-way ANOVA with the Bonferroni correction. Values

of �P< 0.05, ��P< 0.01, ���P< 0.001, and ����P< 0.0001 were considered statistically significant, and P> 0.05 was

considered statistically not significant (ns).

https://doi.org/10.1371/journal.pone.0199753.g007
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when the device was placed inside of a CO2 incubator. However, the incubator and especially

its inner chambers are usually made of metal, thus the EMF applied to the cells would not be

uniform (Fig 1f and S1f Fig). We designed a novel ELF-EMF generator that maintains EMF

uniformity in the cell incubator (S1e Fig). Our results showed that exposure to uniform

ELF-EMFs neither induced DNA damage nor cell death, but rather promoted cell proliferation

in both primary IMR-90 fibroblasts and cancer HeLa cells in a time- and magnetic field

strength-dependent manner. The increased proliferation induced by ELF-EMFs was reversible

and did not modify cell cycle distribution of the cells. Notably, the increase in cell proliferation

was accompanied by a slight decrease in intracellular ROS levels, which increased Akt and

Erk1/2 phosphorylation.

Finely-tuned regulation of intracellular ROS levels is known to be important in the control

of proliferation and differentiation in mammalian cells (for a review, see Sauer et al. [32]).

Excessive intracellular ROS levels is cytotoxic and leads to senescence and cell death [33],

whereas a mild reduction in intracellular ROS levels induced by antioxidants increases cell

proliferation by activating Akt and Erk1/2 [28, 29]. Interestingly, some studies suggest that

exposure to ELF-EMFs increases or decreases intracellular ROS levels, thereby inducing vari-

ous cellular effects. A 50 Hz ELF-EMF exposure for 3 or 24 h was reported to enhance ROS

generation and DNA damage in rat-1 fibroblasts [15]. Moreover, continuous exposure to a 50

Hz EMF of 0.6 mT increased intracellular ROS levels and DNA damage in the prostate cancer

cell line DU-145 [34]. On the other hand, exposure of a human microglial cell line to a 50 Hz

EMF of 1 mT attenuated cell death by reducing intracellular ROS levels [21]. Exposure to 0.11

mT ELF-EMFs increased the activities of superoxide dismutase isoenzymes and glutathione

peroxidase, which are antioxidants to catalyze reduction of intracellular ROS, thereby decreas-

ing intracellular ROS levels in murine squamous cells [22]. Modification of intracellular ROS

levels by exposure to ELF-EMFs can also explain our previous results that demonstrated a gen-

otoxic effect in HeLa and IMR-90 cells exposed to a gradient 60 Hz ELF-EMF at 6 or 7 mT [16,

17]. Kirson et al. [35] reported that intracellular dielectrophoresis occurs when gradient

ELF-EMFs are applied to cells, moving polar molecules toward higher field intensities and

thus generating ROS. The increased levels of p-Akt and p-Erk1/2 by uniform ELF-EMFs

observed in this study might also explain the cell proliferation induced by ELF-EMFs reported

by other researchers [36–41].

In the present study, we showed that uniform ELF-EMF exposures led to an increase in

cell proliferation accompanied by a slight decrease in intracellular ROS levels. Since the pro-

liferative effect of a uniform ELF-EMF was reversible and sensitive, the change in intracellu-

lar ROS levels by ELF-EMFs was not expected to be dramatic. Increased proliferation must

be due to a subtle and sustained antioxidant effect by uniform ELF-EMFs. Thus, we only

detected a slight decrease in intracellular ROS levels by micrographs and flow cytometry in

cells exposed to a uniform ELF-EMF as shown in Fig 6. We also indirectly proved that this

increased proliferation effect was due to a decrease in ROS levels by demonstrating a decrease

in cell proliferation after exposure to a uniform ELF-EMF in the presence of GOx, which

continuously produces low concentrations of intracellular hydrogen peroxide (Fig 6). This

minute decrease in intracellular ROS levels as has also been demonstrated to promote prolif-

eration of lung cancer cells when treated with low concentrations of N-acetyl-cysteine (NAC,

250 μM and 1 mM) or the soluble vitamin E analogue Trolox (25 and 100 μM) as antioxidants

[26].

Altogether, this study in combination with previous reports strongly suggest that ELF-EMF

exposure leads to a change in intracellular ROS levels that may result in genotoxic stress or

enhanced proliferation, depending on ROS concentration and the differential sensitivity of
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various cells to ROS. Thus, the mechanism behind ELF-EMF exposure altering intracellular

ROS levels should be further studied to elucidate the biological effects of ELF-EMFs.

The ELF-EMF device that we that we fabricated has a unique design with an E-shaped core

that maintains not only uniformity of ELF-EMFs but also completely blocks any external

EMFs, even geomagnetism. Cells are always exposed to geomagnetism of 0.5 Gauss. There is

only one report on the cellular effects of geomagnetism which suggests that the absence of

geomagnetism induced epigenetic changes in induced pluripotent stem cells from mouse

fibroblasts [42]. Since geomagnetism may affect cellular physiology, the specific geomagnetism

effects should be further investigated when applying ELF-EMFs to cells.

Conclusion

The cellular effects of ELF-EMFs remain highly controversial as their biological effects are

inconsistent. ELF-EMFs showed genotoxic effects and inhibited proliferation [19, 20], while

also activating proliferation for wound healing [43–45]. However, the reason for this discrep-

ancy is not yet fully understood. The inconsistency of cellular effects induced by ELF-EMFs

strongly suggests that there is an overlooked parameter that plays a key role in modulating

EMF effects on cells. In this study, we showed that the uniformity of ELF-EMFs is a major

parameter and that exposure to a uniform ELF-EMF increases cell proliferation in human can-

cer and normal cells by reducing intracellular ROS levels. Since increased proliferation was

observed in both normal and cancer cells, this observation may support some epidemiological

studies that suggest ELF-EMFs accelerate tumor formation [3, 5, 46, 47] and the finding that

ELF-EMFs may also help wound healing by activating cell proliferation [43–45]. The cellular

effect of a uniform ELF-EMF should be further investigated in various human cell types to

understand the overall pathological effects of ELF-EMFs.

Supporting information

S1 Fig. Core and coil of the closed-type ELF-EMF device. (A) Dimensions (mm) of the core

device. (B) E-shaped ferrite core. (C) Bottom parts of the ELF-EMF device. (D) Plate for multi-

ple dishes. (E) Variations of the flux line generated by the closed-type device in an incubator.

(F) Variations of the flux line generated by the open-type device in an incubator.

(TIF)

S2 Fig. The cellular effect of repetitive exposure to a uniform EMF at 6 mT. (A, B) HeLa

and IMR-90 cells were exposed to an ELF-EMF of 6 mT for 30 min with 30 min intervals 8

times per day for 3 days and then cell viability was assessed by MTT assays every 24 h for 3

days. Cell viability was evaluated as a percentage relative to the viability of unexposed cells (0

h). Values are presented as the mean ± SD (n = 3) and P-values were determined by two-way

ANOVA with the Bonferroni correction. P> 0.05 was considered statistically not significant

(ns).

(TIF)

S3 Fig. Continuous exposure to a uniform EMF promotes cell proliferation in HeLa and

IMR-90 cells. (A, C) HeLa and IMR-90 cells were continuously exposed to an EMF of 6 mT

for up to 72 h. Cell number was counted every 24 h with a hemocytometer. (B, D) After 72 h of

exposure to the EMF, HeLa and IMR-90 cells were detached and further subcultured in a uni-

form ELF-EMF of the same strength for up to 96 h. For the recovered group, cells exposed for

72 h were detached and subcultured without any further EMF exposure. In each group, cell

number was counted every 24 h with a hemocytometer. Data were plotted as the mean ± SEM
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(n = 7). P-values were determined by two-way ANOVA with the Bonferroni correction. Values

of �P < 0.05, ��P< 0.01, ���P< 0.001, and ����P< 0.0001 were considered statistically signifi-

cant, and P > 0.05 was considered statistically not significant (ns).

(TIF)

S4 Fig. A uniform EMF induces cell proliferation depending on EMF strength. (A) HeLa

and (B) IMR-90 cells were exposed to an EMF at 1, 6, and 10 mT for 72 h. Cell viability was

assessed by MTT assays after a 72 h exposure. Relative cell viability (the viability of exposed

cells relative to unexposed cells) of an EMF at 1, 6, and 10 mT was plotted as the mean ± SD

(n = 3) and P-values were determined by two-way ANOVA with the Bonferroni correction.

Values of �P < 0.05, ��P< 0.01, ���P< 0.001, and ����P < 0.0001 were considered statistically

significant, and P> 0.05 was considered statistically not significant (ns).

(TIF)
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