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ARTICLE INFO ABSTRACT

Edited by Dr Fernando Barbosa Today, the existence of radio-frequency electromagnetic fields (RF-EMF) emitted from cell phones, wireless
routers, base stations, and other sources are everywhere around our living environment, and the dose is
increasing. RF-EMF have been reported to be cytotoxic and supposed to be a risk factor for various human
diseases, thus, more attention is necessary. In recent years, interfere with mitochondrial calcium uptake by using

mitochondrial calcium uniporter (MCU) inhibitor were suggested to be potential clinical treatment in mito-
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Mitochon drgia chondrial calcium overload diseases, like neurodegeneration, ischemia/reperfusion injury, and cancer, but
Calcium whether this approach increases the health risk of RF-EMF exposure are unknown. To address our concern, we

did a preliminary study to determine whether inhibition of MCU will increase the genotoxicity of RF-EMF
exposure in cells, and found that short-time (15 min) exposure to 1800 MHz RF-EMF induced significant DNA
damage and cell apoptosis in mouse embryonic fibroblasts (MEFs) treated with Ruthenium 360 (Ru360), a
specific inhibitor of MCU, but no significant effects on cell cycle, cell proliferation, or cell viability were
observed. In conclusion, our results indicated that inhibiting MCU increases the genotoxicity of RF-EMF expo-
sure, and more attention needs to be paid to the possible health impact of RF-EMF exposure under these
treatments.

1. Introduction biological effects (Akhavan et al., 2012; Akhavan et al., 2015), and also

interaction with EMF that could modify the bioeffect of EMF (Akhavan

With the popularization of mobile communication, radio-frequency
electromagnetic fields (RF-EMF) emitted from mobile phones, wireless
routers, base stations, and other sources was increasing. Studies have
shown that RF-EMF exposure have potential health effect including but
not limited to carcinogenesis (Balmori, 2022; Pinto et al., 2023),
neurodegenerative disease (Wyszkowska and Pritchard, 2022), cardio-
vascular diseases (Bandara and Weller, 2017) hearing loss (Sharma
et al., 2022), circadian rhythm disorder (Singh et al., 2022), sperm
quality reduction (Chen et al., 2022; Zhang et al., 2022b), and mental
health (Girela-Serrano et al., 2022). Thus, the potential health hazards
caused by RF-EMF exposure are getting public attention.

In real living and working environments, various pollutants agents
such as marco/nano-particles, chemicals in air, water, food, and some-
times consumed drugs coexists. These agents themselves can induce
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and Ghaderi, 2009; Arslan et al., 2022; Benavides et al., 2023). Thus, it is
possible that RF-EMF might induce serious consequences on health
when combined with certain agents, more studies are required to
address the possible risk of combined exposure.

Mitochondria are one of the most crucial organelles inside the cell
that is critical in cellular homeostasis maintain. Although no direct ev-
idence had shown that mitochondria play important role in cellular
homeostasis maintaining in cells under RF-EMF exposure, many studies
showed that mitochondria function, like reactive oxygen species (ROS)
generation (Houston et al., 2018; Houston et al., 2016; Santini et al.,
2018), Ca?* regulation (Zhang et al., 2022a), unfolded protein response
(Xie et al., 2021), mitochondrial structure (Li et al., 2020), and mito-
chondria respiration (von Niederhausern et al., 2019), were significantly
affect by RF-EMF exposure, indicated mitochondria may be the sensitive
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target of RF-EMF in cells and which function possibly determine the
cellular response to RF-EMF exposure. Coincidently, the most common
diseases correlated with mitochondria dysfunction, like carcinogenesis
(Liu et al., 2023), neurodegenerative disease (Collier et al., 2023) and
cardiovascular diseases (Liu et al., 2022), are also suggested to be
potentially correlated with RF-EMF exposure. Thus, mitochondrial
function may be important in cellular homeostasis maintaining in cells
and which dysregulation may result in health hazards in bodies under
RF-EMF exposure.

In recent years, accumulating body of researches indicated mito-
chondria as the potential target for therapeutic interventions (Viscomi
and Zeviani, 2023). Despite cell respiration and energy production,
mitochondria also serve as a key regulator for calcium metabolism, like
buffering intracellular calcium ([Ca2+]i) levels by mitochondrial cal-
cium ([Ca2+]m) uptake when cytosolic levels are elevated (De Stefani
et al., 2011). [Ca2+]m uptake is mediated by the highly selective and
inwardly rectifying mitochondrial calcium uniporter (MCU) which is
essential for signaling and bioenergetic process (De Stefani et al., 2011).
But dysregulation of [Ca?*],, uptake, like mitochondria Ca%* overload,
will contribute to apoptotic cell death by inducing cytochrome c release,
ROS overproduction, mitochondrial swelling, and mitochondrial
permeability transition pore (mPTP) opening (Lesnefsky et al., 2017).
Over the past two decades, a significant number of studies have shown
that dysregulation of [Ca®" ]y, levels caused by improper MCU activity
manifest a number of serious pathological conditions (Arduino and
Perocchi, 2018; Mammucari et al., 2017; Nemani et al., 2018), which
was the possible trigger for neurodegeneration, ischemia/reperfusion
injury, and cancer (Wang and Zhou, 2020; Wang et al., 2016; Woods and
Wilson, 2020). Thus, interfere with [Caz+]m uptake by inhibiting MCU
has arisen as a potential therapeutic treatment of diseases related to
[Ca2+]m dysregulation (Woods and Wilson, 2020). But whether this
approach is safe or will increase the health risk of bodies under a
RF-EMF exposure environment have not been investigated.

Carcinogenesis is one of the most concerned possible health impacts
of RF-EMF exposure emitted from mobile phone and other sources
(Balmori, 2022; Grimes, 2022). Since the major cancer are initiated by
cell genome damage (Phillips et al., 2009), the genotoxicity of RF-EMF
exposure had received high attention. Most studies investigated the ef-
fect of RF-EMF single exposure on DNA damage in vivo and in vitro
(Phillips et al., 2009), both negative and positive results had been re-
ported, like Houston et al. reported that 1800 MHz RF-EMF exposure
induce oxidative DNA damage in spermatozoa derived from mouse
(Houston et al., 2018) but Yang et al. reported that 1800 MHz RF-EMF
do not induce DNA damage in cochlear stria marginal cells (Yang
et al., 2020). The inconsistent results among different studies on the
DNA damage effect suggested that the effect of RF-EMF on DNA damage
can be affect by many factors, such as exposure time, dose and model
(Sun et al., 2016), cell types (Xu et al., 2013), and methodology (Phillips
et al., 2009). Inconsistent results make it hard to draw a conclusion
about the genotoxicity of RF-EMF but conveyed an important message
that the effects of RF-EMF on DNA damage are highly susceptible to the
interference from other factors. However, there were very few studies on
the combined effect of RF-EMF with other factors, especially consumed
drugs, on DNA damage.

To address our concerns, we did a preliminary in vitro study to
determine whether inhibition of MCU will increase the genotoxicity of
RF-EMF exposure, and found that Ru360, a specific inhibitor MCU
(Hamilton et al., 2018; Liu et al., 2019; Nguyen et al., 2018; Paillard
et al., 2018), have significant effect in enhancing DNA damage effect of
1800 MHz RF-EMF exposure in mouse embryonic fibroblasts (MEFs).
Thus, according to our data, it is necessary to pay attention to the
possible harm induced by RF-EMF exposure under such treatment.
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2. Materials and methods
2.1. Cell line and culture

The immortalized MEFs used in this study was established by Chen D.
J. group (Lawrence Berkeley National Laboratory, Berkeley, USA)
(Burma et al., 2001), we obtained it as a kind gift. The MEFs had been
used to investigate the effect of EMF on DNA damage in our previous
studies (Sun et al., 2016; Sun et al., 2018). Cells were cultured in Alpha
Minimum Essential Medium («MEM, HyClone, Thermo Scientific,
Shanghai, China) supplemented with 10 % (v/v) heat-inactivated fetal
bovine serum (FBS, HyClone) at 37 °C in a humidified atmosphere
containing 5 % COa.

2.2. Chemicals

Ruthenium 360 (Ru360, 557440), Carbonyl Cyanide m-Chlor-
ophenylhydrazone (CCCP, C2759), and Adenosine 5-Triphosphate
(ATP, 20-306) were purchased from Sigma-Aldrich (Shanghai, China).
Ru360 and CCCP powder were diluted in DMSO at a concentration of 1
mM and 50 mM for storage solution respectively. Oligomycin (HY-
N6782) were purchased from MedChemExpress (Shanghai, China).

2.3. Electromagnetic fields exposure system

The RF-EMF exposure system (sXc1800) were built by Foundation
for Information Technologies in Society (IT’IS Foundation, Zurich,
Switzerland) and had been described previously (Xu et al., 2013). The
system contains two-resonant R18-waveguide setup, each holds six
35-mm Petri dishes positioned in the H-field maximum of the standing
wave. Both the waveguides, one for RF-EMF exposure and another for
sham-exposure, are placed in a CO; incubator (Hera Cell 240; Thermo
Scientific, Waltham, MA, USA). The RF-EMF exposure and temperature
in the waveguide chambers were monitored, and the temperature dif-
ference between the RF-EMF- and sham-exposed chambers did not
exceed 0.1 °C.

2.4. Cell exposure protocol

Cells were sub-cultured into 35-mm Petri dish (1 x 10°/dish) (Nunc,
Thermo Scientific, Shanghai, China) for 12 h, and 3 pM Ru360, 40 pM
CCCP, 2 pM Oligomycin were added into the cultured medium at 15 min
before RF-EMF exposure. For exogenous ATP treatment, 1 pM ATP were
added into the cultured medium immediately before RF-EMF exposure.
Then, cells were exposed to 1800 MHz RF-EMF at an average SAR of 4.0
W/kg for 15 min

2.5. Alkaline single-cell gel electrophoresis (comet assay)

The protocol detail can be found in previous study (Xu et al., 2013).
Briefly, after exposure, cells in dishes were harvested and re-suspended
in culture medium. Then 0.65 % low-melting agarose mixed with cells
were added onto 0.65 % normal-melting agarose that had pre-coated on
a slice. The slices were soaked in lysis buffer containing 1 % Triton
X-100 at 4 °C for 1 h, and then in lysis buffer containing 0.5 mg/mL
DNase-free proteinase K (Amresco, OH) at 37 °C for 2 h. Then, the slices
were put into ice-cold alkaline electrophoresis solution for 20 min to
unwind DNA in cells before electrophoresis. The electrophoresis con-
dition is constant 300 mA for 20 min. After electrophoresis, cells were
neutralized in Tris buffer (0.4 M, pH = 7.5) for 15 min. Gel-red were
used to stain DNA “comets” and photographed by a fluorescence mi-
croscope (Nikon, Tokyo, Japan). About 100 comets for each sample
were calculated by using the CASP 1.2.2 software (Krzysztof Konca,
Wroclaw, Poland).
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2.6. Protein concentration determination

Protein concentrations were determined by using BCA protein assay
kit (Leagene, Shanghai, China). Values were read by a microplate reader
(Spark, Tecan, Swiss).

2.7. Cellular ATP detection

ATP levels were determined by using an ATP assay kit (S0026,
Beyotime). In brief, cells were lysed with ice cold lysis buffer and then
centrifugated at 1.2 x 10 g at 4 °C for 5 min. The supernatant was used
for ATP level and protein concentration detection. The values were read
by the microplate reader (Tecan). ATP levels in per unit protein were
calculated and relative values were presented.

2.8. Mitochondrial Ca®* detection

Cells were sub-cultured in 96 well plate. When the confluence was
almost 70 %, incubated cells with 2 yM RHOD2/AM (sc-202790, Santa
Cruz, Shanghai, China) for 1 h. Then, the cells were washed with pre-
warmed Hank’s equilibrium salt solution (HBSS, Biosharp, Hefei,
China). Cells were cultured in HBSS and the signal of RHOD2/AM were
recorded under an inverted fluorescence microscope (Zeiss, Oberko-
chen, German). The fluorescence images were recorded every 5 s
immediately after 20 pM ATP were added to stimulate cellular Ga?*
uptake. The average fluorescence density of each cell and background of
each image were both measured by Photoshop CS5 Extended (Adobe,
San Jose, CA), and the values of ca** signal were calculated by sub-
tracting background.

2.9. Cell cycle analysis

After exposure, cells were harvested and resuspended in pre-cooled
70 % ethanol. Then the cells were stored at —20 °C overnight. The
cells were stained with 50 pg/mL propidium iodide (PI, 81845, Sigma-
Aldrich) diluted in phosphate-buffered saline containing 50 pg/mL
RNase A (EN0531, Thermo Scientific) at room temperature for 30 min.
Then, the cell cycle distribution was analyzed by flow cytometry
(Cytoflex, Beckman Coulter, CA, USA), in which about 1 x 10* events
per sample were acquired, and the proportions of cells in the GO/G1, S,
and G2/M phases were determined.

2.10. Cell viability analysis

After exposure, the cells were detached using 200 pL 0.25 % trypsin-
EDTA (2520072, Gibco, Grand Island, NY) and resuspended in 500 pL of
culture medium. Then, 2 x 10* cells per well were re-seeded into a 96-
well plate. After 1 h of culture, cell viability was determined by using
Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Kuma-
moto, Japan).

2.11. Cell proliferation analysis

The 5-ethyny-2-deoxyuridine (EdU) cell proliferation kit (C0071S,
Beyotime) was applied to determine cell proliferation. In brief, after
exposure, cells were incubated with 10 pM EdU for 30 min and then
fixed in 70 % ethanol at —20 °C overnight. The embedded EdU during
cell proliferation were labeled and then detected by flow cytometry
(Cytoflex, Beckman Coulter).

2.12. Cell apoptosis analysis

After treatment, cells were digested by 0.25 % trypsin-EDTA (Gibco)
and resuspended in 1 mL culture medium and then collected into flow
tube (20622601, FALCON, Shenzhen, China). The culture medium was
removed by centrifuge and cells were incubated with apoptosis analysis
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kit agent (A211-02, Vazyme, Nanjing, China) at room temperature for
30 min. The signal of PI and Annexin V were determined via flow
cytometry (Cytoflex , Beckman Coulter). PI positive and/or Annexin V
positive were considered as apoptotic cells.

2.13. Statistical analysis

All data were presented as mean + standard error, and the sample
size were marked in the figures or legends. GraphPad Prism 8.0.1 soft-
ware (GraphPad Software, SD) were used for data analysis, a difference
of P < 0.05 were considered statistically significant. The statistical
methods applied for each data were described in the figure legends.

3. Results

3.1. Short-time exposure to 1800 MHz RF-EMF for 15 min induced
significant DNA damage in MEFs treated with Ru360

Alkaline comet assay showed that exposure to 1800 MHz RF-EMF
alone at 4.0 W/kg for 15 min did not significantly increase the levels
of DNA fragmentation in MEFs compared to sham-exposure group
(Fig. 1A). In MEFs treated with Ru360, a specific inhibitor of MCU which
had a significant effect in inhibiting [Ca?* ], uptake (Fig. 1B), exposure
to 1800 MHz RF-EMF at 4.0 W/kg for 15 min significantly induced DNA
fragmentation compared to sham-exposure group (Fig. 1C). These re-
sults suggest that Ru360 can sensitize cells to 1800 MHz RF-EMF
exposure on DNA damage under current conditions. Further, the effect
of 1 h-exposure to 1800 MHz RF-EMF were also determined, at this
condition, both RF-EMF alone and combined with Ru360 exposure
induced significant DNA damage in MEFs compared to sham-exposure
group respectively (Supplementary Figure 6).

3.2. Short-time exposure to 1800 MHz RF-EMF for 15 min had no
significant effect on cell cycle progression, cell proliferation, or cell viability
but promoted apoptosis in MEFs treated with Ru360

To further determine the impact of Ru360 treatment on 1800 MHz
RF-EMF bioeffects, we detected cell cycle progression (Fig. 2A), prolif-
eration (Fig. 2B), cell viability (Fig. 2C), and cell apoptosis (Fig. 3A). The
results showed that Ru360 do not significant affect the effect of RF-EMF
exposure (15 min) on cell cycle progression, cell proliferation, or cell
viability compared to sham exposure group respectively (Fig. 2), but
significantly increased the apoptosis rate (Fig. 3A), and this effect were
still observed under 1 h-exposure condition (Fig. 3B). These results
suggested that Ru360 have an effect in sensitizing MEFs to 1800 MHz
RF-EMF exposure on cellular apoptosis under current conditions.

3.3. Ru360 enhanced the DNA damage effect of 1800 MHz RF-EMF
short-time exposure through inhibiting ATP synthesis

MCU mediated [Ca®']p uptake is essential for ATP production
(Wescott et al., 2019). As a specific inhibitor of MCU, Ru360 also had a
significant effect in inhibiting ATP production(Bravo et al., 2015)
(Fig. 4A). To determine whether ATP supply shortage have effect on
enhancing DNA damage effect of RF-EMF, we used oligomycin, a spe-
cific inhibitor of ATP synthase, to inhibit ATP synthesis in MEFs
(Fig. 4B), and the results showed that short-time exposure to 1800 MHz
RF-EMF for 15 min induce significant DNA fragmentation in MEFs
treated with oligomycin, and ATP replenishment alleviated this effect
compared to sham-exposure group respectively (Fig. 4C). And then, we
found that ATP replenishment can also alleviate the DNA damage
induced by 1800 MHz RF-EMF in Ru360 treated MEFs (Fig. 4C). These
results suggested that ATP synthesis inhibition play an important role in
the enhanced DNA damage effect of RF-EMF exposure under Ru360
treatment.
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3.4. DNA damage induced by 1800 MHz RF-EMF short-time exposure
were quickly repaired within 1 h after exposure

To further determine the impact of DNA damage induced by
1800 MHz RF-EMF in MEFs treated with Ru360, we detected the dy-
namics of DNA damage within 1 h after exposure. The results showed
that, in MEFs without Ru360 treatment, no significant differences of
DNA damage were observed at 0, 30, or 60 min after 1800 MHz RF-EMF
exposure compared to sham-exposure respectively (Fig. 5A). In MEFs
treated with Ru360, significant DNA damage induced by 1800 MHz RF-
EMF exposure were detected at 0 and 30 min but not 60 min after
exposure compared to sham-exposure respectively (Fig. 5B). These

Fig. 1. Ru360 sensitized MEFs to
1800 MHz RF-EMF exposure on DNA
damage. (A)DNA fragmentation in
MEFs after sham-exposed (Sham) or
exposed (Exposure) to 1800 MHz RF-
EMF alone for 15 min. Mann-Whitney
Rank Sum test were used to compare
the difference between Sham and
Exposure groups. ™ P > 0.05. Scale bar
=200 um. (B) Representative fluores-
cence images and statistical data of
mitochondrial Ca* ([Ca”]m) signal in
MEFs treated with Ru360 and/or ATP or
not. Two-way ANOVA analysis were
applied to compare the difference be-
tween the ATP and Ru360 +ATP treat-
ment groups, N =6. *P < 0.05. Scale
bar = 20 um. (C) Representative images
of comet assay and statistical data of
DNA fragmentation in MEFs treated
with Ru360 and then sham-exposed
(Sham+Ru360) or exposed (Exposur-
e+Ru360) to 1800 MHz RF-EMF for
15 min. Control: received no treatment
at all. Mann-Whitney Rank Sum test
were used to compare the difference
between each two groups. **P < 0.01.
Scale bar = 200 um.

results suggested the DNA damage induced by RF-EMF exposure in
Ru360 treated MEFs were almost repaired within 1 h after exposure.

4.

Discussion

The environmental exposure of RF-EMF emitted from cell phones,
wireless routers, base stations, and other sources were increasing fast
during the last three decades (Bandara and Weller, 2017), and mean-
while, the increase of incidence rate of certain diseases, like brain tumor
(Miller et al., 2021; Salehiniya and Farmanfarma, 2020) and cardio-
vascular diseases (Bandara and Weller, 2017), that cannot be explained
by traditional causes, suggesting a potential correlation with increasing
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Fig. 2. The effect of 1800 MHz RF-EMF
A Sham EXpOSU re Control Sham Exposure exposure on cellular behaviors in MEFs
+Ru360 +Ru360 treated with Ru360. MEFs in different
group were exposure to 1800 MHz RF-
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RF-EMF exposure. RF-EMF had been reported as an environmental
pollutant with cytotoxic effects (Bandara and Weller, 2017), though its
potential health effect were still controversy, we cannot ignore it before
the potential health impact have been fully understood, more in-
vestigations are required.

In real environment, many factors coexist, such as macro/nano-
particles, chemicals in air, water and food and sometimes the
consumed drugs, combined effect of EMF with other factor have been
widely observed (Akhavan and Ghaderi, 2009), such as black carbon
particles have an interaction with RF-EMF on cell toxicity (Benavides
et al., 2023), and carnosine prevent the damage effect of RF-EMF

exposure on ovarian follicles in rats (Arslan et al., 2022). EMF may
also affect the bioeffect of other factors, such as RF-EMF exposure sup-
pressed the ability of cells in resistance to hydrogen peroxide stimuli (Yu
et al., 2023), and pre-exposure to RF-EMF triggered adaptation to high
dose X-ray radiation in rats (Borzoueisileh et al., 2022), thus, the issue of
composite exposure need to be considered which play important role in
determine the bioeffects of RF-EMF exposure. The bioeffects of RF-EMF
exposure possibly be personalized, different living environment and
lifestyle that are known health related factors (Pacey, 2010) may also
determine the bioeffects of RF-EMF. In this study, we found that use
Ru360 to disturb [Ca®"], uptake significantly affect the effects of
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RF-EMF on DNA damage suggested the calcium regulation might play a
role in the different combined effect of RF-EMF.

Mitochondria are one of the critical sub-cellular organelles and
involved in various diseases, such as neurodegenerative disease (Collier
et al., 2023), cardiovascular diseases (Liu et al., 2022), and carcino-
genesis (Liu et al., 2023), all of which RF-EMF were also frequently re-
ported to be a potential risk factor (Balmori, 2022; Bandara and Weller,
2017; Pinto et al., 2023; Wyszkowska and Pritchard, 2022). Although
there were no direct evidence about that mitochondria are important in
cellular homeostasis maintaining in cells under RF-EMF exposure, many
studies reported that mitochondrial structure and function were signif-
icant affected by RF-EMF exposure (Houston et al., 2018; Houston et al.,

2016; Li et al., 2020; Santini et al., 2018; von Niederhausern et al., 2019;
Xie et al., 2021; Zhang et al., 2022a), indicating mitochondria are sen-
sitive organelles in cellular response to RF-EMF exposure, and interfere
mitochondrial function might change cellular response to RF-EMF
which might cause potential health risk under certain conditions.

In recent years, accumulating body of researches indicated that
mitochondria were the potential target for therapeutic interventions in
mitochondria related diseases (Viscomi and Zeviani, 2023), and inter-
fere with mitochondrial calcium uptake by MCU inhibitor were sug-
gested to be effective in mitochondria calcium overload diseases, like
neurodegeneration, ischemia/reperfusion injury, and cancer (Wang and
Zhou, 2020; Wang et al., 2016; Woods and Wilson, 2020). However,
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whether this approach is safe under a RF-EMF exposure environment are
unknown. To address this question, we did a preliminary study to
determine if MCU inhibitor, Ru360, sensitize cells to RF-EMF exposure
on DNA damage, and the results showed that Ru360 significantly
increased the DNA damage in MEFs exposed to 1800 MHz RF-EMF at
4.0 W/kg for 15 min, suggested a possible effect of MCU inhibitor on
cellular response to RF-EMF exposure. Although the DNA damage were
almost repaired within 1 h after exposure, the possible harm on health
should not be overlooked.

The effect of RF-EMF exposure on DNA damage has been highly
regarded by researchers for the importance of carcinogenic evaluation,
but it is still hard to get a definite conclusion from these existed studies
due to the inconsistent results among different studies (Jagetia, 2022;
Kocaman et al., 2018; Panagopoulos, 2019). In this study, inhibiting

MCU by Ru360 significantly changed the effect of 1800 MHz RF-EMF
exposure on DNA damage suggested that mitochondria function, espe-
cially MCU mediated ions transport, may play a key role in cellular
response to RF-EMF exposure. The different regulation of [Ca®"]n
metabolism might cause different results of RF-EMF exposure on DNA
damage.

MCU is the center transporter for mitochondrial calcium uptake, to
further determine its role in cellular response to RF-EMF on DNA dam-
age, we also used CCCP to interpret mitochondrial function (Supple-
mentary Figure 1A), but this approach did not change the DNA damage
effect of RF-EMF exposure in MEFs (Supplementary Figure 1B). Both
Ru360 and CCCP have significant effect in interfering mitochondrial
function, but the mechanisms are different. CCCP, members of the
lipophilic weak acid class, are known as proton shuttling compounds,
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can selectively increase the permeability of lipid membranes to protons,
dissipating the mitochondrial membrane potential (MMP) (Kane et al.,
2018). Ru360, a specific inhibitor of MCU, blocks mitochondrial calcium
uptake (Garcia-Rivas Gde et al., 2006; Kirichok et al., 2004). Thus, MCU
mediated calcium metabolism, but not all mitochondrial function, is the
possible special mechanism for regulating cellular response to RF-EMF
exposure. However, our data were not sufficient to illustrate this sup-
pose, and more investigations are required.

We also explored the mechanism of how Ru360 sensitize cells to
1800 MHz RF-EMF exposure on DNA damage, and the data showed that
mitochondrial ATP synthases inhibition play an important role in this
process (Fig. 4), but the mechanisms of how ATP participate in this
process is not clarified. ATP is consumed as a biological energy source by
many intracellular reactions which supply is required to maintain
cellular homeostasis (Arduino and Perocchi, 2018), such as DNA repair
(Kulkarni et al., 2011; Qin et al., 2015). Ru360 induced mitochondrial
energy supply shortage (Bravo et al., 2015; Fernandez-Sada et al., 2014)
(Fig. 4A) may delayed the initiation of DNA repair system that result in
unproperly repaired DNA damage in cells under RF-EMF exposure. In
this study, we had also tried to determine the DNA damage in MEFs by

detecting YH2AX, a protein marker of DNA damage (Sharma et al.,
2012), but the results seemed to be contract when compared with the
comet assay (Supplementary Figure 5). Comet assay directly show the
DNA fragmentation, thus, there is no doubt that the DNA damage
occurred. Considering histone H2AX phosphorylation (yH2AX forma-
tion) is also one link in DNA damage response, we think yH2AX
decreasing indicated that DNA damage repair might be inhibited by
RF-EMF in MEFs treated with Ru360. Another explanation is that yH2AX
is usually identified as a biomarker of DNA double strand breaks
(Sharma et al., 2012), while alkaline comet assay detected both DNA
single and double strand breaks. In our previous study, we have
observed that 1800 MHz RF-EMF only induce DNA single strand breaks
in MEFs (Sun et al., 2016). So, whether DNA repair inhibition is the main
mechanism await further studies. Despite energy supply, ATP also act as
an important messenger to regulate cellular metabolism, like ions
metabolism including Ca** (Nemirovskaya and Sharlo, 2022), Mg2+
(Jin et al., 2022), Na%* (Palty et al., 2012), K" (Lv et al., 2022), and
others, thus, ATP may supplement the signal interruption when MCU is
inhibited. However, more studies are required.

Oxidative stress were suggested to be the most possible mediator in
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RF-EMF inducing DNA damage and other bioeffects (Schuermann and
Mevissen, 2021), but in this study, we did not observe significant in-
crease of either intracellular or mitochondrial ROS in cells after
1800 MHz RF-EMF exposure in either Ru360 treated or not treated MEFs
(Supplementary Figure 2 and Supplementary Figure 3). First, this might
be due to the exposure time was short, only 15 min and 1 h, previous
study has showed that the increase in ROS production do not occur
immediately but with increasing exposure time (>12 h) or cumulative
dose (Liu et al., 2014), the ROS changes might cannot be detected under
our experimental conditions. Second, ROS independent mechanisms
may be existed, RF-EMF exposure might interfere other cellular prog-
ress, like cell cycle progression and DNA replication, which are associ-
ated with the endogenous DNA damage levels. But our data showed that
cell cycle progression (Fig. 2A) or DNA replication (Fig. 2B) were not
significantly affected in Ru360 treated MEFs by 1800 MHz RF-EMF
exposure. So, further studies are required to illustrate the mechanism.

Though Ru360 had been demonstrated to be a specific inhibitor of
MCU, we still need to consider the mechanisms other than calcium
signal regulation that determine cellular response to RF-EMF exposure.
Cause heat is the main mechanism of RF-EMF to induce biological effect
(Cosman and Cosman, 2005), though in our exposure system, the tem-
perature increase during exposure were strictly limited to < 0.1 °C
(Schuderer et al., 2004), thermal effect should be considered in studies
on high power RF-EMF exposure. Other mechanisms, like glucose
metabolism (Volkow et al., 2011) and hormone secretion (Alkayyali
et al., 2021), that had been reported to be affect by RF-EMF exposure,
are possibly involved in the cellular response to RF-EMF exposure.

In this study, we only investigate the effect of short time exposure to
RF-EMF. On the one hand, it is convenient to study in this way, and on
the other hand, we believe that the bioeffect occurred at the initial
exposure stage are also meaningful to the outcomes of long-term expo-
sure. Usually, the longer the exposure time, the more obvious the effect,
but in electromagnetic fields, things become complex. In our previous
study, we had investigated the effect of 1800 MHz RF-EMF exposure on
DNA damage in MEFs, the exposure time were extended from 1 to 36 h
(Sun et al., 2016). DNA damage effect of 1800 MHz RF-EMF exposure on
MEFs had been observed but was not linearly dependent on the exposure
time, by contrast, due to the homeostasis mechanism (like DNA repair),
the DNA damage induced by RF-EMF exposure at short-time (1 h)
exposure were repaired when the exposure time extended to 12 h or
more. And similar effect is also exist in other chemical stimulating fac-
tors when the dose is low (Sun et al., 2016). This time-dependent
nonlinear or bimodal bioeffect of RF-EMF had also been reported by
other studies (Phillips et al., 2009), suggested that biological system
have strong adaptability to long-term mild RF-EMF exposure. Thus, in
our opinion, electromagnetic fields, like mobile phone radiation,
long-term exposure might exhibit no more significant direct biological
effect compared to short initial exposure, biological effect induced at
initial exposure stage may already determine the long-term outcome,
like DNA damage induced by RF-EMF short time exposure, might cause
gene mutation if incorrectly repaired and result carcinogenesis after a
long period of time. Thus, we believe that the biological changes
induced by electromagnetic magnetic fields at the initial exposure stage
is also meaningful to understand the effect of long-term exposure.
However, more evidence is needed to make our point.

Whether MCU inhibition treatment increases the potential health
risk of patient under a RF-EMF exposure environment is a very complex
issue, the data provided in this study was not insufficient to answer this
question. The first, we only observed the short-time exposure effects, the
long-time effect is not known. The second, we only focused on the DNA
damage effect, whether there are other impacts of RF-EMF exposure on
Ru360 treated cells were not explored. The third, this is an in vitro study,
the effects need to be verified by in vivo studies and even clinical trials.
The last, the mechanism of how inhibiting MCU changed the effects of
RF-EMF exposure are still unclear. Thus, as mentioned above, in the
future, more investigations are required to study the potential health
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risk of RF-EMF exposure on bodies that receive MCU inhibition treat-
ment, and this study are mainly aimed to draw peoples’ attention to this
aspect.

In conclusion, we found that inhibiting MCU by Ru360 have an effect
in enhancing the DNA damage effect of 1800 MHz RF-EMF exposure on
MEFs, thus, potential health impact of MCU inhibiting treatment in a RF-
EMF exposure environment need to be noted.
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