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Abstract

Adenosine triphosphate (ATP), an indispensable molecule that provides energy for essentially all cellular processes, has been
shown to be affected by some magnetic fields (MFs). Although people are frequently exposed to various static and power
frequency MFs in their daily lives, the exact effects of these MFs of different frequencies have not been systematically investi-
gated. Here, we tested 6-mT MFs with 0, 50, and 120 Hz for their effects on cellular ATP levels in 11 different cell lines. We found
that the 6-mT static magnetic field (SMF) either does not affect or increase cellular ATP levels, while 6-mT 50-Hz MF either does
not affect or decrease cellular ATP levels. In contrast, 6-mT 120-Hz MF has variable effects. We examined the mitochondrial
membrane potential (MMP) as well as reactive oxygen species (ROS) in four different cell lines, but did not find their direct
correlation with ATP levels. Although none of the ATP level changes induced by these three different frequencies of 6-mT MFs are
dramatic, these results may be used to explain some differential cellular responses of various cell lines to different frequency MFs.

Keywords Adenosine triphosphate (ATP) - Magnetic fields (MFs) - Static magnetic fields (SMFs) - Power frequency magnetic

fields - Mitochondrial membrane potential (MMP) - Reactive oxygen species (ROS)

Introduction

Adenosine triphosphate (ATP) is the most commonly used
form of energy for essentially all cellular activities, such as
cell proliferation, division, migration, autophagy, and cell
death. Mitochondria are the main sources of ATP production,
in which a series of protein complexes embedded in the inner
membrane of mitochondria, called the electron transport chain
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and ATP synthase, perform oxidative phosphorylation to cre-
ate ATP, the major energy currency of the cell.

Although whether static magnetic field (SMF) could direct-
ly affect the enzymatic ATP synthesis in vitro has been debated
in the literature (Buchachenko and Kuznetsov 2008; Crotty et
al. 2012; Hore 2012), there are some cellular works showing
that cellular ATP levels and the mean activities of Na™—K*
ATPase and Ca®* ATPase could be affected by 0.2-9.0 T
SMFs in a magnetic field (MF) intensity- and cell type-
dependent manner (Itegin et al. 1995; Kurzeja et al. 2013;
Wang et al. 2018; Zhao et al. 2011). In fact, people are fre-
quently exposed to SMFs generated by magnets on household
items such as refrigerator magnets and some accessories,
which usually generate SMFs of a few millitesla (mT) on hu-
man bodies adjacent to them. However, the effect of SMFs
below 0.2 T on cellular ATP level has never been reported.

Besides SMFs, people are also frequently exposed to var-
ious alternating MFs, especially low-frequency MFs generat-
ed by electric current, which works at 50 or 60 cycles per
second, also called hertz (Hz). It should be known that the
MF intensity for both SMFs and alternating MFs diminishes
with increased distance from the source. Although the MFs
can be as high as a few hundred of millitesla when getting
close to some home appliances, the average power frequency
MFs in residential homes are usually lower than 1 mT.
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Nevertheless, people still raise many concerns about the ef-
fects of these power frequency MFs on human health.
However, there are very limited studies about these low-
frequency MFs for their effects on ATP, the vital energy source
of cells. Moreover, the limited reported results are variable
between individual studies. For example, 50-Hz 5-mT MF
could increase the ATP level in sperm (lorio et al. 2011), but
50-Hz 45-uT MF did not affect cellular ATP levels in human
breast cancer SKBR3 cells or human colorectal cancer HT29
cells (Destefanis et al. 2015). The ATP level of rat skeletal
muscle was not affected by 50-Hz 10-mT whole body expo-
sure (Stefl et al. 2006) but 75-Hz 150-uT MF significantly
decreased cellular ATP level in rod outer segment of bovine
retina (Ravera et al. 2004). Since these studies are sporadic
and the experimental evidences are very limited, it is not clear
whether these different effects of MFs on cellular ATP levels
were due to MF intensity, frequency, or cell type differences.

To systematically investigate the effects of SMF and low-
frequency MFs on cellular ATP levels, we compared 11 dif-
ferent cell lines, including five human cancer cell lines, three
rat cancer cell lines, and three non-cancer cell lines for their
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cellular ATP responses to MFs of 0 Hz, 50 Hz, and 120 Hz in
three different time points. We chose 6 mT because it is within
the intensity range that people have many chances to be ex-
posed to, such as refrigerator magnets, power station, some
home appliances, and workplaces. Our results show that al-
though the overall effects of 6-mT MFs (0 Hz, 50 Hz, and
120 Hz) on cellular ATPs are not dramatic (the changes are all
within 20%), the experimental outcomes are influenced by
MF frequency, cell types, and exposure time.

Materials and methods

Cell exposure to 6-mT low-frequency magnetic fields
and static magnetic field

We set up a 6-mT SMF by placing two 126 mm x 85 mm X

22 mm 12-well plates and a 118 mm % 85 mm x 78 mm plastic
box on the top center of a 60 mm x 50 mm % 35 mm neodym-
ium N38 permanent magnet (Jiangsu Zhongxin
magnetoelectricity, Dafeng, China) with the North pole up

(b)

(d)

Cell culture dish
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Fig. 1 Cells exposed to 6-mT static magnetic field (SMF) and low-
frequency electromagnetic fields. a Schematic illustration and b
picture of the experimental setup for cells exposed to 6-mT static
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magnetic field. ¢ Schematic illustration and d picture of the
experimental setup for cells exposed to 6-mT 50-Hz and 120-Hz
low-frequency electromagnetic fields
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(facing the cell sample) and South pole down (away from the
cell sample). The magnetic field intensity on the surface of the
magnet is 0.4-0.5 T (Fig. 1a), and the magnetic field intensi-
ties on the top of the 12-well plate were measured by
Gaussmeter (LakeShore 410, Lake Shore Cryotronics,
Westerville, OH) to locate the positions of 6 mT, where we
placed the cell culture plates.

In order to maintain the same culture conditions, the whole
set of 6-mT SMF group using permanent magnet was kept in the
37 °C cell incubator all the time (BC-J160S, Shanghai Boxun,
Shanghai, China) (37.0 + 0.1 °C, 5% CO,) (Fig. 1b). On the first
day, 4 x 10° cells/ml cells were seeded in the cell culture plates.
On the second day, the cell plates were either placed at the
location of 6 mT as the experimental group, or kept at 30 cm
away from the magnet in the same cell incubator as control (the
magnetic field at the control group was measured to be 0.925 +
0.206 Gs, which is 65 times lower than the experimental group).

The electromagnetic field setup was manufactured by
Shanghai LIONCEL electromagnetic Co., Ltd. (HLY 10-50,
shanghai, China), which provides adjustable MF intensity
ranging from 0 to 6 mT and frequency of 45-120 Hz at the
cell sample area (Fig. 1c). It was composed of electromagnetic
field generator and Helmholtz coil, which was wound into a
tightly packed helix and placed in a plastic box. The cell
culture dish was placed in the center of a plastic drawer, which

is then inserted into the center of the MF exposure apparatus.
The whole box containing the Helmholtz coil and the cell
drawer was placed in a CO, cell incubator, which has proper
gas, temperature, and humidity control (Fig. 1d). For experi-
ments in this paper, we used 6 mT 50 Hz and 6 mT 120 Hz.
The MF intensity was measured by LakeShore 410
Gaussmeter. For the sham control group, we put them into
another CO, cell incubator that had the same conditions with
treated group, except for the magnetic field. The magnetic
field at the control group incubator was 0.875+0.096 Gs.
Temperatures inside the two incubators were measured, and
the differences were less than 0.1 °C.

Cell culture

We tested 11 cell lines including five human cancer cell lines
(HeLa, HCT116, MCF7, A549, and GIST-T1), three rat can-
cer cell lines (differentiated PC12, undifferentiated PC12, and
C6), and three non-cancer cell lines (RPE1, CHO, and 293T).
HeLa, HCT116, MCF7, A549, GIST-T1, differentiated PC12
cells, C6, RPE1, CHO, and 293T cells were cultured in
Dulbecco’s Modification of Eagle’s Medium (15-017-CVR,
Corning, Corning, NY) with no L-glutamine, supplemented
with 10% (v/v) FBS (fetal bovine serum, FB25015, CLARK
Bioscience, Richmond, VA), 2 mM GlutaMAX (35050-061,

undifferentiated PC12 cells

(a) 6 mT SMF (b) 6 mT 50 Hz (c) 6 mT 120 Hz
p=0.13

— 12- p=0.15 —12- ° 21 =0.08  p=0.03 =0.02
o - o - - ~0.62 1} p=0. p=0. p=0.
5 10 p=0.21 E‘],O i ;121 p=0.47 P EJ 10 | —— ——
B o8- P05 o8
< < < 6]
o 061 06 o 06 ns " .
o ns ns ns > ns ns ns = 4
£ 04 504 4 ® 04
& 02+ £024 @ 027

0.0 . . . 0.0 T T T 0.0 T T T

Control 2h 4 h 6 h Control 2h 4 h 6 h Control 2h 4 h 6 h
differentiated PC12 cells

(d) 6 mT SMF (e) 6 mT 50 Hz (f) 6 mMT 120 Hz
— 12 1 p=069  Pp=0.67 — 121 . — 12
o -TI- p=0.58 o p=065 12  p=031 o p=0.88  p=0.17 P=0.68
3 10 7 T 3107 - o 10 ] —_ -I-
B os A B0 B os
i 06 <q(_)0'6' ﬁ 06
> ns ns ns > ns ns ns = 4 ns ns ns
T 04 1 T4 ® 0.4
& 02 4 Lo2- e 02

0.0 - r r r 0.0 - - - 0.0 . : :

Control 2h 4 h 6 h Control 2h 4 h 6 h Control 2h 4 h 6 h

Fig. 2 Effects of 6-mT SMF and 50-Hz and 120-Hz magnetic fields on
cellular ATP levels in undifferentiated and differentiated PC12 cells.
Undifferentiated and differentiated PC12 cells were exposed to 6-mT
SMF and 50-Hz and 120-Hz MFs for 2 h, 4 h, or 6 h before their ATP

levels were measured. Each experiment was repeated for at least three
times by two researchers independently. “Ns” not significant. “*”p <
0.05. Green color indicates that the increase is statistically significant
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Gibco, Carlsbad, CA), and 1% of P/S (penicillin/
streptomycin,SV30010, HyClone, Logan, UT). The undiffer-
entiated PC-12 cells were maintained in RPMI 1640 medium
(11875-093, Gibco, Carlsbad, CA) supplemented with 10%
heat-inactivated horse serum (26050-070, Gibco, Carlsbad,
CA), 5% FBS, and 1% P/S. The undifferentiated PC-12 cells
were provided by Stem Cell Bank (Chinese Academy of
Sciences, Shanghai, China) while other cell lines were from
American Type Culture Collection (Manassas, VA).

Measurement of cellular ATP level
To measure the cellular ATP levels, we first compared two

commonly used methods, the ATP Determination Kit
(A22066, Molecular Probes, Eugene, Oregon) and the Cell

Titer-Glo Luminescent Cell Viability Assay (G7572,
Promega, Madison, WI) (Supplementary Fig. 1).

Molecular Probes ATP Determination Kit (A22066) can
measure the ATP levels quantitatively with recombinant firefly
luciferase and D-luciferin. 4 x 10°/well cells were plated one
night in advance on a 12-well plate (712001, NEST, Wuxi,
China). On the second day, all cells were treated with 0.5-T or
1.0-T SMF for 24 h. After exposure, all cells were lysed by M-
PER buffer (78505, Thermo Fisher, Shanghai, China) supple-
mented with protease inhibitor (04693116001, Roche, Basel,
Switzerland) and phosphatase inhibitor cocktail (04906837001,
Roche, Basel, Switzerland) at 4 °C for 20 min. In the meantime,
we prepared a standard reaction solution and obtained the stan-
dard curve according the manufacturer’s instructions. After
20 min, the lysate was added to the reaction solution. Then,
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Fig. 3 Effects of 6-mT SMF (0 Hz) on cellular ATP levels in nine
different cell lines. Cells were exposed to 6-mT SMF for 2 h, 4 h, or
6 h before their ATP levels were measured. Each experiment was
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we utilized Multimode Plate Reader (EnVision, PerkinElmer,
Waltham, MA) to measure the luminescence and calculated the
amount of ATP based on the standard curve.

The other cellular ATP-measuring method, the Cell Titer-
Glo Luminescent Cell Viability Assay, is based on the principle
that the luminescence value is proportional to the cellular ATP
levels. Therefore, higher luminescence value indicates more
ATP. Due to the space limitation of the electromagnetic field
exposure device, the whole 96-well plate (3917, Corning,
Corning, NY) could not fit in. We have to cut them using an
electrothermal knife (S20, Brand, Suzhou, China) into smaller
plates with nine wells and sterilize them with ethanol. On the
first day, 4 x 10* cells/well were plated on the pre-cut 9-well
plate. On the second day, cells were treated with 6-mT MFs for
2 h, 4 h, and 6 h before adding the Cell Titer-Glo reagent.
Finally, ATP content was measured by PerkinElmer
Multimode Plate Reader (EnVision, Waltham, MA). Since
our data show that there is no difference between these two
methods for monitoring the ATP level (Supplementary

Fig. 1), we chose the Cell Titer-Glo assay for the rest of the
experiments for easy handling.

Measurement of cellular MMP

The JC-1 dye (C2006, Beyotime, Shanghai, China) was used
to sense MMP (mitochondrial membrane potential) level
based on the green fluorescence emission (~529 nm) and
red fluorescence emission (~ 590 nm). The ratio of red/green
fluorescence represents MMP changes. After the JC-1 dye
was added according to the manufacturer’s instruction, cells
were incubated at 37 °C for another 20 min before the fluo-
rescence was analyzed using flow cytometry (CytoFLEX,
Beckman Coulter, Brea, CA).

Intracellular reactive oxygen species measurement

The intracellular ROS (reactive oxygen species) level of
HCT116, GIST-T1, 293T, and RPEl were monitored by
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Fig. 4 Effects of 6-mT 50-Hz electromagnetic field on cellular ATP

levels in nine different cell lines. Cells were exposed to 6-mT 50-Hz
electromagnetic field for 2 h, 4 h, or 6 h before their ATP levels were

measured. Each experiment was repeated for at least three times by two
researchers independently. “Ns” not significant. “*”p < 0.05. Red color
indicates that the decrease is statistically significant
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1-4-uM 2',7'-dichlorofluorescin diacetate (D6883, Sigma-
Aldrich, St. Louis, MO). 2',7’-Dichlorofluorescin diacetate
itself is a cell-permeable non-fluorescent probe, which be-
comes highly fluorescent upon oxidation by ROS.
Therefore, it can be used to quantify cellular ROS levels.
After magnetic field exposure for 2 h, 2',7-dichlorofluorescin
diacetate was added to the cells. The cells were incubated at
37 °C for another 20 min before their green fluorescence (~
535 nm) was detected using flow cytometry (CytoFLEX,
Beckman Coulter, Brea, CA).

Statistical analysis

To get unbiased experimental results, all experiments in this
paper were repeated for at least three times by two researchers
independently. The experimental results were quantified by
GraphPad Prism 5 (version 5.01, GraphPad Software, La
Jolla, CA). Comparisons between treatments were analyzed

by Student’s ¢ test. P values were labeled in figures, and stan-
dard deviations are shown. All the control groups have the
value “1” because each independent experiment has been nor-
malized to the control. Raw data is provided in the supple-
mentary materials.

Results

We first compared two different methods for measuring cellu-
lar ATP levels (Supplementary Fig. 1), and our results show
that there was no difference between them. 0.5-T or 1.0-T
SMF exposure for 1 day did not affect cellular ATP levels in
multiple cell lines (Supplementary Fig. 1). However, it has
been shown previously that 0.5-T—1.0-T SMFs generally in-
crease cellular ATP levels in shorter time points, and the ATP
levels fluctuate over time (Wang et al. 2018); we chose to use
Cell Titer-Glo for the rest of the experiments for easy handling
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Fig. 5 Effects of 6-mT 120-Hz electromagnetic field on cellular ATP
levels in nine different cell lines. Cells were exposed to 6-mT 120-Hz
electromagnetic field for 2 h, 4 h, or 6 h before their ATP levels were
measured. Each experiment was repeated for at least three times by two
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researchers independently. “Ns” not significant. “*”p < 0.05. Green color
indicates that the increase is statistically significant, and red color
indicates that the decrease is statistically significant
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and examined three different time points (2 h, 4 h, and 6 h) to
get more complete information.

To examine the effects of 6-mT MFs of different frequencies,
we set up a 6-mT SMF using a neodymium N38 permanent
magnet (Fig. 1a, b), and 6-mT 50-Hz and 120-Hz low-frequen-
cy MFs with an electromagnetic fields generator and Helmholtz
coil (Fig. lc, d). To get reproducible results, each experiment
was repeated by at least two researchers for multiple times and
their results were pooled together for statistical analysis.

We first chose undifferentiated and differentiated PC12
cells; the cellular ATP level of which was increased by
0.25-1.0-T SMF and reduced by 9.0-T SMF in previous stud-
ies (Wang et al. 2018; Wang et al. 2010). We compared 6-mT
SMF and 50-Hz and 120-Hz MFs exposure for 0—6 h and
found that the cellular ATP levels were not affected in most
conditions (Fig. 2, Supplementary Fig. 2). However, it is in-
teresting that although 6-mT SMF and 50-Hz MF did not
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Fig. 6 MMP level changes induced by 6-mT SMF and 50-Hz
electromagnetic field in four different cell lines. a—d Relative MMP
levels of HCT116, 293T, GIST-T1, and RPEI cells with or without 6-
mT SMF or 50-Hz EMF treatment for 2 h. Each experiment was repeated
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change cellular ATP levels, 6-mT 120-Hz MF increased the
ATP level in undifferentiated PC12 cells after 4-h and 6-h
exposures (Fig. 2c, Supplementary Fig. 2c).

Since it has been shown that the MF effects are usually cell
type-dependent (Zhang et al. 2017b; Zhang et al. 2016), we
further tested nine more cell lines to test the effect of 6-mT
SMF on their ATP levels (Fig. 3, Supplementary Fig. 3).
Previous studies indicated that cancer cells and non-cancer cells
often have differential responses to MFs (Aldinucci et al. 2003;
Ghibelli et al. 2006; Tofani et al. 2001; Zhang et al. 2017b;
Zhang et al. 2016), we included eight cancer cell lines and three
non-cancer cell lines in our test. Our results show that 6-mT
SMF generally does not affect or only increases the cellular
ATP levels around only 2.3-9.1%. Moreover, there was no
apparent correlation between cancer or non-cancer cells with
MF-induced ATP level changes, and the time point-induced
variations are also different between various cell lines.
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Next, we used the same nine cell lines to test the effect
of 6-mT 50-Hz MF on their cellular ATP levels (Fig. 4,
Supplementary Fig. 4). It is interesting that 6 mT 50 Hz
does not affect or only decreases the cellular ATP levels in
these cell lines around 1.7-16.1%. In fact, the cellular ATP
levels in most cell lines were not affected (8 out of 11 cell
lines, 72.7%).

To further examine the influence of MF frequencies, we
used the same nine cell lines to test the effect of 6-mT 120-
Hz MF on their cellular ATP levels (Fig. 5, Supplementary Fig.
5). Unlike the 6-mT SMF or 50-Hz MF, which only affected
cellular ATP levels in one way, 120-Hz MF have variable im-
pacts on cellular ATP levels (Fig. 5, Supplementary Fig. 5).
Again, for cells with altered ATP levels, the change of percent-
ages is only 0.9-14.3%. We summarized all the ATP level
changes in Table 1.
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Fig. 7 ROS level changes induced by 6-mT SMF and 50-Hz
electromagnetic field in four different cell lines. Relative ROS levels of
HCT116, 293T, GIST-T1, and RPEI cells with or without 6-mT SMF or
50-Hz EMF treatment for 2 h. Each experiment was repeated for three

Since mitochondrial membrane potential (MMP) can affect
ATP synthesis (Bornhovd et al. 2006; Buchet and Godinot
1998; Zorova et al. 2018), it is possible that the MF-induced
ATP level changes were mediated by altered MMP. To test this
possibility, we examined the MMP in four of the above tested
cell lines, which have differential responses to these 6-mT
MFs. We did the 6-mT SMF and 6-mT 50-Hz MF exposure
side-by-side. It is interesting that although the cellular ATP
levels of HCT116 were increased by 6-mT SMF and de-
creased by 50-Hz MF, their MMP was not affected (Fig. 6a,
Supplementary Fig. 6). Similarly, the MMP responses of the
other three cell lines are not correlated with their ATP level
changes either (Fig. 6b, ¢, d; Supplementary Fig. 6). We fur-
ther examined the ROS (reactive oxygen species) levels in
these four cell lines, which is mainly produced in mitochon-
dria and frequently correlated with MMP and ATP levels, but
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did not find their correlation with 6-mT MF-induced ATP
changes either (Fig. 7, Supplementary Fig. 7).

Discussion

It is already known that the parameters of MFs directly influ-
ence the effects of MFs on cells. MF intensity, gradient, direc-
tion, and exposure time are all key factors that impact the bio-
logical effects of MFs (Bras et al. 2014; Chionna et al. 2005;
Denegre et al. 1998; Kiss et al. 2013; Milovanovich et al. 2016;
Morris and Skalak 2008; Sullivan et al. 2011; Tian et al. 2018;
Zhang et al. 2017a, c). Here, we focus on MF frequency by
comparing 0 Hz, 50 Hz, and 120 Hz at three different time
points in 11 different cell lines. We found that cell types, MF
frequencies, and exposure time all influence the effect of MFs
on cellular ATP levels. It is interesting that the 6-mT SMF
generally does not affect (5 out of 11 cell lines) or only in-
creases (6 out of 11 cell lines) cellular ATP levels, while 6-
mT 50-Hz MF does not affect (8 out of 11 cell lines) or decrease
(3 out of 11 cell lines) cellular ATP levels. In contrast, 6-mT
120-Hz electromagnetic field has variable effects. The underly-
ing mechanism of these frequency-induced variations are still
unclear, but we think it might be related to the proposed hy-
pothesis that cells have their specific electromagnetic frequen-
cy. Further investigations are necessary to unravel this mystery.

Since ATP level is tightly regulated in cells, 6 mT is a
relatively low MF intensity and 50/120 Hz belongs to low-
frequency MFs; it is not too surprising that all changes in this
study are less than 16.1%. In fact, for SMFs of much higher
intensity, such as 1 T and 9 T, the ATP level change percent-
ages in multiple cell lines are also very small, usually within
20% (Wang et al. 2018). However, for 1-T and 9-T SMFs, the
MMP changes seem to be correlated with the ATP level
changes (Wang et al. 2018), while in this study, there is no
direct correlation between ATP level changes and the MMP or
ROS. Although MMP, ATP, and ROS are all related to mito-
chondria, their relative levels are controlled in a complex way
(Korshunov et al. 1997; Ramzan et al. 2010; Sun et al. 2011;
Suski et al. 2012). It is possible that other ATP generation
pathways are affected during 6-mT MF exposure, such as
glycolysis or oxidative phosphorylation. It is also possible that
the ATP consumption, but not ATP production, is affected by
6-mT MFs.

In conclusion, although the ATP level changes induced by
6-mT MFs are not dramatic, the exact effects are cell type-,
MF frequency-, and time-dependent. These may help to ex-
plain some observed cellular phenomenon of low-frequency
MFs. Given the prevalence of power frequency and SMF
exposure for human bodies, such as the MFs generated by
electric power lines, home appliance, and household items,
people should be aware of their potential effects on cellular
ATP, which is the foundation of many cellular processes.

@ Springer
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