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Abstract

Whether human cells are impacted by environmental electromagnetic fields
(EMF) is still a matter of debate. With the deployment of the fifth generation
(5G) of mobile communication technologies, the carrier frequency is
increasing and the human skin becomes the main biological target. Here,
we evaluated the impact of 5G-modulated 3.5 GHz radiofrequency (RF) EMF
on mitochondrial stress in human fibroblasts and keratinocytes that were
exposed for 24h at specific absorption rate of 0.25, 1, and 4 W/kg. We
assessed cell viability, mitochondrial reactive oxygen species (ROS) produc-
tion, and membrane polarization. Knowing that human skin is the main target
of environmental ultraviolet (UV), using the same read-out, we investigated
whether subsequent exposure to 5G signal could alter the capacity of UV-B
to damage skin cells. We found a statistically significant reduction in
mitochondrial ROS concentration in fibroblasts exposed to 5G signal at 1
W/kg. On the contrary, the RF exposure slightly but statistically significantly
enhanced the effects of UV-B radiation specifically in keratinocytes at 0.25
and 1W/kg. No effect was found on mitochondrial membrane potential or
apoptosis in any cell types or exposure conditions suggesting that the type
and amplitude of the observed effects are very punctual.
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used for 2G, 3G, and 4G. The first band, commonly
referred as the C-band, is a crucial component of the

Radiofrequency (RF) electromagnetic fields (EMF) are
part of the electromagnetic spectrum ranging from
100kHz to 300GHz. They encompass frequencies
exhibiting electric and magnetic properties and are
considered nonionizing, meaning that they lack the
energy required to disrupt atoms and molecules via
ionization. Currently, the fifth generation (5G) technol-
ogy is being deployed to provide higher data and faster
response rates. It will combine new allocated frequency
bands at 3.5 and 26 GHz in addition to those already

current 5G infrastructure because it strikes a balance
between providing extensive broadband coverage
and fast speeds. At the other end of the spectrum
considered, the 26 GHz band has limited ability to
penetrate buildings and propagate signals efficiently,
making it more suitable for covering specific areas with
high data traffic. In addition, the 3.5 GHz band can utilize
the same cell sites as the current antennas. With the
growing deployment of wireless communication signals,
the populations are thus exposed to new environmental
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RF-EMF. As for previous signal generations, 5G deploy-
ment raises questions about the potential harmful effects
on human health. Since the advent of the 2G, including
the Global System for Mobile (GSM) signals, the
scientific community has had a better understanding of
the interaction of RF waves with living matter. After
more than 20 years of active research, the thermal effect
remains the only established interaction mechanism.
While a huge number of studies have investigated the
existence of nonthermal effects under RF-EMF expo-
sure in different models (i.e., cells, animals, humans) in
the existing frequency bands for mobile communica-
tions, no conclusive evidence for such effects was
reached (ICNIRP 2020). To protect the population from
thermal adverse health effects of RF-EMF exposure,
including 5G signals, the International Commission on
Non-Ionizing Radiation Protection (ICNIRP) has set
exposure limits (International Commission on Non-
Ionizing Radiation Protection, 1998; ICNIRP, 2020).

To our knowledge, only a few published articles
have examined the effects of 5G technology in
experimental studies (EMF-Portal, 2022) at the specific
band of 3.5GHz. Among these, the exposure of
zebrafish embryos at specific absorption rate (SAR) of
8.27 W/kg induced depressed sensorimotor function,
abnormal behavioral responses, and variations in the
expression of genes related to metabolic function in
adult zebrafish (Dasgupta et al., 2020, 2022). In
Drosophila melanogaster, 3.5 GHz exposure enhanced
the expression of heat shock, oxidative stress, and
humoral immunity system genes leading to fly develop-
mental promotion (Wang et al., 2022). In addition, long-
term exposure resulted in alterations of the expression
of circadian clock genes resulting in improvement of
sleep duration (Wang et al., 2021). Exposure of diabetic
and healthy rats brains revealed an increase in appetite,
energy metabolism, and oxidative stress (Bektas
et al., 2022). Finally, no effect on anxiety-like behavior,
but a SAR-dependent increase in different oxidative
stress parameters were found in the guinea pig auditory
cortex (Yang et al., 2022). Unfortunately, all these
studies are highly heterogeneous in terms of endpoints,
biological systems, and SAR levels, making it
impossible to draw firm conclusions about the effects
of 3.5 GHz signals on human health. It is also essential
to indicate that all these studies used either an
unmodulated or a GSM-modulated 3.5 GHz signal, but
none of them used a 5G-modulated signal. In addition,
none of the above-mentioned studies addressed the
skin or other superficial tissues as relevant targets.
Actually, since the penetration of the RF-EMF into the
tissues decreases as the frequency increases, and given
the large amount of water in the skin (Christ et al., 2006;
Feldman et al., 2009), this tissue is susceptible to
absorb most of the RF-EMF power when exposed to
the 5G highest frequency ranges, that is, at 3.5 GHz and
even more at 26 GHz.
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Highlights

e A 24 h exposure to a 5G signal at 3.5 GHz was
able to statistically significantly alter the
mitochondrial reactive oxygen species
(ROS) production in human skin fibroblasts
(decrease at 1 W/Kg) and in human keratino-
cytes after UV-B irradiation (increase at 0.25
and 1 W/kg).

e A 24h exposure to a 5G signal at 3.5 GHz was
not able to alter cell viability, apoptosis and
mitochondrial membrane potential in human
skin cells, either alone or after UV-B
irradiation.

e Further studies on 3D or in vivo skin models
would be needed to conclude about a possi-
ble effect of 5G 3.5 GHz signal on ROS
production.

The skin is not only the largest but also the most
prominent organ in the human body. Its primary
function is to provide a protective barrier against
external stimuli. The skin comprises three distinct
layers: the epidermis, the dermis, and the hypodermis.
The outermost layer, the epidermis, is between 0.05 and
1.5mm thick and is primarily composed of keratino-
cytes, which exist in various states of differentiation.
Additionally, it contains other specialized cells such as
melanocytes, Merkel cells, and Langerhans cells. The
second layer, the dermis, is much thicker, ranging from
1 to 5 mm, and provides support to the epidermis while
also connecting it to the hypodermis. The dermis
comprises a complex network of connective tissues,
including fibroblasts, macrophages, plasma cells, mast
cells, as well as various nerves, hair follicles, sweat
glands, lymphatic, and blood vessels. Finally, the
hypodermis is the deepest layer and is primarily
composed of adipocytes that serve as energy and heat
supplies, in addition to connective tissue. This layer
acts as a bridge that connects the skin to the underlying
fibrous tissue of the bones and muscles, providing
support and stability to the skin (Kolarsick et al., 2011,
Lawton, 2019).

In addition to RF-EMF, other environmental
physical agents, that is, ultraviolet radiations (UV-R)
are known to target the skin. Small amounts of UV-R
are known to be beneficial to health and play an
essential role in the synthesis of vitamin D. However,
over-exposure is clearly associated with DNA muta-
genicity, apoptosis, and cutaneous melanoma
(Kraemer, 1997). Based on extensive epidemiological
and experimental studies, UV-R was classified as
Class I human carcinogen by IARC (A Review of
Human Carcinogens, 2012). Depending on the
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wavelength, UV-R can be divided into UV-A
(315-400nm), UV-B (280-315nm), and UV-C
(100-280 nm). UV-A which represent approximately
95% of the UV sun's rays reaching the earth's surface,
bring the lowest energy and can penetrate deep into
the dermis acting as an initiator of aging
(Krutmann, 2001). On the other hand, UV-B radiations
mainly impact epidermis, causing sunburn. UV-B
radiations are directly absorbed by the DNA, resulting
in more cytotoxic and mutagenic effects than UV-A.
The most common UV mutations, also called “UV
signature,” consists in base substitutions at dipyrimi-
dine sites. Such substitutions lead to specific DNA
photoproducts as cyclobutane pyrimidine dimers
(CPDs) and pyrimidine (6-4) pyrimidone (Ikehata &
Ono, 2011). In addition, both UV-B and UV-A are
responsible for reactive oxygen species (ROS) pro-
duction that may lead to indirect DNA damage and
apoptosis (Heck et al., 2003; Sander et al., 2004).

Several recent studies suggested that RF-EMF in the
GHz range may trigger oxidative stress in exposed cells
or animals (Schuermann & Mevissen, 2021; Yakymenko
et al, 2016). This is even more important since
excessive, unbalanced levels of ROS can interfere with
many cellular processes and functions. If the original
situation is not restored, excessive ROS production can
affect the onset and progression of many diseases, such
as cancer, diabetes, or neurodegenerative syndromes
(Brieger et al., 2012; Sies et al., 2017). Hence, it appears
mandatory to determine whether exposure to 5G-
modulated signals in the new frequency band of
3.5 GHz could affect living systems.

In the present study, we aimed at investigating the
impact of a 24 h 5G-modulated 3.5 GHz signal on skin
cells, at three different SAR: 0.25, 1, and 4 W/kg. For
this purpose, we used human Xp6be fibroblasts and
KHAT keratinocytes, that were pre-exposed or not to
UV-B, and we measured mitochondrial ROS generation
and change in the mitochondrial membrane potential
(AY,), as well as cellular apoptosis and necrosis.

2 | MATERIALS AND METHODS

2.1 | Cell Lines

For our experiments, we used human-immortalized
skin fibroblasts (Xp6be) (Coriell Institute) (Moisan
et al.,, 2012) and the KHAT cell line of keratinocytes. To
obtain this latter, primary keratinocytes were isolated
from surgical excision biopsies of patients who had
previously signed a non-opposition agreement for the
use of cells for research purposes (Declaration of
Helsinki). The cells were grown in Keratinocyte serum-
free medium (KSFM) supplemented with 50 pg/mL of
bovine pituitary extract and 0.5ng/mL of epidermal
growth factor (Gibco; Thermo Fisher Scientific) in a

humidified atmosphere of 5% CO, at 37°C. Immortaliza-
tion of human primary keratinocytes were performed
through their transduction with lentiviral vector ex-
pressing hTERT and the large tumor antigen (also
called large T-antigen). Transduced keratinocytes were
cultivated in parallel with the nontransduced cells in
KSFM. Immortalization has been considered to be
occurred when KHAT cells grew for 50 population
doublings beyond the life span of the parental
keratinocytes. These immortalized cells formed a
normally stratified epidermis when used in organotypic
culture (personal communication).

Xp6be fibroblasts were maintained in Dulbecco's
Modified Eagle Medium composed of Nutrient Mixture
F-12 (DMEM/F-12) supplemented with 10% fetal bovine
serum and 1% penicillin-streptomycin (Thermo Fisher
Scientific).

KHAT cells were cultured in KSFM supplemented
with 5 pg/mL of Gentamicin (Gibco™; Thermo Fischer
Scientific), 25 mg of Bovine Pituitary Extract, and 2.5 ng
of human recombinant Epidermal Growth Factor
(rEGF) (Gibco™; Thermo Fisher Scientific).

Both cell types were grown up to 80% confluence in
plastic flasks at 37°C in a humidified atmosphere
containing 5% CO,. Subconfluent cells were harvested
with a Trypsin-EDTA 0.05% solution (Sigma Chemical
Co.) and placed in separate six-well plates, one for each
experimental protocol. Twenty-four hours after the
seeding, cells underwent UV-B and/or RF-EMF expo-
sure. Meanwhile, each control group was subjected to
the same procedure and timing as its corresponding
exposure group but in absence of treatment. Using this
setup, we prepared all cultures from the same batch
with the aim of reducing the possible variability that
might be caused by differences between batches and in
the cell cycle.

After 24 h of RF-EMF exposure, the flow cytometry
assays were performed.

2.2 | Exposure system and dosimetry

2.2.1 | Exposure to UV-B radiation

UV-B irradiation was delivered using a Bio-Link® BLX-
E312 equipment (Vilber Lourmat; Fisher Bioblock), at
the specific wavelength of 312 nm. Before irradiation,
the dose was checked using a calibrated radiometer X9-
6 (Gigahertz Optik GmbH).

Following a toxicological approach, we plotted
dose-response curves for UV-B irradiation for each
skin cell type and each biological outcome. Therefore,
we chose the UV-B dose that induced about 50% of the
maximal effect (Table 1). This procedure allowed us to
detect whether a 5G modulated-3.5 GHz signal could
impact, that is, increase or decrease the effect of UV-B
irradiation on skin cells.
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TABLE 1 UV-B doses used for the experiments depending on
the cell type and the biological parameter tested.

Cell line
Biological parameter Xp6be KHAT
ROS induction 5.08 +0.63mJ/cm?  16.4 + 1.03 mJ/cm?
Membrane 30.6 +0.11 mJ/cm?  43.93 + 0.4 mJ/cm?
depolarization

Abbreviation: ROS, reactive oxygen species.

During UV-B irradiation, the medium was replaced
with phosphate-buffered saline (PBS), to avoid photo-
active compounds formation. Immediately after, cells
were placed in fresh medium for 24 h without exposure,
or under RF-EMF exposure, in the case of consecutive
exposures (Figure 1). Irradiation time to UV-B is dose-
dependent but it is less than one minute at the highest
dose of 43.93 mJ/cm? The control group, named “Mock
UVB”, was prepared and kept under the same condition
as the irradiated sample but without any UV-B irradiation.

2.2.2 | RF-EMF setup and dosimetry

Exposure of cells to 5G-modulated signals at 3.5 GHz
was performed using an innovative reverberation

(@)

Reverberation chamber

N

37°C, 5% CO,

________

TCP FO probe

\4

60 cm

B WiLEy

chamber (RC) (Orlacchio et al.,, 2023), that is, an
electrically large cavity made of metallic walls where a
homogeneous field distribution was achieved through
random mechanical stirring of the field components
(Hill, 1998). This is particularly convenient in bioelec-
tromagnetic experiments to ensure a highly homoge-
neous exposure level regardless of the samples location
within the exposure system (Capstick et al., 2017; Ito &
Bassett, 1983). In this study, a cell culture incubator
(150 L; BINDER Gmbh), was converted into an RC to
guarantee 24h in vitro exposure under controlled
biological conditions (37°C, 5% CO., and 95% humidity).
A detailed description of the system schematically
represented in Figure la was given in (Orlacchio
et al, 2023). The main components are reported
hereafter. A printed patch antenna was used to deliver
5G-modulated 3.5 GHz signal in the chamber. A metallic
stirrer composed of eight rectangular blades
(8x10x1cm®) was mounted on a 30cm mast to
continuously rotate through a motorized precision
rotation stage (PRM1/MZ8; Thorlabs Inc.) driven via a
K-Cube dc servo controller (KDC101; Thorlabs). The
continuous rotation modified the boundary conditions
during exposure allowing to achieve a homogeneous
and isotropic averaged EMF within the samples (Serra
et al., 2017). A plastic holder with five shelves was used
to accommodate 6- and 96-well tissue culture plates

(b) SAR distribution

TCP support

—‘ Bidirectional coupler |

Powermeter

50 cm ) Signal generation unit

SAR (W/kg)

FIGURE 1 Exposure setup and specific absorption rate (SAR) distribution in the exposed samples. (a) Schematic of the exposure setup
used for cellular experiments under 5G-modulated signals at 3.5 GHz. (1) The cell culture incubator converted into a reverberation chamber

containing the patch antenna, the stirrer with its motor, the plastic support accommodating 10 tissue culture plates (TCPs), the fiber optic (FO)
probe used for temperature measurements, and the water reservoir. Six-well TCPs used for cellular exposure are shown in red, while 96-well
TCPs needed to guarantee the desired exposure level are shown in gray; (2) Signal generation unit; and (3) Monitoring unit. (b) Six-well TCPs

SAR distributions normalized to 1 W incident power.
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(TCPs). For exposure, the chamber was loaded with 10
TCPs, including four six-well TCPs located on the two
top levels of the holder (red TCPs in Figure 1a) and six
96-well TCPs set on the three bottom levels (gray TCPs
in Figure 1a). Each well of the 6- and 96-well TCPs was
filled with 2ml and 200l of cell culture medium,
respectively. A water reservoir located at the bottom of
the incubator provided the desired humidity level. A
metallic grid was used to sustain the antenna, the
stirrer with its rotation stage, and the TCPs holder. To
ensure statistical field uniformity and isotropy, the
components were set at a distance greater than /4 and
M2 from each other and from the incubator walls,
respectively, with A the free space wavelength at
3.56GHz equal to 85cm (Hill, 2005). The signal
generation unit, located outside the cell culture
incubator, was composed of an RF signal generator
(SMBV100A; Rohde & Schwarz), a 45-dB gain amplifier
(Mini-circuits, ZHL-16W-43+), a power circulator (Pas-
ternack, PES83CR1005), a bidirectional coupler (Mini-
circuits, ZGBDC30-372HP+), and a power meter (Agi-
lent N1912A). The 3.5-GHz 5G signal used corresponds
to 5G NR (release 15, Digital Standards SMBVB-K444;
Rohde & Schwarz) with FDD duplexing, QPSK modu-
lation, and 100 MHz channel bandwidth. Monitoring of
the exposure parameters, including duration, input
power, and stirrer rotation, was performed using
MATLAB (The MathWorks, Inc.).

The performances of the exposure system as an RC
were characterized in detail through a fast and precise
technique based on the measurements of the Si;
scattering parameters of the emitting antenna for N
stepwise mode stirrer positions and different chamber
configurations (Hill, 2005). In addition, accurate experi-
mental and numerical dosimetry, that is, the quantifica-
tion of the absorbed dose in biological samples
exposed to electromagnetic waves was precisely
performed. SAR, defined as the electromagnetic power
dissipated per unit mass in the exposed sample [W/kg]
was used as a metric to quantify the exposure level.
Local SAR at the cellular level within an approximate
volume of 1 mm?® was experimentally retrieved from the
electromagnetic-induced heating recorded with a fiber-
optic thermometer (Luxtron One; Lumasense Technol-
ogies) (Nefzi, 2021; Orlacchio et al., 2023). To validate
experimental local SAR values and access SAR
distribution in all the exposed samples, numerical
simulations using finite difference time domain
(FDTD)-based electromagnetic methodology (Leveque
et al., 1992; Orlacchio et al., 2023) were also performed.

To achieve the biological requirements of this study,
cells were exposed in four six-well TCPs located on the
holder top two levels. However, for experiments, the
incubator was loaded with the same configuration used
for the electromagnetic characterization, that is, four
six-well and six 96-well TCPs, respectively. Indeed, SAR
values may widely vary as a function of the losses in the

RC which depend on the quantity of culture medium
used to cover cell monolayers (Orlacchio et al., 2023).

The average local SAR, extracted from temperature
measurements at the bottom of the six-well TCPs, where
cells are located during exposure, was around 1.5 W/kg
per 1W of incident power with a maximum variation
between different locations of the wells <30%. Numerical
local SAR was consistent with experimental measure-
ments with standard deviation of less than 30%. SAR
spatial distribution normalized to 1 W incident power in
the whole volume of the six TCPs is reported in Figure 1b.
Overall, numerical SAR shows a good homogeneity with
differences in the exposed samples within 30% that remain
consistent with guidelines for accurate bioelectromagnetic
exposures (ICNIRP, 2020). According to measured and
simulated SAR values, the antenna input power was tuned
to obtain required exposure levels of 0.25, 1, and 4 W/kg in
the exposed six-well TCPs.

The temperature increase underexposure was veri-
fied using a fiber-optic probe (Luxtron) placed on the
bottom of the well, in the vertical position, within the
culture medium. The temperature rise was assessed by
at least three measurements, and it was compensated
by setting the incubator temperature to obtain 37°C
during the exposure. The maximum temperature
increase was about 2.03 + 0.08°C, measured when using
the highest SAR level, that is, 4 W/kg.

2.2.3 | Experimental protocol

On the day after seeding, cells were exposed or sham-
exposed to different stressors as shown in Figure 2.
First, we exposed cells to UV-B and secondly, to RF-
EMF (3.5GHz; 0.25, 1, or 4 W/kg). Before starting
processing cells for flow cytometry measurements, we
carried out chemical treatments according to their
different incubation times (as explained later). The
“Mock” sample was handled as the “Positive Control”
but without adding the chemical inductor. With the aim
of investigating cooperative effect of UV-B and RF-
EMF, one sample underwent both exposures, consecu-
tively. As already explained, for each treatment, we had
a specific negative control.

2.3 | Flow cytometry measurements
Flow cytometry assays were performed using a BD
FACSCanto™ 1I instrument and the BD FACSDiva
Software. Approximately 20,000 cells events were
collected for each sample.

Mitochondrial stress was assessed in terms of ROS
production, especially superoxide, and loss of mitochon-
drial membrane potential (A¥,,). For this purpose, we
used MitoSOX™ Red (Molecular Probes; Invitrogen) and
Mitostatus® TMRE (tetramethylrhodamine ethyl ester;
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FIGURE 2 Protocol and timing of each experimental series. The day after seeding, we mock- (“Mock UVB”) and UV-B exposed the cells.
Immediately after, “UVB + RF” and “RF” samples underwent RF treatment (3.5 GHz; 0.25, 1, or 4 W/kg) while all controls were maintained in the
incubator for 24 h. Depending on the activation times of the “positive control” (2 h for Antimycin A and 20 min for FCCP), cells underwent
chemical incubation until the end of the 24 h RF exposure. On Day 3, all cells were analyzed by flow cytometry.

BD Pharmingen™) probes, respectively. Moreover, cell
viability was evaluated in terms of early apoptosis and
necrosis or late apoptosis induction using the APC
Annexin V (BD Pharmingen™) and the Sytox Blue Dead
Cell Stain (Molecular Probes; Invitrogen) fluorophores,
respectively.

2.3.1 | ROS detection

To monitor the cellular metabolic state under UV-B
and/or RF-EMF exposure, we used the validated
MitoSOX™ Red probe.

Based on the literature (Kauffman et al., 2016;
Mukhopadhyay et al., 2007; Wang et al., 2015), we
adapted the experimental protocol to our biological
system. To validate ROS generation, we used a well-
known inhibitor of mitochondrial electron transport,
the Antimycin A (Antimycin A from Streptomyces sp;
Sigma-Aldrich), at final concentration of 205.3 pM
(Xp6be cells) or 11.7pM (KHAT cells) in the culture
medium. The chemical product was added on attached
cells for 2 h, at 37°C. Then, cells were washed with PBS
and stained with MitoSOX™ Red at a final concentra-
tion of 2.5 M, for 30 min, in the dark. The excess of
probe was eliminated, and cells were detached using
500 pl of Trypsin-EDTA solution and collected into
5ml cytometry tubes for two cycles of washing
centrifugation (5min, 1200 rpm, room temperature,
RT) in Hanks's balanced salt solution (Gibco™ HBSS;
Thermo Fischer Scientific).

Finally, Sytox Blue Dead Cell Stain (0.6 pM for
Xp6be cells and 3pM for KHAT cells) was loaded for

5min in the dark, at RT. During flow cytometry assays,
cells were kept on ice to minimize degradation.

All measurements were performed under blind
conditions by coding the samples.

2.3.2 | Change in mitochondrial membrane
potential (A%,,) and apoptosis detection

A%, and apoptosis were monitored using the Mitosta-
tus® TMRE dye which is a highly fluorescent, cationic
probe able to accumulate inside mitochondria of healthy
cells, depending on their inner membrane potential.
Nonapoptotic or cells with polarized mitochondria emit
fluorescence, which intensity progressively decreases
with changes in A¥,, or occurrence of early apoptosis
(See Supporting Information S1: Supplementary data).

For each series of experiments, we included a
positive control by using the carbonyl cyanide p-
(trifluormethoxy)phenylhydrazone reactive (FCCP,
Tocris Bio-Techne), a well-known uncoupler of oxida-
tive phosphorylation. It was incubated with cells at the
final concentration of 7.16puM (for Xp6be cells) or
3.80 pM (for KHAT), in HBSS, for 20 min at 37°C.

Mitostatus® TMRE was directly added to adherent
cells that reached at least 70% of confluence: cells were
washed with PBS and loaded in HBSS with 200 nM of
the fluorescent dye, for 20 min at 37°C, in the dark.
Then, cells were collected into 5 ml cytometry tubes for
two cycles of washing centrifugation (5 min, 1200 rpm,
RT) in HBSS buffer.

Finally, samples were loaded with Annexin V (5nl)
and Sytox Blue Dead Cell Stain dyes (0.6 tM for Xp6be
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cells and 3 pM for KHAT cells), and processed for flow
cytometry. During the assay, cells were kept on ice to
minimize degradation.

All measurements were performed under blind
conditions by coding the samples.

2.4 | Statistical analysis
Each independent experiment was performed six times
in duplicate, pooled, and analyzed using the unpaired
two-sample Wilcoxon rank sum test. p <0.05 were
considered statistically significant.

Dose-response curves are presented as mean + SD
of at least three experiments.

Analysis and curves were carried out using the
GraphPad Prism software version 9.5 for Windows
(GraphPad Software) and the R software (R, 2023). The
GraphPad Outlier calculator was used for outlier
detection.

3 | RESULTS

3.1 | Impact of 5G-modulated 3.5 GHz
RF-EMF exposure alone and after UV-B
pre-exposure on mitochondrial ROS
production in Xp6be fibroblasts and
KHAT keratinocytes

To assess the potential impact of 3.5 GHz RF-EMF on
mitochondrial ROS production, we first performed a
positive control where mitochondrial ROS and super-
oxide production were measured following incubation
of either Xp6be fibroblasts or KHAT keratinocytes with
increasing doses of Antimycin A, an inhibitor of the
electron transport in the mitochondrial chain. As
expected, the MitoSOX Red fluorescence probe
increased statistically significantly with the dose of
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Antimycin A used and reached a plateau for the
maximal dose of Antimycin A tested on either Xp6be
(Figure 3a) or KHAT cells (Figure 3b). Based on these
experiments, we calculated that Antimycin A displays
an ECsy of 205.3 and 11.17pM on Xp6be and KHAT
cells, respectively, which is in line with the values
found on other cell types (Wang et al., 2015).

Since our study also aimed at assessing the potential
interaction between RF-EMF and UV-B exposure, we
next verified that UV-B exposure triggers ROS and
superoxide production in Xp6be and KHAT cells. These
cells were therefore irradiated with increasing doses of
UV-B up to 18 + 0.38 mJ/cm?, which triggered an almost
twofold increase in ROS production in both cell lines but
without reaching a plateau (Figure 4ab). Of note, a
higher dose of 43.93+0.40mJ/cm® was tested but
excluded from our analysis as it was found highly
cytotoxic, that is, inducing necrosis in about 30% of the
cell population. Moreover, at 18 + 0.38 mJ/cm?, ROS level
detected in human Kkeratinocytes was statistically
significantly higher than the corresponding control level
(Figure 4b). According to our dose-response experi-
ment, we exposed Xp6be and KHAT cells to
5.08 + 0.63 mJ/cm? (Figure 4c) and 16.4 +1.03 mJ/cm?®
(Figure 4d), respectively, since these UV-B doses
triggered about 50% of the maximal response detected
at 18 + 0.38 mJ/cm? in each cell type. This result confirms
that UV-B irradiation induces ROS production (Heck
et al., 2003; Paz et al., 2008).

After fine-tuning our experimental conditions, we
examined the ROS production in human Xp6be
fibroblasts and KHAT keratinocytes exposed to 5G-
modulated 3.5 GHz RF-EMF at three SAR levels (0.25, 1,
and 4 W/kg) for 24 h (Figure 5). Our results point to a
statistically significant decrease (about 15%) of mito-
chondrial ROS level in Xp6be cells that were exposed
to RF-EMF at 1W/kg (Figure b5a). However, ROS
production was not modified after RF-EMF exposure
of Xp6be at either 0.25 or 4 W/kg and no difference
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FIGURE 3 Mitochondrial reactive oxygen species (ROS) production under Antimycin A treatment. (a) Dose-response curves of Antimycin
A-induced activity in Xp6be fibroblasts activated for 2 h at 37°C with increasing concentration of the compound. (b) Dose-response of Antimycin
A in KHAT keratinocytes under the same incubation conditions. The level of ROS is expressed as the mean fluorescence intensity of the
MitoSOX Red probe. The results represent the average + SD of n =3 experiments for each cell type.
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FIGURE 4 Mitochondrial reactive oxygen species (ROS) production under UV-B irradiation. (a) Xp6be fibroblasts were irradiated or
mock-irradiated with increasing doses of UV-B and the concentration of ROS was measured 24 h after treatment. The results represent the
average + SD of at least n = 3 experiments. (b) KHAT keratinocytes were irradiated and mock-irradiated with increasing doses of UV-B. The level
of ROS is expressed as the mean fluorescence intensity of the MitoSOX Red probe. The results represent the average + SD of at least n =3
experiments. (¢) The whiskers box graphs show the difference of the ROS production measured in Xpd6be fibroblasts irradiated with UV-B at
5+ 0.63 mJ/cm? and the mock-irradiated cells. (d) The whiskers box graphs show the difference of the ROS production measured in KHAT cells
irradiated with UV-B at 16.4 + 1.03 mJ/cm? and the mock-irradiated cells. Data from n = 18 experiences in duplicate were pooled and analyzed
using the unpaired two-sample Wilcoxon rank sum test (*p < 0.05; **p < 0.001).

could be measured between sham- and RF-EMF
exposed KHAT keratinocytes, whatever the SAR
(Figure b5b). We also investigated whether such
exposure could enhance or reduce the effect of an
intermediate dose of UV-B. Interestingly, RF-EMF
exposure of keratinocytes statistically significantly
enhanced the UV-B-induced ROS production by 28%
and 20% at 0.25 and 1 W/kg, respectively. We observed a
16% difference between UV-B pre-irradiated cells
subsequently exposed to RF-EMF at 4 W/kg and those
pre-irradiated with UV-B and sham-exposed to RF-
EMF. However, the difference was not statistically
significant (Figure 5d).

3.2 | Impact of 5G-modulated 3.5 GHz
RF-EMF exposure alone and after UV-B
pre-exposure on the mitochondrial
membrane potential (A¥%,,) in Xp6be
fibroblasts and KHAT keratinocytes

We next investigated whether 5G-modulated 3.5 GHz
RF-EMF signal could impact mitochondrial integrity

through changes in the A%, of Xp6be and KHAT cells
preirradiated or not with UV-B. We also evaluated
cellular apoptosis or necrosis, as they are known
to be correlated with changes in the AY,, (Paz
et al., 2008).

We first assessed the variations of AY,, following
incubation with carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP), a mitochondrial uncoupler
able to dissipate the gradient of protons across the
inner membrane (O'Brien et al., 1978). As expected, we
observed that FCCP dose-dependently increased the
percentage of cells with dissipated A¥,,, with an ECs,
of 7.16 and 3.80pM in Xp6be and KHAT cells,
respectively (Figure 6ab). These values are close to
data from previous works (Han et al., 2010; Kondapalli
et al., 2012), thereby demonstrating the high sensitivity
of the assay to measure AY,, variations in Xp6be and
KHAT cells.

We next assessed whether irradiation with
increasing doses of UV-B also trigger changes in
AY,, in Xp6be and KHAT cells, as documented from
the literature (Denning et al., 2002; Lee et al., 2013).
Both cell lines were therefore irradiated with
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FIGURE 5 Effect of 5G-modulated 3.5 GHz signal on mitochondrial reactive oxygen species (ROS) generation. (a) Xp6be fibroblasts and
(b) KHAT keratinocytes were exposed or sham-exposed to radiofrequency electromagnetic fields (RF-EMF) at different specific absorption rate
(0.25, 1, 4 W/kg). (c) Xp6be fibroblasts and (d) KHAT keratinocytes were pre-irradiated with UV-B and then to RF-EMF at 0.25, 1, 4 W/kg and
compared with the UV-B preirradiated and RF sham-exposed samples. Data from six independent experiments in duplicate were pooled and
analyzed using the unpaired two-sample Wilcoxon rank sum test (*p < 0.05, *¥p < 0.01).

different doses of UV-B, and the measurement of A%,
change was performed 24 h later. As expected, UV-B
irradiation dose-dependently decreased AY¥,, in both
Xp6be fibroblasts (Figure 7a) and KHAT keratino-
cytes (Figure 7b). We measured a six-fold increase in
the percentage of cells showing a decreased AY¥,,
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when both cell types were irradiated with
101.5 + 1.30 mJ/cm?® of UV-B, that is, the maximal
dose tested. Based on this result, we estimated that
the dose corresponding to 50% of the maximal effect
detected was 30.6 + 0.12 mJ/cm? in the Xp6be fibro-
blasts and  43.93+0.40mJ/cm® in  KHAT
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FIGURE 6 Loss in mitochondrial membrane potential (A%,,) under FCCP treatment. (a) Dose-response curves of FCCP-treated Xp6be
fibroblasts and (b) dose-response curves of FCCP-treated KHAT keratinocytes. Cells were treated for 20 min at 37°C with increasing
concentrations of the proton ionophore. The effect is expressed as percentage of cells exhibiting A?;,. No change occurred in the presence
of the solvent (DMSO). The results represent the average + SD of n =3 experiments for each cell types.
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EVALUATION OF MITOCHONDRIAL STRESS FOLLOWING ULTRAVIOLET RADIATION

keratinocytes, the latter being in line with another
report on the same cell line (Paz et al., 2008).

We confirmed, in independent experiments, that
UV-B irradiation of Xp6be (Figure 7c) and KHAT cells
(Figure 7d) with these doses led to a 3.5- and 2.4-fold
decrease in AY,,, respectively.

Moreover, UV-B induced a fivefold and fourfold
higher percentage of apoptotic and necrotic cells
population, respectively, in Xp6be fibroblasts in com-
parison to mock-irradiated cells (Figure 8a). Similarly,
KHAT keratinocytes showed a 1.68-fold statistically
significant increase in apoptotic population, and a
13.3% increase in necrotic cells (Figure 8b).

These results confirm that UV-B irradiation can be
properly used as a positive control for induction of
apoptosis and necrosis, as documented in the literature
(Denning et al., 2002; Lee et al., 2013).

We finally assessed whether exposing Xp6be fibro-
blasts (Figure 9) and KHAT keratinocytes (Figure 10) to
the 5G-modulated 3.5 GHz signal at three different SAR
values, that is, 0.25, 1, and 4 W/kg, for 24 h, impact the
mitochondrial integrity and the cellular viability either
directly or following UV-B irradiation. Whatever SAR

AEEN-wiLey——2

and biological endpoint, we did not detect any
statistically significant difference between sham-
exposed and RF-EMF-exposed conditions in Xp6be
and KHAT cells. Similarly, RF-EMF exposure did not
statistically significantly modify the capacity of the UV-
B irradiation to trigger AY,, diffusion, early apoptosis,
or necrosis in both cell types.

4 | DISCUSSION

In our daily environment, we are constantly exposed to
UV-B radiations and to RF-EMF used for wireless
communication (e.g., mobile phones, 5G, TV, radio).
Therefore, we investigated whether continuous exposure,
in isothermal conditions, to 5G-modulated 3.5 GHz RF-
EMF signal at 0.25, 1, and 4 W/kg could trigger mitochon-
drial ROS synthesis, change in membrane potential and
cellular apoptosis in Xp6be human fibroblast and KHAT
keratinocyte cell lines. To assess a potential interaction
between 5G RF-EMF and UV-B, human Xp6be fibroblasts
and KHAT keratinocytes were pre-treated with UV-B. In
experiments with UV-B, we used doses triggering 50% of
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FIGURE 7 Variation of the mitochondrial membrane potential (A¥?m) under UV-B irradiation. Xp6be fibroblasts (a) and KHAT
keratinocytes (b) were irradiated and mock-irradiated with increasing doses of UV-B and A¥m was measured 24 h after treatment. The results
are expressed as percentage of cells showing A¥m changes. Average + SD of at least n = 3 experiments are presented. The whiskers box graphs
show the A¥m of cells mock UV-irradiated or irradiated with UV-B dose of 30.6 =+ 0.11 mJ/cm? in fibroblasts (c). The whiskers box graphs show
the A¥m of cells mock UV-irradiated or irradiated with UV-B dose of 43.93 + 0.4 mJ/cm? in keratinocytes (D). Data from n = 18 experiences in
duplicate were pooled and analyzed using the unpaired two-sample Wilcoxon rank sum test (***p < 0.001).
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FIGURE 8 Effect of UV-B irradiation on early apoptosis (left
panel) and necrosis (right panel). (a) Xp6be fibroblasts irradiated
with 30.6 = 0.12 mJ/cm?® and (b) KHAT keratinocytes irradiated with
to 43.93 + 0.40 mJ/cm?. Data from n = 18 experiences in duplicate
were pooled and analyzed using the unpaired two-sample Wilcoxon
rank sum test (***p <0.001).

the maximal effect in order to measure either a synergistic
or protective mechanism of the subsequent 5G RF-EMF
exposure. Of interest, we always remained in the range of
environmental conditions, around 30 mJ/cm?, the standard
erythemal dose (SED) for untanned, lightly pigmented skin
(ICNIRP, 2004).

We previously showed that RF-EMF exposures at
1.8 GHz (Enhanced Data rate for GSM Evolution, EDGE
modulation, 2 and 10 W/kg) did not induce ROS produc-
tion in various human brain cells (SH-SY5Y, U87, and
CHMES cell lines), nor in rat primary cortical neurons (De
Gannes et al., 2011). In the present work, mitochondrial
ROS concentration was statistically significantly reduced
in Xp6be fibroblasts that were exposed for 24h to 5G-
modulated 3.5 GHz RF-EMF at 1 W/kg, but not at 0.25 and
4 W/kg. In KHAT Kkeratinocytes exposed to 5G RF-EMF,
mitochondrial ROS concentration was not modified
whatever the SAR used. Moreover, there was no impact
of 5G RF-EMF exposure on mitochondrial membrane
potential (A¥,,) and apoptosis, in either cell types.

While a large number of papers investigated whether
RF-EMF in the GHz range induce oxidative stress and
ROS production (Schuermann & Mevissen, 2021; Wang
& Zhang, 2017), only a few of them used fibroblasts
(from skin or other tissues) and keratinocytes.

First, a decreased concentration in mitochondrial
ROS level, as seen in our study using Xp6be fibroblasts
exposed at 1W/kg, is not commonly reported in the
literature. To the best of our knowledge, only one study
already reported a transient decreased mitochondrial
ROS concentration in mature mouse spermatozoa
exposed for 1 h to 1.8 GHz RF-EMF at 1.5 W/kg (Houston
et al, 2018). Interestingly, the same result was not
reproduced for longer exposure, lower SAR level (i.e.,
0.15 W/kg) nor in other cell types. More recently, in line
with the present results, Xu et al. (2013) found no
modification in the intracellular ROS concentration in six
cell types, among which human skin fibroblasts, exposed
to GSM-modulated 1.8 GHz RF-EMF at 3 W/kg for 1 or
24 h (Xu et al., 2013). At 0.15 W/kg, Houston et al. (2018)
also reported no change in mitochondrial ROS produc-
tion in McCoy mouse fibroblasts that were exposed to an
unmodulated 1.8 GHz signal for 2 and 6h (Houston
et al.,, 2018). Finally, Zeni et al. (2007) found no change in
ROS production in L929 fibroblasts exposed to either
continuous-wave (CW) and GSM mobile phone signals
(900 MHz, 10 or 30 min) at 0.3 and 1 W/kg, which is thus
partially in line with the present data (Zeni et al., 2007).
By contrast, Hou et al. (2015) reported an increased ROS
production in NIH/3T3 mouse embryonic fibroblasts that
were intermittently exposed (5 min ON/10 min OFF) for
various durations (ranging from 0.5 to 8h) to a 1.8 GHz
GSM-talk mode signal at an averaged SAR of 2 W/kg.
Interestingly, this effect was maximal after 1h and
slightly and discontinuously decreased when cells were
exposed for longer duration (Hou et al., 2015). Similarly,
Kang et al. (2014) reported that a combination of two RF-
EMF signals (837 MHz CDMA and 1950 MHz WCDMA)
increased intracellular ROS production in NIH/3T3 cells
when exposed for 2h at a total SAR of 4 W/kg under
isothermal conditions (Kang et al., 2014). Interestingly,
the amplitude of this effect was about 30%. Finally,
Cermak et al. (2017) observed that the level of
superoxide radicals increased in V79 Chinese hamster
lung fibroblasts exposed for 1h to 1.8 GHz RF-EMF at
1.6 W/kg. This effect was correlated with a transient
increase in the level of the antioxidant enzyme GSH
observed in these cells after 10 min of RF-EMF exposure
(Cermak et al., 2017).

In HaCat human Kkeratinocytes, Kim et al. (2021)
reported that a 1.76 GHz RF-EMF exposure at 4 W/kg,
2h per day for 4 days, induced intracellular ROS
production (Kim et al.,, 2021). The same author also
shown a reduction in the ability of a-melanocyte-
stimulating hormone to induce melanogenesis through
decreased ROS level, in BI6F10 murine melanoma cells
exposed for 4h per day up to 2 days to CW 28 GHz
signal at 10 W/m? (Kim et al., 2022). Those data in the
human HaCat cell line are thus contradictory and also
in contrast with our findings.

Using exposures to UV-B and RF-EMF, we found
that RF-EMF slightly but statistically significantly
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FIGURE 9 Effects of 5G-modulated 3.5 GHz exposures on (a) mitochondrial membrane potential (A¥m), (b) early apoptosis, and (C)
necrosis in Xp6be fibroblasts (left panel). Each RF-EMF exposed group at 0.25, 1, and 4 W/kg was compared to its corresponding sham-exposed
group. In the right panel, the effect of the UV-B and RF-EMF exposure was analyzed on (a) mitochondrial membrane potential (A¥m), (b) early
apoptosis, and (c) necrosis at different SAR. Each UV-B + RF-EMF exposed group was compared to its corresponding UV-B irradiated group.
Data from n = 6 experiences in duplicate were pooled and analyzed using the unpaired two-sample Wilcoxon rank sum test.

increased UV-B-induced ROS generation at 0.25 and
1 W/kg in KHAT keratinocytes, without detecting any
variation in A¥,, or cellular apoptosis, whatever SAR
considered. By contrast, no effect was found in Xp6Be
fibroblasts exposure to UV-B, whatever the biological
readout or SAR level tested.

To the best of our knowledge, only four studies
have investigated the combined effect of RF-EMF and
UV radiations on skin in vitro or in vivo. In a former

study, Meltz et al. (1987) showed that following an
initial UV irradiation (1.4 J/m%s for 15s, UV type not
indicated) to trigger DNA breaks, DNA repair was not
affected in MRC-5 normal human diploid fibroblasts
exposed from 1h and up to 3h to 350, 850, and
1200 MHz signals, at maximum SAR of 0.39 +0.15,
45+30, and 2.7+1.6W/kg, respectively (Meltz
et al., 1987). Fifteen years later, Heikkinen et al.
(2003) assessed the potential effects of RF-EMF on
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FIGURE 10 Effects of 5G-modulated 3.5 GHz exposures on (a) mitochondrial membrane potential (A¥m), (b) early apoptosis, and (c)
necrosis in KHAT keratinocytes. Each RF-exposed group was compared to its sham-exposed group at 0.25, 1, and 4 W/kg (left panel). On the
right panel, the effect of the UV-B and RF-EMF exposure was analyzed on (A) mitochondrial membrane potential (A%¥m), (b) early apoptosis,
and (c) necrosis the different SAR. Each UV-B + RF-EMF exposed group was compared to its corresponding UV-B irradiated group. Data from
n =6 experiences in duplicate were pooled and analyzed using the unpaired two-sample Wilcoxon rank sum test.

UV-induced skin tumorigenesis in  ornithine
decarboxylase (ODC) overexpressing transgenic and
non-transgenic mice. ODC-overexpressing transgenic
mice are predisposed to skin tumors development.
Mice were exposed for 52 weeks to UV radiation or a
combination of UV radiation and RF-EMF (0.5 W/kg
whole-body, 1.56h a day, 5 days a week). The animals
were exposed to UV radiation using lamps simulating
the solar spectrum with a dose of 24 mJ/cm? delivered
three times a week. One group of animals was exposed

to Digital Advanced Mobile Phone System (DAMPS)-
type signal at 849 MHz. The other group was exposed to
GSM-modulated signal at 902.4 MHz. RF-EMF exposure
did not statistically significantly affect the number of
UV-induced skin tumors detected at the end of the
experiment nor UV-induced skin tumor development,
whatever signal considered (Heikkinen et al., 2003).
More recently, Szilagyi et al. evaluated whether
combined exposure of UV (2-4 SED, wavelenghts
>295 nm with UVB, UVA, and visible light) and either
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Wi-Fi-modulated 2.422 GHz signal or Universal Mobile
Telecommunications System (UMTS)-modulated
1.95 GHz signal affected inflammation-related cytokine
production in a 3D-reconstructed human skin model
(Szilagyi et al., 2020, 2023). In the first experimental
protocol, reconstructed skin was first irradiated with a
UV dose of two SED before being intermittently
exposed (20 min ON/20 min OFF) to RF-EMF at 4 W/
kg for 24 h to assess a potential additive effect of RF-
EMF exposure on UV-induced inflammatory effects on
skin. In the second experimental protocol, recon-
structed skins were continuously exposed to RF-EMF
at 1.5 W/kg for 24 h before being irradiated with a UV
dose of four SED to assess a potential adaptive
response triggered by a prior RF-EMF exposure on
UV-induced skin inflammation. All biological tests were
performed 24 h after the last UV irradiation or RF-EMF
exposure, and a delay of 4 h was set between UV and
RF-EMF exposure period whatever the protocol used
(Szilagyi et al., 2020). Although some nonstatistically
significant changes were seen, the authors found no
evidence for a proinflammatory effect in 3D skin
models exposed to either RF-EMF signal alone or in
combination with UV radiations (Szilagyi et al., 2023).

Thus, the present work shows, for the first time, an
interaction between UV-B radiation and RF-EMF
exposure on ROS production, under specific exposure
conditions in human keratinocytes. By contrast, RF-
EMF exposure alone was not found to increase
mitochondrial ROS production. As suggested in
studies showing a pro-oxidant effect of RF-EMF,
ROS production is seen as a rapid and transient
response that decreases with time due to activation of
the antioxidant pathways (Cermak et al., 2017; Hou
et al., 2015; Schuermann & Mevissen, 2021; Xu
et al., 2013). Taking that into consideration, we can
hypothesize that, although a 24 h-exposure did not
allow us to record a long-lasting response to RF-EMF,
that is, increased ROS production, this exposure may
have either induced a primary ROS production that
impacted the UV-induced radical stress or impeded
the activity of antioxidant enzymes in human skin
keratinocytes.

Exposure to RF-EMF and other agents known as
ROS inducers in other cell types also showed different
outcomes. No interaction of RF-EMF (CW and GSM-
modulated signal at 900 MHz at 0.3 and 1 W/kg) with
3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone
could be observed in L929 murine fibroblasts in terms
of ROS production (Zeni et al., 2007). While the uptake
of ultrafine particles by Mono Mac 6 cells was shown to
induce a statistically significant increase of extracel-
lular superoxide radical anion production, no interac-
tion were seen when cells where exposed to CW or
modulated (GSM or GSM-non DTX) RF-EMF at
900 MHz and 2W/kg (Simké et al., 2006). Using
different cell types, Kang et al. (2014) found that the
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combination of two RF-EMF signals (CDMA plus
WCDMA signals, 4 W/kg, 2h) did not interact with the
ROS production induced either by H;O5 or menadione
treatments (Kang et al., 2014). By contrast, induction of
ROS production was found in SH-SY5Y neuroblastoma
cells exposed to a CW 872MHz signal at 5W/kg
following a pretreatment with menadione (Luukkonen
et al., 2009).

In summary, based on the available literature,
including the present piece of work, papers that
assessed the impact of RF-EMF on skin models in
vitro or in vivo are still few and heterogeneous in terms
of experimental conditions such as cell type, RF-EMF
frequency, absence or presence of a RF-EMF signal
modulation, and exposure duration, as well as the
biological outcomes in terms of ROS production. This
prevents any unequivocal conclusion on their impact
on free radical production and oxidative stress.

In the present work, we found evidence that
keratinocytes are more responsive to RF-EMF than
skin fibroblasts after UV-B irradiation, while skin
fibroblasts, but not keratinocytes barely responded to
RF-EMF exposure alone. In agreement with our
findings, other authors have highlighted the cell type-
dependent response to a given RF-EMF signal and
under identical experimental conditions. Houston et al.
(2018) for instance observed that mouse male germ
cells but not mouse mature spermatogonia, McCoy
mouse fibroblasts, HEK293 human epithelial kidney
cells, and COV434 human granulosa cells, mitochon-
drial ROS production was affected by RF-EMF ex-
posure (Houston et al., 2018). Xu et al. (2013) showed
that Chinese hamster lung epithelial cells and human
skin fibroblasts responded to RF-EMF exposure in
terms of DNA damage, by contrast to primary rat
astrocytes, human amniotic epithelial cells, human lens
epithelial cells, and human umbilical vein endothelial
cells (Xu et al., 2013). Kang et al. (2014) also mentioned
that a combination of two 2 G signals (2 h, 4 W/kg) were
increased the H;O5 production in three out of four cell
types, that is, the SH-5YSY neuroblastoma cells were
not responsive to such exposure, by contrast to NIH/
3T3 mice embryo fibroblasts, US87 human glioma cells,
and PCl12 rat pheochromocytoma cells (Kang
et al.,, 2014). In addition, in a recent review by Wang
and Zhang (2017), conflicting trends were also reported
regarding the effects of RF-EMF on ROS production,
even within a single cell type (i.e., neurons) (Wang &
Zhang, 2017). Moreover, no specific cell type or group
of cells were reliably identified as being consistently
sensitive to RF-EMF exposure.

Finally, our results did not reflect a classical dose-
dependent trend in either cell type. The level of
mitochondrial ROS production in Xp6be fibroblasts
dropped at 1 W/kg but not at 0.25 and 4 W/kg. The level
of UVB-induced ROS production increased at 0.25 and
1 W/kg, but not at 4 W/kg.
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Nonlinear effects have already been reported after
exposure to EMF, as to the so-called “window” effect.
This effect refers to the occurrence of a cellular response
only using specific amplitude or frequency values, and not
for the adjacent intervals. Unfortunately, the mechanisms
behind this “window” effect are still not well understood
and were mostly reported with extremely-low-frequency
EMF (Bawin & Adey, 1976; Belyaev, 2001; Markov, 2005).
Exploring these nonlinear cellular responses, we can also
consider the well-known toxicological concept of horm-
esis that consists of a biphasic dose-response phenome-
non characterized by an increased performance in
response to low-doses stimulation (Agathokleous &
Calabrese, 2022; Calabrese, 2008). The response of skin
fibroblasts to the 5G signal in the present paper might be
considered as a hormesis behavior as the response is
basically U-shapped in relation with the SAR level. In a
recent study, Pooam et al. (2022) evoked the hormesis
response to explain the nonlinear accumulation of ROS in
HEK293 cells exposed for 15min to a 1.8 GHz RF-EMF
with an incident power range between -76 and -8.5 dBm
(less than 10™° W of emitted power, no SAR) (Pooam
et al., 2022).

A biphasic answer can also refer to the so-called
“adaptive response” to RF-EMF as reported in recent
years. In these papers, cells exposed to RF-EMF, used
as an “adaptive dose,” experience less DNA damage
when exposed to a “challenging dose” of genotoxic
agents than non-RF-EMF pre-exposed cells (Falone
et al, 2018; Vijayalaxmi et al., 2014). However,
according to these authors, the RF-EMF adaptive
response needs a specific protocol to occur in cells,
that is, 20-h exposure to RF-EMF followed by a 3-
h resting and a 1-h treatment with a genotoxic agent
such as the menadione chemical (Falone et al., 2018;
Sannino et al., 2022). Such a protocol was not used in
the present work.

5 | CONCLUSIONS

We report here some effects of 5G-modulated RF-EMF
at 3.5 GHz on human skin cells, either alone in human
fibroblasts, or after exposure to UV-B radiations in
human keratinocytes. The effects were found non-
linear in relation to the SAR level and their amplitude
did not exceed 30% compared to sham (fibroblasts) or
to UV-B radiation (keratinocytes). Interestingly,
we found no correlation with any change in the
UV-B-induced mitochondrial membrane potential or
apoptosis, suggesting that the RF-EMF increase in UV-
B-induced ROS production was not enough to addi-
tionally impact neither mitochondrial membrane
potential, apoptosis nor necrosis. To further deter-
mine whether these effects could lead to any protec-
tive effect or increase UV-B harmful bioeffects, it
would be interesting to evaluate the activation of the

cell's antioxidant response, that is, superoxide dis-
mutase, glutathione, or glutathione peroxidase expres-
sion level or activity. It will also be of importance to
assess whether the presence of ROS can induce end-
products, such as 4-hydroxy-2-nonenal that is pro-
duced by lipid peroxidation in cells, either in skin's
organoids (Sun et al., 2021) or in skin in vivo, as we
previously assessed in the sera of rats exposed to a
CW 2.45GHz signal (7h/day for 30 days, 0.16 W/kg
whole-body SAR) (De Gannes et al., 2009). These
approaches would indeed be more representative of
the skin complexity and take into account the
interaction among the different skin cells.
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