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Abstract: The effects produced by electromagnetic fields (EMFs) on human beings at extremely low
frequencies (ELFs) have being investigated in the past years, across in vitro studies, using different cell
lines. Nevertheless, the effects produced on cells are not clarified, and the cellular mechanisms and
cell-signaling processes involved are still unknown. This situation has resulted in a division among
the scientific community about the adequacy of the recommended level of exposure. In this sense, we
consider that it is necessary to develop long-term exposure studies and check if the recommended
levels of EMFs are under thermal effects. Hence, we exposed CT2A cells to different EMFs at different
ELFs at short and long times. Our results showed frequency dependence in CT2A exposed during
24 h to a small EMF of 30 uT equal to those originated by the Earth and frequency dependence after
the exposure during seven days to an EMF of 100 uT at different ELFs. Particularly, our results
showed a remarkable cell viability decrease of CT2A cells exposed to EMFs of 30 Hz. Nevertheless,
after analyzing the thermal effects in terms of HSP90 expression, we did not find thermal damages
related to the differences in cell viability, so other crucial cellular mechanism should be involved.
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1. Introduction

Electromagnetic fields (EMFs) are the physical combination of electric fields and magnetic fields,
which constitutes one of the four fundamental forces [1]. They are created both naturally by the earth
and artificial by the human [2]. The principal parameter that defines them is their frequency, based
on which they are classified as follows: static fields (0 KHz), extremely low frequency (ELF)-EMFs
(<300 Hz), and radiofrequency (RF)-EMFs (>300 Hz). Nowadays, we are exposed continuously to
EMFs which can produce biological effects both at ELFs and microwave frequencies. For that reason,
to ensure the maximum security, the European Council stablished in 1999 an EMF of %
recommended level for ELFs between 8 and 25 Hz and an EMF of W uT for ELFs from 25 up to
800 Hz [3].

Notwithstanding, from 2000 to 2004, the adequacy of the recommended levels was studied by the
joint research Reflex project, where, among other results, it was showed that effects of EMF exposure on
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cell viability depend on the cell line [4]. Moreover, in a recent in vitro study of the effects of ELF-EMF
focused on glioblastomas we have also found cell viability dependence on frequency [5].

Nevertheless, the mechanisms involved were not clarified being suggesting by previous studies
that EMF effects are related to voltage-gated calcium channels (VGCCs) [6] due to the increase of
intracellular Ca* after the exposure [7-10]. Calcium ions play a crucial role in cell signaling since they
act as principal second messengers in cell transduction [11,12]. Usually, intracellular Ca?* is stored in
organelles entering inside the cells by calcium channels and being removing from them by transport
proteins. The increase of intracellular Ca?* after the exposure to EMF also involves the increase of
nitric oxide levels, which have been suggested in a previous study to produce both therapeutic and
pathophysiological effects on cells [13].

The difference in the effects produced by an increase of Ca?* after the exposure to an EMF in
terms of cell viability is not properly understood, being necessary to complement the results available
with the analysis of other fundamental parameters, like cell and heat damage, cell death, and cell
proliferation, among others. Until now, most studies have analyzed those parameters in terms of
expression of p53/p21 for the cellular damage [14-16], caspase 3 as an indicator of apoptosis [17,18],
and heat-shock proteins (HSPs) as an indicator of heat damage [19]. However, the results obtained in
most vitro research used EMF biggest that the stablished by the European Commission [3,20,21] and in
any of them have been considered long term exposition nor the effects produced by EMF between
26-60 uT [22] equal to the geomatic fields originated by the earth at the different peaks of the Schuman
Resonance [23].

Therefore, with our research, we aimed to amplify the studies done before by covering the
following points: (1) analyze the effects produced by an EMF equal to the geomatic field; (2) analyze
the effects produced by a long-term exposure to ELF-EMFs under the recommend level; (3) check if the
exposure to ELF-EMF under the recommend level involves heat effects on the cells.

2. Results

2.1. Effect of Natural EMF on Cell Viability

The effect produced on cell viability of CT2A cells by a 30 uT EMF equivalent to that produced
naturally by the earth [23] at the Schuman resonances [24] was analyzed by XTT assay (Figure 1). Our
results show at the main frequency of 7.8 Hz a small increase in cell viability (6.3%, p = 0.183). In the
rest of the frequencies of the Schuman resonance analyzed it was archived the following decrease
in cell viability with respect the control group: 14 Hz (4.95%, p = 0.231); 20 Hz (27.02%, p = 0.0006);
26 Hz (31.65%, p = 0.000014); 33 Hz (34.03%, p = 0.000012); 39 Hz (16.67%, p = 0.014); 45 Hz (23.12%,
p = 0.004347); and 51 Hz (16.37%, p = 0.007).

2.2. Effects of Long-Term and Intermittent Exposure to a 100 uT EMF at Different ELF

The effect on CT2A cell viability after the exposure during 7 days to a 100 uT intermittent EMF
(12 h coils on/12 h coils off per day) at different ELFs was measured by XTT assay (Figure 2). The
results obtained show a slight decrease in cell viability at 20 Hz (6.66%, p = 0.124) and at 50 Hz (7.07%,
p = 0.224). However, after the exposure to an intermittent EMF at 30 Hz it was obtained a bigger
reduction in cell viability (38.91%, p = 0.0005) similar to our results obtained in previous studies at
short term exposure [5].
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Figure 1. Graphical representation of % of viable CT2A cells after the exposure during 24 h to an EMF
of 30 uT at the different frequencies of the Schuman resonance [23]: 7.8, 14, 20, 26, 33, 39, 45, and 51 Hz.
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Figure 2. Graphical representation of % of viable CT2A cells after the exposure during seven days to
an intermittent EMF of 100 uT at different ELFs: 20, 30, and 50 Hz.

2.3. Heat Effects Produced of CT2A Exposed to ELF-EMF of 100 uT

The heat effects produced by ELF-EMFs on CT2A were studied by the immunocytochemical
expression of the heat-shock protein HSP90. For that, CT2A cells were exposed during 24 h to
a 100 uT EMF at 20, 30, and 50 Hz after which they were immunolabeled and analyzed by a
fluorescent microscopy. The basal and positive expression of HSP90 in the CT2A was first identified
in CT2A cells without exposure to different temperatures (37, 37.5, 38, 38.5, and 39 °C) obtaining an
increase in the cytoplasmatic expression of HSP90 directly related to the increase in the temperature
(Figure 3B,E,H,K,N). Thereby, according to our results in any of the frequencies analyzed were positive
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expression of HSP90 in the CT2A cells exposed to a 100 uT EMF (Figure 4E,H,K) with regards the
control group (non-exposed) (Figure 4B). Moreover, there was no difference in the corrected total cell
fluorescence (CTCF) of HSP90 in any of the frequencies analyzed (Figure 5, p with respect 37 °C: 0 Hz,
p =0.441; 20 Hz, p = 0.326; 30 Hz, p = 0.094; 50 Hz, p = 0.243). The slight expression showed in the
CT2A cells exposed (Figure 4E,H,K) correspond to their natural basal expression at 37 °C (Figure 3B).

MERGE

Figure 3. Immunofluorescence analysis of HSP90 expression in CT2A maintained during 1 h and
30 min at 5% CO, and different temperatures (Microscope 20x): (A) 37 °C CT2A nuclei staining with
DAPT; (B) 37 °C CT2A HSP90 expression; (C) merge of A and B; (D) 37.5 °C CT2A nuclei staining with
DAPI; (E) 37.5 °C CT2A HSP90 expression; (F) merge of D and E. (G) 38 °C CT2A nuclei staining with
DAPIL; (H) 38 °C CT2A HSP90 expression; (I) merge of G and H. (J) 38.5 °C CT2A nuclei staining with
DAPI (K) 38.5 °C CT2A HSP90 expression; (L) merge of ] and K. (M) 39 °C CT2A nuclei staining with
DAPI; (N) 39 °C CT2A HSP90 expression; (O) merge of M and N.
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MERGE

Figure 4. Immunofluorescence analysis of HSP90 expression in CT2A exposed to a 100 uT EMF
(Microscope 20x): (A) CT2A control group (non-exposed), nuclei staining with DAPIL; (B) CT2A control
group (non-exposed) HSP9OAB expression; (C) merge of A and B; (D) CT2A after the exposure to a
100 uT EMF at 20 Hz, nuclei staining with DAPI; (E) CT2A after the exposure to a 100 T EMF at 20 Hz,
HSP90AB expression; (F) merge of D and E; (G) CT2A after the exposure to a 100 uT EMF at 30 Hz,
nuclei staining with DAPI; (H) CT2A after the exposure to a 100 uT EMF at 30 Hz, HSP90AB expression;
(I) merge of G and H; (J) CT2A after the exposure to a 100 uT EMF at 50 Hz, nuclei staining with DAPI;
(K) CT2A after the exposure to a 100 uT EMF at 50 Hz, HSP90AB expression; (L) merge of A and B.

On the other hand, the immunoblot showed a double band pattern (Figure 6) for all the frequencies
analyzed (20, 30, and 50 Hz) and the control group of non-exposed CT2A cells (Helmholtz Coils off).
The band between 98 and 68 KDa correspond to the native state of HSP90. This band, in the CT2A
cells exposed to a 100 uT EMF at 50 Hz was bigger. Nevertheless, there was no difference in the total
amount of HSP90 protein in the immunoblot between the control group and the CT2A exposed to the
frequencies (p = 0.407, 20 Hz; p = 0.225, 30 Hz; p = 0.201, 50 Hz).
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Figure 5. Corrected total cell fluorescence. Average corrected total cell fluorescence (CTCF) of HSP90
expression in CT2A control group (0 Hz, non-exposed) and CT2A cells after 24 h of exposure to a
100 uT EMF at different ELF: 20, 30, and 50 Hz.
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Figure 6. Western blot of HSP90 protein in CT2A non-exposed (0 Hz, Helmholtz coils off) and CT2A
exposed during 24 h to an EMF of 100 uT at different ELF: 20, 30, and 50Hz.

3. Discussion

The effects of ELF-EMF on cell viability were analyzed in the last years, using different cell lines
and frequencies [3,21,24-26], revealing a dependence in the cell line, as well as we recently found
dependence on frequency within the same line [5]. Particularly, in our previous study about the effect
of ELF-EMF on glioblastomas, we found a reduction of cell viability from 13% up to almost 18% after
a short time exposure to a 100 T EMF at 30 Hz, and about an 8% increase in cell viability after the
exposure to 50 Hz [5].

However, according to our present data, CT2A cells’ long-term exposure to a 100 uT intermittent
EMEF (12 h coils on/12 h coils off per day) at different ELF (Figure 2) showed relevant changes (p < 0.05)
in cell viability with regard the control group at 30 Hz. In this sense, CT2A exposed to a 100 uT
intermittent EMF at 30 Hz for 7 days showed a reduction of cell viability around 20% bigger than
during the short time exposure [5]. On the other hand, the difference obtained in cell viability between
the control group (coils off) and the CT2A exposed for seven days to a 100 pT intermittent EMF at 20
and 50 Hz can be neglected (p > 0.05).

These similar results in CT2A cell viability between the continuous exposure at short time and the
intermittent exposure at long time stand out even more the frequency dependence. For this reason, we
analyzed the effects of an EMF equal to the geomatic fields originated at the different frequencies of the
Schuman resonance [23].
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Hence, to study the frequency dependence, CT2A cells were exposed to a small EMF of 30 uT
at the different frequencies of the Shuman resonance (Figure 1) [23]. According to our results, at the
main frequency of 7.8 Hz and at the first harmonic 14 Hz, there is approximately a +5% difference in
cell viability with the control group which could be discarded (p > 0.05). However, it was found a
significant decrease (p < 0.05) of around 30% in cell viability at 33 and at 26 Hz, which follows the
reduction trend found in our studies at 100 uT EMF [5]. Additionally, our results show a cell viability
decrease at 20, 39, 45, and 51 Hz (p < 0.05) with regard the control group (Helmholtz coils off), which
seems to be related to the main cell viability decay at 26 and 33 Hz. In this way, according to our data
(Figure 1), cell viability starts to decrease, reaching the most outstanding values at 26 and 33 Hz, after
which the viability decrease starts to diminish. Nevertheless, this reduction pattern presents some
setbacks at the frequencies of 20 and 51 Hz regarding our studies at short-term and long-term exposure
to an EMF of 100 uT. However, it could be necessary to analyze in detail other frequencies in order
to completely determine when the maximum decrease in cell viability is produced. Additionally, it
is important to point out that tumoral cells can behave in a different way than nontumoral cell lines.
In fact, we consider that difference one of the most remarkable results found in Reflex project [4] where
it was found that, while ELF-EMF enhanced the proliferation of neuroblastoma cells (NB69), it didn’t
affect the proliferation of lymphocytes (Human Lymphocytes from healthy donors). Therefore, the
difference in cell proliferation found in our results should be in first instance studied in detail, using
astrocytoma cell lines and based on our results, it is essential to study other parameters that could be
related to the difference in cell viability after the exposure to ELF-EMF.

We decided to analyze the heat damage produced on CT2A exposed during 24 h to an EMF of
100 pT at 20, 30, and 50 Hz. The expression of heat effects was analyzed by the primary antibody
anti-HSP90AB (Sigma Aldrich Ref: SAB4300541), which results in a cytoplasmic staining of the cell.

However, according to our results, the exposure to an EMF of 100 uT at the different frequencies
analyzed did not lead to heat damage on CT2A cells (Figure 4) since only basal expression of HSP90
was obtained (Figures 3B and 4E,H K). In fact, the quantification of the immunofluorescence signals of
HSP90 in terms of corrected total cell fluorescence (CTCF) didn’t show difference (p > 0.05) between
the frequencies analyzed (Figure 5) and the CT2A maintained during 1 h at 37 °C without exposure
(Figure 7).

Additionally, to corroborate the results obtained in the immunofluorescence assay, we analyzed
the HSP90 by immunoblot. Based on our Western blot (Figure 6) the difference in the total amount of
HSP90 protein in the frequencies analyzed (20, 30, and 50 Hz) with respect the total amount of HSP90
protein in the control sample (Helmholtz Coils off, 0 Hz) was not significative (p > 0.05), nor was what
we obtained before, in the immunofluorescence assay. Nevertheless, with our Western blot, we could
observe a change in the pattern bands between 50 Hz and the rest of the frequencies (Figure 6). The
upper band which appears in our results could be produced due to different modification as protein
phosphorylation [27], protein ubiquitination [28], or protein sumoylation [29]. However, by analyzing
together our results of the Western Blot and the immunofluorescence we don’t believe that the double
band could be produced by protein phosphorylation, because it has been related in previous studies
with nuclear HSP90 expression [27], and, in our case, it was always cytoplasmatic (Figure 4). On the
other hand, we also don’t believe that the double band could correspond to protein ubiquitination,
because that would have implied a pattern of multiple bands [28] instead of two (Figure 6).

Therefore, our results reveal that other crucial mechanisms should be related to the difference
in cell viability produced at 30 Hz because the exposure to a 100 uT EMF at that frequency is under
thermal effects.
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Figure 7. Corrected total cell fluorescence. Average corrected total cell fluorescence (CTCF) of HSP90
expression in CT2A maintained during 1 h and 30 min at 5% CO, and different temperatures: 37, 37.5,
38, 38.5, and 39 °C.

In this sense, as it was previously investigated by other authors, one of those possible mechanism
involved is the activation of the voltage-gated calcium channels (VGCCs) after the exposure to an EMF
which are directly related to changes in calcium signaling [30]. On the other hand, the movement of
Ca®" ions through the transmembrane channels were also studied, taking into account the cyclotron
resonance frequency (fc) of the ions, which is defined as ¢ = %, with g being the charge of the ion
and m, the mass [31]. Regarding that, different studies have been carried out, mainly with K* and Ca?*
ions [32-34], even suggesting that the ion cyclotron resonance could be used as a tool in regenerative
medicine [35].

4. Materials and Methods

4.1. Cell Culture

The mouse glioma cell line CT2A was maintained at physiological condition 37 °C and 5%
COy, in a Thermo Scientific incubator model 3111 series 1. The CT2A cell line was grown in RPMI
medium (Solmeglas w/L glutamine, w/25 mM Hepes) supplemented with 10% fetal bovine serum,
1% vr-glutamine, and 1% streptomycin. The cells were seeded 24 h before the exposure in 35 mm cell
culture dishes in a final concentration of 175,000 cells/mL for experiments lasting 24 h and at a final
concentration of 37,500 cells/mL for experiment lasting 7 days.

4.2. Exposure System

The EMF was produced by a pair of Helmholtz coils of 19 turns and 12 cm of external radius,
separated from each other by a distance equal to their radius. The pair of coils was placed inside the
incubator in a mu-metal box, to avoid external fields. The culture dishes were placed in the middle of
their axis, at 6 cm from each coil (Figure 8).
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M

Figure 8. Exposure system constituted by a pair of Helmholtz Coils. The coils were placed inside a
mu-metal box in a CO, incubator.

Each experiment was performed four times, using, in each of them, three culture dishes. Therefore,
all the experiments were done with a total of twelve samples per frequency.

4.3. Methodology

To study the effect of natural EMF on cell viability, CT2A cells were exposed for 24 h to 30 uT EMF
equal to the earth’s EMF [22] at the fundamental Schuman frequency of 7.8 Hz and the first harmonics:
14, 20, 26, 33, 39, 45, and 51 Hz [23].

On the other hand, to study the effect on cell viability of long-term and intermittent exposure
to ELF-EMEF, CT2A cells were exposed during 7 days to an intermittent EMF (12 h on/12 off pair of
Helmbholtz coils) of 100 uT at 20, 30, and 50 Hz.

Finally, to study the cellular damage and heat effect of ELF-EMF, CT2A cells were exposed during
24 h at 30 Hz to 100 uT equal the EMF stablished by the Council Recommendation 1999/519/EC for a
frequency of 50 Hz [3].

The EMF generated in each experiment was first calculated theoretically according to Biot Savart
Law and then set up by a power supply FAC 662B. The input signal was modulated with a function
generator Frederiksen (10 Vpp, square signal). A LakeShore-Cryotronics 450 gaussemeter (LakeShore,
Westerville, OH, USA) was used to measure the homogeneity of the EMF in the culture dishes obtaining
mean values of 29.96 uT + 0.94 standard error and 99.99 uT + 6.81 standard error.

Control groups of non-exposed cells (Helmholtz coils off) were maintained in the same experimental
condition for all the experiments done.

4.4. Cell Viability

The cell viability was measured by 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-
Carboxanilide (XTT) assay according to the instructions of the manufacturer (Cell Proliferation Kit
XTT PanReac AppliChem) and the adaptations done before [6] (11). Briefly, after the exposure, the
cells were incubated for 1 h at 37 °C and 5% CO, with 114 pL of XTT reagent and 2 puL of activation
solution per each 234 pL of medium. The absorbance was measured using a BioTek Instruments
ELx800 absorbance microplate reader at a wavelength of 450 nm.

4.5. Immunofluorescence Assay

The expression of HSP90 as a marker of heat effect respectively was analyzed by indirect
immunofluorescence. First, CT2A cells after the exposure were fixed with 4% paraformaldehyde (PFA)
for 10 min at room temperature and incubated for 45 min in a blocking solution. After the fixation,
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CT2A cells were incubated for 1 h at room temperature with the primary antibody anti-HSP90AB1
(1:100 Sigma-Aldrich, St. Louis, MO, USA). Finally, the cells were incubated 1 h at room temperature
with the secondary antibody anti-rabbit 546 (1:250, Hospital Puerta del Hierro). The nuclei of the cells
were labelled with the fluorescence stay 4’,6-diamidino-2-phenylindole (DAPI 1:5000).

In order to differentiate properly the normal basal expression of the antibody anti-HSP90AB1 from
the positive expression, CT2A cells were maintained during 1h and 30 min without EMF at different
temperatures (37, 37.5, 38, 38.5, and 39 °C) and then immunolabeled with anti-HSP90. The range of
temperatures was chosen from the fact that 37 °C is the normal temperature required for mammalian
in vitro cultures and it has been shown in previous studies how an increase in 1 °C produced by RF
exposure can have harmful effects [36].

The corrected total cell fluorescence (CTCF) of HSP90 in CT2A cell exposed to the different ELF
was calculated as follows:

CTCF = Integrated Intensity of the cell — (Area of the cell X Mean of the background) @

The integrated intensity of the cell, the area of the cells and the mean of the background were
obtained by using the program Image J.

4.6. Western Blot

The CT2A cells exposed during 24 h to the different ELFs-EMF (20, 30, and 50 Hz) and the control
group of non-exposed CT2A cells (Helmholtz coils off) were lysed with RIPA buffer (50 mM of Tris,
1 mM of EDTA, 100 mM of NaCl, and 1% Triton) and mechanical scrapping. The cell suspensions were
collected and centrifugated for 10 min, at 14,000 rpm.

After the centrifugation, in a 96 multi-well culture plate, we added 200 uL of a mixture of BCA
solution buffer and CuSO4 to each 25 pL of supernatant, in order to quantify the protein HSP90
contained in the samples. The multi-well culture plate was kept in the dark for 30 min, at 37 °C. The
total amount of HSP90 in each sample was obtained by measuring the absorbance at 562 nm in a
Biobase reader.

Once it was quantified the HSP90 of each sample, an equal amount of 0.5 pg HSP90 protein was
loaded together with a 4X BoltTM LDS buffer (Novex by Life Technologies, Carlsbad, CA, USA) to a
acrylamide:bis-acrylamide gel in a mini Gel Tank (Invitrogen by ThermoFisher Scientific,). The gel was
run for 1 h at room temperature at 100 V.

After the gel electrophoresis, the protein HSP90 was transferred from the gel to the membrane
by using an IBlot 2 Gel Transfer Device (Invitrogen by ThermoFisher Scientific) and the membranes
were immunoblotted. For that, to avoid nonspecific union, the membranes were first blocked with 5%
infant milk powder during 1 h at room temperature and then incubated with the primary antibody
anti-HSP90ABL1 (1:500 Sigma-Aldrich) during 3 h at 4 °C. Finally, the membranes were incubated
with the secondary antibody anti-rabbit 546 (1:20,000, Hospital Puerta del Hierro) during 45 min
at room temperature and revealed with an ImageQuant LAS 500 chemiluminescence CCD camera
(GE Healthcare).

4.7. Statistical Analysis

The statistical analysis in all the experiment was performed with Student’s t-test, at a confidence
level of 95% (i.e., p < 0.05), to compare the following: (i) CT2A control group (Helmholtz coils off) vs.
CT2A cells exposed during 24 h to a 30 uT of EMF at 7.8, 14, 20, 26, 33, 39, 45, and 51 Hz; (ii) CT2A
control group (Helmholtz coils off) vs. CT2A cells exposed during 7 days to an intermittent 100 uT
of EMF at 20, 30, and 50 Hz; (iii) CTCF of HSP90 expression in CT2A maintained at 37 °C without
exposure vs. CT2A cells control group (Helmholtz coils off) and CT2A cells exposed during 24 h to a
100 uT of EMF at 20, 30, and 50 Hz; (iv) total amount of HSP90 protein in the immunoblotting of CT2A



Int. ]. Mol. Sci. 2020, 21, 152 110f13

control group vs total amount of HSP90 protein in CT2A cells exposed during 24 h to a 100 uT EMF at
20, 30, and 50 Hz
The standard error was computed as follows:

standard deviation
standard error = ! (2)

VN

where N is the number of samples (N = 12).

5. Conclusions

In conclusion, through our study of long-term exposure to a 100 uT EMF to different ELF and our
study of the effect produced by a 30 uT EMF equal to the earth field [22] at the different frequencies of
the Schuman resonance [23], we corroborated that frequency is determinant in cell viability. Moreover,
we found that, contrary to what it has been proposed for a long time, the difference produced on cell
viability is independent of the thermal effect (Figure 4).

However, several paradigms remain to be clarified about why EMFs at the frequency of 30 Hz
produce a remarkable decrease in cell viability in CT2A cells. We selected CT2A cells for our research
for two main reason: First, we aimed to study the effect of EMF on a tumoral cell line, and second,
we used them in previous studies [5], where we found viability dependence on frequency which we
want to corroborate. Therefore, based on the results obtained until the date, it could be thought that
frequency seems to modulate the response of the cells, including difference in cell viability and in
the state of HSP90. Thus, it could be related to the ion cyclotron frequency. Nevertheless, to test that
hypothesis, it is necessary to extend the studies to nontumoral cell lines, as well as it is important
to analyze other cell viability markers, the nuclear damage produced, and the measurement of the
amount of intracellular Ca?* in CT2A cells after the exposure among others crucial parameters.
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