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ABSTRACT

ublic concern over exposure to radiofrequency

electromagnetic fields has prompted several studies to

determine possible health outcomes. However, studies

on low level far-field radiofrequency (RF) exposure

remain inconclusive on whether it can alter biological
systems. Our study's aim was to evaluate structural and
molecular modifications such as apoptosis and gene expression
in murine brain, liver and kidney tissues exposed to a far-field
RF of 915 MHz at a whole-body specific absorption rate of 1.17
W/kg. Forty (40) Swiss male mice were equally and randomly
divided into 2 groups: a control group and an RF-exposed group.
Each were further equally subdivided (n=5 per subgroup) based
on different time points: baseline or no exposure, 3-day exposure,
6-day-exposure and 9-day exposure subgroups. Biometric
parameters such as body temperature, body weight, and organ
weight were obtained. Tissue samples were collected and
analyzed using light and electron microscopy, followed by
qPCR assay for both the p53 and Hsp-70 genes. Statistical
analysis was performed using ANOVA. There was evidence of
both structural and molecular modification beginning Day 3
from continuous-wave far-field RF exposure. The study
established multi-level alterations in the murine system due to
far field RF exposure providing a glimpse of possible biological
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effects, and therefore, a need for further studies to translate such
evidence in a larger biological perspective.

INTRODUCTION

Decades of research have focused on whether exposure to
radiofrequency (RF) can cause significant biological effects.
Modern devices such as cellphones and laptops rely on
radiofrequency to become an integral part of modern society. It
is considered non-ionizing radiation that operates under the
vibrational rate of an alternating electric current or voltage, or a
magnetic, electric, or electromagnetic field mechanical system
with a different frequency range (Advisory Group for Non-
Ionizing Radiation, 2012).

The escalating use of and worldwide engagement with non-
ionizing radio-frequency devices may result in possible health
outcomes (Vijayalaxmi 2014). This observation has been a
cause for concern in both the social and scientific communities
as there have been reported adverse health effects due to
emissions from wireless technologies. In response, the World
Health Organization (WHO) created the International
Electromagnetic Field (EMF) Project that assesses scientific
studies and pieces of evidence showing effects of the
electromagnetic field on health (Repacholi 2001). The
International Agency for Research on Cancer (IARC) under the
World Health Organization also evaluates human cancer risks
from electromagnetic field exposure and classifies

KEYWORDS

Far-field radiofrequency, hsp-70, p53, electron microscopy,
specific absorption rate

Vol. 17 (Supplement) | 2024

SciEnggJ

331


https://doi.org/10.54645/202417SupNFX-98

electromagnetic field radiation as a possible carcinogen to
humans (2B) (Cogliano et al. 2011). According to the report,
exposure to RF radiation alters cellular metabolism, genetic
integrity, oxidative balance, and biological function of exposed
tissues. (Trosi¢ 2011).

Several studies were conducted to assess possible
epidemiological, in-vitro, and in-vivo outcomes with regard to
the non-thermal effects of radio-frequency exposure in humans
and animal subjects. Together, in-vivo and in vitro examination
revealed that RF energy exposure turns into a biological stressor
because the outcomes act as similar to stress reactions (Trosi¢
2011). Two possible mechanisms are involved in explaining
biophysical and physiological alterations. Biophysically, a form
of forced-vibration of free ions on the surface of a cell membrane
and a moving charge interaction both cause apparent biological
changes (Blank and Soo 2001; Panagopoulos et al. 2002;
Panagopoulos et al. 2000). Concerning the physiological
mechanism involved, several studies reported that RF waves
emitted by mobile phones might cause many deleterious
outcomes on cellular and molecular levels via DNA damage,
oxidative stress, and an elevation of free radicals (Akdag et al.
2016; Chauhan et al. 2016; Dasdag and Akdag 2016; Deshmukh
et al. 2013; Megha et al. 2015). In particular, in-vivo animal
studies show that biological effects of reactive oxygen species'
production leading to oxidative stress cause cascading cellular
outcomes in radio-frequency exposure (Chauhan et al. 2016;
Berk6z et al. 2018; Yokus et al. 2008). Moreover,
electromagnetic field exposure has also been seen to bring about
apoptosis via oxidative stress and DNA damage (Alkis et al.
2019; Xing et al. 2016). Most effects though notable at a cellular
level may show no difference at the organism level as seen in
various studies where RF did not influence the mean body
weight of study animals (Alimohammadi et al. 2018; Erpek et
al. 2007; Krishna et al. 2019; Mai et al. 2020; Maskey et al.
2010; Sommer et al. 2004; Zhang et al. 2017).

Several studies that evaluated effects at a molecular level have
documented that RF radiation-induced alterations in gene/
protein expression occur in various tissues (McNamee et al.
2009). The activation of p53 serves to upregulate pro-apoptosis
genes. Simultaneously, heat shock protein-70 provided anti-
apoptotic defense mechanisms both released in response to
various stressors, while other studies show no apparent eftects
related to RF (Blank and Goodman 2009; Rérole et al. 2011).
Overall, our study goal was to determine morphological and
molecular alterations in murine tissues such as the_brain, liver,
and kidney exposed to continuous 900 Mhz GSM far-field
radiofrequency with a specific absorption rate of 1.7
Watts/kilogram in 24 hours in freely moving test subjects.
Effects were measured at specific post-exposure intervals with a
maximum range of nine (9) consecutive days. Specifically, the
study aimed to (1) compare body temperature, body weight, and
organ weight between radiofrequency exposed animals and the
control group, (2) compare apoptotic cell counts between
radiofrequency-exposed animals and the control group, and (3)
investigate p53 and HSP-70 gene expression in both animal
groups.

MATERIALS AND METHODS

Experimental Animals and Treatment Groups. Forty (40) 6-
week old Swiss albino (ICR) male mice weighing 30-34 grams
were purchased from the Veterinary Research Department,
Research Institute for Tropical Medicine, Philippines. All
animal procedures and experiments were done in accordance
with the University of the Philippines-Manila, Research Ethics
Board guidelines, under a protocol approved by the National
Institute of Health-Institutional Animal Care and Use

Committee (protocol number 2019-027). The animals were
placed in polypropylene cages, measuring 25 cmx 7 cm x 7 cm
with ventilation holes. Commercial wood chip bedding was
replaced twice weekly. The mice were kept in a controlled
setting (20°C- 24°C temperature, 62%-70% humidity) with a
12h light cycle (07:00 H-19:00 H) at all times and were given
access to Mazuri® rat and mouse pellets (#5663, PMI Nutrition
International, LLC, MN, USA) and distilled water ad libitum.
The mice were acclimated for five days prior to testing, and then
were randomly allocated to treatment groups.

Treatment groups. Mice were randomly assigned into two
groups: a Control (C) group (n=20), which was subjected to a
sham setup, and a Radiofrequency (RF) group (n=20), which
was exposed to a radiofrequency setup (Figure 1). Mice in both
groups were further subdivided as follows: (1) Baseline with no
RF exposure (n=5), (2) 3-days RF exposure (n=5), (3) 6-days RF
exposure (n=5), and (4) 9-days RF exposure (n=5). Body
temperatures and body weights were routinely recorded each
day. The body temperature of the mouse was obtained using an
infrared thermometer without anesthetics.

RF Generator RF Generator

Horn Antenna
Nl

N2
= &
strength meter ] %}i?;?/

b 1
Anechoic

@o—'s_l Anim?al Cage material

Signal generator

Figure 1: Radiofrequency Radiation (RFR) exposure setup.

Radio-frequency exposure system and condition. The RF group
was exposed to a 24-hour continuous wave system with a
specific radiofrequency of 915 Megahertz (Mhz). The
radiofrequency exposure system comprised of a radiofrequency
generator (Lab-Volt-9505-05, Festo Didactic Inc, Germany)
with two (2) horn stationary antennae (Lab-Volt-D-79360, Festo
Didactic Inc, Germany), which was customized to produce an
electromotive force equal to that discharged by global systems
for mobile communications (GSM) mobile phones — 915
megahertz (MHz) and monitored using a radio-frequency
Spectrum Analyzer (PSA2702 2.7 GHz RF Spectrum Analyzer,
Saelig Company Inc, NY, USA) to remain within a frequency
range of 1 to 2700 Mhz and bandwidth of 30 MHz to 1.8
Gigahetrz (GHz) (figure 1). The two horn antennae were placed
above the exposure site at a height of 70 cm from the ground
with an area measurement of 71.25 cm x 60 cm on both sides of
the chamber at the same frequency to distribute the electric field
evenly. Furthermore, an anechoic material (foam) that acted as
a reflective wall was used in the RF-exposed group, reflecting
the chamber's electric field inside the testing area. The maximum
electric field emitted in the RF radiation system was measured
using three axis high-frequency RF field strength meters
(Tenmars 3 axis high frequency RF field strength meter TM-195,
Test Meter Group Ltd, UK), all with a measuring range of 50
MHz-3.5 GHz. In the study, the electric field was characterized
by measuring the electromagnetic wave in free space (ERMS)
for 1 minute at the positions of the head, body, and tail of the
mice during the exposure, and this was repeated 3 times.
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Three (3) days before actual RF field exposure, all animals were
weighed and body temperatures were obtained using an animal
infrared thermometer (ZERO ONE DT-8866, China) at 24-hour
intervals. The RF groups were acclimated within the RF setup
before the onset of exposure periods. On the day of exposure,
the RF radiation system was energized and allowed to operate
for 15 minutes before the onset of animal exposure. Actual RF
exposure entailed continuous maintenance of the animal cage
within the active set-up for 24 hours lasting between 3 to 9 days.
The mice were placed not more than 40 cm from the horn
antenna.

Estimation of Whole-Body Specific Absorption Rate. The whole-
body specific absorption rate (SAR) was the dosimetric
parameter obtained for this particular biological system. The
SAR or the rate of energy absorbed by tissue was calculated
using both conductivity and dielectric constants. The whole-
body SAR estimation used based on the study of Esmekaya et al.
in 2011 adopted an average conductivity value of o =0.87
Siemens/meter, used an estimated density p of 1050 kg/m?, and
used E the root mean square value of the electrical field which
was approximately 37.5 Volt/meters. Also, o was the mean
electrical conductivity of the tissue (S/m) and p the mass density
of the tissue (kg/m®) which were 0.87 S/m and 1050 kg/m3,
respectively (Repacholi 1998). In the study, the electric field
(ERMS) was detected by measuring the electrical fields for 1
minute at the positions of the head, body, and tail of the mice
during the exposure, which was repeated 3 times. The electric
field was defined as the average of measurements at the three
parts of the body. The average electric field (RMS) in the study
is approximately 37.5 volts/meter. The SAR calculated in Watts
per kilogram was the following:

o E?
SAR =

0.87>(37.52)2
Tl 117 Wkg

SAR = ok
m3

Tissue sampling. Immediately following the control and
exposure groups’ treatments, the mice were sacrificed by
cervical dislocation. Organs subsequently harvested included
the brain, liver, and kidneys, and these were placed in pre-chilled
Petri dishes with 5 ml RNA SaveTM preservative solution
(Biological Industries (BI), Kibbutz Beit Haemek 25115, Israel)
and decontaminated using RNaseZapTM (Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany) to prevent autolysis.
Organs were weighed and then carefully transferred into 5 ml
RNase free conical tubes and stored in -20°C overnight.

Light and Electron Microscopy. One organ sample per treatment
group was randomly selected for light microscopy analysis.
Organs were blotted on a sterile pad to remove RNA
preservative solution and fixed in 10% formaldehyde for 72
hours. This was followed by routine paraffin waxing, and
sequential cutting into S5-micrometer slices (Leica RM2125
Microtome, Florida, USA). Tissues were stained utilizing
Hematoxylin and Eosin (H & E), and representative samples
were photographed. Each tissue was analyzed by counting the
apoptotic cells in 5 different random areas from each of the
sample slides. Microscopic examination (Olympus BX41,
Tokyo, Japan) for apoptotic cell bodies was performed at ten
(10) x magnification and performed by a pathologist blinded to
the experiment.

In addition, 4 brain samples per treatment were blotted and at
the cerebral region cut transversely into 3-millimeter slices for
scanning electron microscopy. Cut tissues were thrice washed
with a phosphate buffer with a pH of 7.4. Sample tissues were
initially fixed using 2.5% glutaraldehyde for 24 hours, followed

by fixing for two (2) hours using 1% OsO4 (osmium tetroxide),
then washed three times for fifteen (15) minutes each using a
phosphate buffer with a pH of 7.4. Samples then underwent a
series of dehydration cycles with ethanol at varying
concentrations: 35% ethanol for fifteen (15) minutes, 50%
ethanol for fifteen (15) minutes, 75% ethanol for fifteen (15)
minutes, 95% ethanol for fifteen (15) minutes twice, and
absolute ethanol for twenty (20) minutes thrice. Then, the
dehydrated tissues were immersed for ten (10) minutes twice
using 1-2 ml Hexamethyldisilazane (HMDS). Traces of HMDS
were removed, and sample tissues were placed in a vial and left
overnight in a desiccator at room temperature. The sample was
gold-sputtered using a fine coater (JEOLTM JFC-1200 fine
coater, USA) with about 5-10 nanometers of gold before
viewing. Lastly, representative samples were then mounted onto
a scanning electron microscope (SEM) stub with an adhesive
carbon strip for viewing (Phenom XL desktop Scanning
Electron Microscope, Eindhoven, The Netherlands).

RNA isolation and Quantitative Polymerase Chain Reaction
(qPCR). To examine the molecular effects of RF exposure,
qPCR was performed for two selected genes, p53 and HSP-70.
Total RNA was extracted from the mice organs (brain, liver, and
kidneys) per treatment (n=3) using a nucleic acid extraction kit
(GF-1 Nucleic acid extraction Vivantis Technologies, Malaysia)
following the manufacturer's protocol (see Appendix E). Each
RNA concentration was assessed using a NanoDrop
spectrophotometer (DeNovix DS-11  Spectrophotometer/
Fluorometers and NanoDrop™, USA). An A260/A280 ratio of
1.8-2.2 was indicative of highly purified RNA. RNA integrity
was tested using agarose gel electrophoresis, stained with
ethidium bromide in each lane using a horizontal electrophoresis
system (MS 3AP power supply, USA) under 100 volts for 1 hour.
Visualization of bands on the gel was performed using a Bio-
Rad ChemiDoc™ MP Gel Imaging System (USA) and assessed
for 18S rRNA and 28s rRNA bands to verify RNA integrity.
Samples were stored in an -80°C freezer.

The p53 and Hsp-70 qPCR assay was performed using
ViPRimePLUS One Step Taq RT-qPCR Green Master Mix I
(Vivantis Technologies, Malaysia) under the following
conditions: A 30-nanogram (ng) RNA sample was placed into a
20 pL reaction volume containing 0.2 pM of each primer, 10 uL
of SYBR green I RT-PCR one-step master mix (Vivantis
Technologies, Malaysia), and 0.2 pL of reverse transcriptase.
The protocol included reverse transcription at 50°C for 30
minutes, denaturation at 95°C for 15 minutes, and 40 cycles of
denaturation at 94°C for 15 seconds, annealing of 57°C for 30
seconds, and extension at 72°C for 30 seconds. Real-time
detection of emission intensity of SYBR Green bound to cDNA
was analyzed using Bio-Rad CFX96 Touch™ Real-Time PCR
Detection Systems (USA). Beta-actin mRNA was utilized as a
reference gene to calculate the relative expression of the target
genes. All samples were run in triplicate. The primer sequences
in this study are listed in Supplementary Table 1.

Statistical Analysis. STATA/SE software 14.0 (StataCorp Inc.,
Lakeway Drive, Texas, USA) was used to perform the statistical
analyses. All data were presented as the average (mean) + SD
of each group. Statistical analyses were performed using a two-
way Analysis of Variance (ANOVA), and Tukey's post hoc test
was used to verify the statistical difference between groups.
Differences with p < 0.05 were considered statistically
significant. For qPCR evaluation, Ct values were normalized
against the reference gene, beta-actin, using the following
formula: ACt = Ct gene of interest - Ct reference gene.
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RESULTS

Biometric Parameters

Effect on Body Temperature. The mean body temperature was
statistically different between the experimental group and the
control group (F=44.01; p<0.0001) (Table 1). Mice in the RF-
exposed group showed a higher mean body temperature from
day 3 to day 9. Furthermore, Tukey’s pairwise comparison
showed that the mean body temperature of the RF-exposed
group in each time point such as in the 3-day exposure (t=5.44;
p<0.001), 6-day exposure (t=10.55; p<0.001), and 9-day
exposure (t=11.88; p<0.001) were statistically different from the
baseline with an increase of more than 1°C. The mean body
temperature of animals exposed to RF for 3 days, 6 days, and 9
days is higher compared to baseline. The mean body
temperatures of mice (RF exposed) belonging to the 6-day
exposure, and the 9-day exposure were statistically different
from those with 3-day exposures (Table 1).

Table 1: Mean body temperature of control and RF (experimental)
exposed mice in each time points.

Time points Control (°C) Experimental (°C)
Baseline 35.36+0.14 35.17+0.13
3-Day Exposure 35.33+£0.17 35.99 £ 0.25*
6-Day Exposure 35.37+0.12 36.7 +£0.11*
9-Day Exposure 3523 £0.16 37.04 £ 0.18*

Note: The values are means + SD; n = 20 in each group. p < 0.05 is
significant(*)

Effect of on Body Weight. Table 2 showed that there were no
significant changes observed in the mean body weights of study
animals in the RF and control groups (F=1.60; p=0.2145) and
therefore no significant differences between them.

Table 2: Mean body weight of control and RF (experimental) exposed
mice in each time point.

Body temperature

Timepoints Control (g) Experimental (g)
Baseline 34.77 £ 1.68 34.08 £ 1.84
3-Day Exposure 38.06 £ 2.64 37.19+£2.77
6-Day Exposure 40.99 £3.22 40.06 £2.84
9-Day Exposure 43.52+£2.05 42.05+£3.23

Note: The values are means + SD; n = 20 in each group. p < 0.05 is
significant

Effect of Organ Weight. In terms of the murine brain weight
(F=0.16; p=0.6909), there was no statistically significant change
noted secondary to the length of exposure or treatment
conditions (Table 3). While controlling for the effects of days of
treatment, there was no sufficient evidence to say that the mean
kidney weight differed between treatment groups (F=2.62;
p=0.1148) (Table 4).

Table 3: Mean brain weight of control and RF (experimental) exposed
mice in each time point.

Brain weight

Timepoints Control (g) Experimental (g)
Baseline 0.45+0.03 0.42 +0.04
3-Day Exposure 0.52 £ 0.05 0.50 +0.02
6-Day Exposure 0.48 +0.03 0.52 +0.04
9-Day Exposure 0.49 £ 0.07 0.52 +£0.04

Note: The values are means + SD; n = 20 in each group. p < 0.05 is
significant

Table 4: Mean kidney weight of control and RF (experimental)
exposed mice in each time point.

Kidney weight
Time points Control (g) Experimental (g)
Baseline 0.59+£0.05 0.56 +0.07
3-Day Exposure 0.53+0.09 0.63 +0.06
6-Day Exposure 0.53+0.09 0.54 £ 0.08
9-Day Exposure 0.58 £ 0.07 0.66 +0.07

Note: The values are means + SD; n = 20 in each group. p < 0.05 is
significant

There was a statistical difference in mean liver weight among
RF groups as compared to the control group (F=4.16; p=0.0490).
Overall, liver samples in the RF groups were slightly heavier
than their counterpart control samples (Table 5).

Table 5: Mean liver weight of control and RF (experimental) exposed
mice in each time point.

Liver weight

Time points Control (g) Experimental (g)
Baseline 1.41+0.14 1.54+0.34
3-Day Exposure 1.63£0.36 1.72+0.33
6-Day Exposure 1.27+0.11 1.38+0.14
9-Day Exposure 1.74+0.11 2.09 +0.37

Note: The values are means + SD; n = 20 in each group. p < 0.05 is
significant

Histologic and Morphometric Assessment of Murine tissues
The results showed increasing apoptotic cell counts over the
whole time course of observation (F[3, 104] = 120.88, p < 0.01)
in all tissues examined. Although there was no significant
difference from baseline to Day 3 (t = 1.30, p = 0.43) of
observation, it was noted that apoptotic changes were
significantly higher from Day 3 to Day 6 (t = 3.14, p = 0.01),
and to Day 9 (t = 7.50, p<0.01). Tukey’s comparison procedure
also showed that RF treatments had significantly higher
apoptotic cell counts compared to the control group (F[1, 104] =
64.67, p<0.01). Furthermore, it was noted that murine brain
tissue appeared to have significantly higher apoptotic changes
compared to those of the kidneys and the liver (F[2, 104] =15.70,
p<0.01) (Table 6).

Table 6: Mean apoptotic cell counts in different murine tissues at each
time points.

Apoptotic cell count

Control Experimental

Brain

Baseline 0£0 0£0

3-Day Exposure 0£0 1.60 + 0.89*

6-Day Exposure 1.20+0.45 5+0*

9-Day Exposure 1.80 +1.30 13.20 + 1.92*
Kidney

Baseline 0£0 0£0

3-Day Exposure 0£0 1.20 £ 0.45%*

6-Day Exposure 0.80+0.45 3+£0.71%

9-Day Exposure 1.80 +0.84 5.40 £ 0.55%*
Liver

Baseline 0£0 0£0

3-Day Exposure 0£0 1+0

6-Day Exposure 0.40 + 0.55 1.20 £ 0.45%*

9-Day Exposure 1.60 + 0.55 3.40 +4.28*

Note: The values are means + SD; p < 0.05 is significant(*)

Light microscopy showed that murine tissues of RF-exposed
mice exhibited characteristic shrinkage formation of the cell and
fragmentation into membrane-bound apoptotic bodies both
indicating the ongoing development of apoptosis during the
different periods of exposure. Apoptotic bodies are small,
membrane-bound vesicles that are formed during the process of
apoptosis, which is a controlled and programmed form of cell
death. The formation of apoptotic bodies is one of the key
morphological features of apoptosis. Some characteristics of
apoptotic bodies: size and structure (apoptotic bodies are
typically small, membrane-bound vesicles ranging from 1 to 5
micrometers in diameter), origin, cellular contents, membrane
integrity and recognition, and clearance (Figure 2).

Figure 3 shows SEM micrographs of murine brain tissue in the
RF-exposed group at baseline (Figure 3A) and compared to
micrographs of the cerebrum with different time levels of
exposure to continuous radiofrequency radiation (Figures 3B-D).
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Figure 2: Photograph of murine tissue (stained with hematoxylin and eosin) such as (A) brain, (B) kidney, and (C) liver are showing apoptotic cell
bodies (pointed by black arrow) following exposure to far-field radiofrequency. A light microscopy examination for apoptotic cell bodies was done using

ten high power fields in 5 different areas of tissue slide for the RF-exposed group.

As compared to normal morphology at baseline, RF exposed
tissue revealed several characteristic structural deformations like
swelling, kinking, twisting, and looping. In the third day of
exposure (Figure 3B), several circular surface "bleb like"
structures (30 pm) were observed. The progressive effects of RF
exposure were seen in the sixth (Figure 3C) and ninth days
(Figure 3D) as elongated dense granular-irregular shaped
surface lesions with an amorphous fibrous like appearance.

Microarray analysis of p53 and HSP-70 genes

Figure 4 illustrates gene expression patterns of p53 and HSP-70.
For p53 (Figure 4A), there was a significant difference in
expression levels in the brain of the RF-exposed group
compared to the control group (F=7.65; p=0.0123), the

A 3‘-

expression level of p53 and HSP-70 of the RF exposed group
was higher than the control group. Also, Tukey’s comparison
test revealed that gene expression of p53 in murine tissues was
significantly higher on day-9 compared to other time points.
Similarly, HSP-70 expression (Figure 4B) of the brain in the RF-
exposed group was significantly different compared to the
control group (F=15.02; p=0.0010). In terms of exposure time,
the Tukey’s comparison test showed that the RF group gene
expression of p53 and HSP-70 on day 6 (t=3.64; p=0.009) and
on day 9 (t=4.40; p=0.002) were significantly higher than
baseline levels. In addition, liver and kidney showed an increase
expression level of p53 and HSP-70 in RF exposed mice
compared to the control group.

Figure 3: Electron microscopy analysis. Scanning electron microscope images of the surface morphology of the murine cerebrum exposed to
continuous far-field radiofrequency at different time points: (A) baseline; (B) 3-day-exposure with "bleb like" structure (30 um) observed (encircled in
red with a black arrow); (C) 6- day exposure and (D) 9- day exposure samples with elongated dense granular-irregular shaped surface lesions with an
amorphous fibrous like appearance (encircled in red with a black arrow).
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Figure 4: Gene expression patterns of p53 (A) and HSP-70 (B).
DISCUSSION

In this present study, mice exposed to a continuous 900-Mhz far-
field radiofrequency with SAR equivalent to 1.7 W/kg displayed
higher body temperatures as compared to baseline control
groups. Compared to existing studies (Gordon et al. 1986; Wyde
et al. 2018; Kim et al. 2020), the observed elevations in
temperature of our experimental animals were all within the
limits of safety standards. Based on existing guidelines, an
elevation of temperature by 1°C in SAR ranging from 1 W/kg to
4 W/kg from exposure to high field, low-intensity RF maintains
a normal physiological state in humans as there are no
thermoregulatory changes brought about by this temperature
elevation (Repacholi 1998; Tro§i¢ et al. 2012). Likewise,
temperature changes within the range of 1°C are considered as
only thermal noise (Vornoli et al. 2019). The prevailing view is
that RF energy absorption may cause induction of an
endogenous heat source, which in turn is added to the mouse’s
metabolic heat production, causing elevation of body
temperature. However, our findings using a murine model
suggest that RF exposure within the allowable safety limit can
still initiate a biological system's thermal response. Since the
animal was exposed to a continuous wave of far-field
radiofrequency, progressive change in temperature may suggest
adaptation rather than a thermoregulatory malfunction; however,
an explanation of thermal adaptation is not within the scope of
the study. Therefore, while there were temperature increases
caused by RF exposure, they were not clinically relevant as the
temperatures were within the normal physiological range
regardless of statistical significance (Repacholi 1998).

Alternatively, biophysical mechanisms may also explain how
radiofrequency exposure can elevate body temperature. One
basic principle governing RF's thermal effect is the law of
conversion of energy, wherein absorbed RF energy can be
converted via the increased kinetic energy of absorbing
molecules. This energy produces heating in tissue because
animals, such as the mouse, are poor electromagnetic irradiators
due to body composition thus, most of the RF energy is
converted into heat. Specifically, a mechanism for tissue heating
is explained via the field-induced rotation of polar molecules,
primarily due to the rotation of water molecules present in the
biological system, in this case, the mouse’s body composition.
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This mechanism occurs through Brownian motion which helps
water molecules become rearranged and broken in a normal state,
but radio frequencies, mainly through an electric field,
restructure the molecules. Underneath this condition, polar
water rotates to conserve orientation within a time-varying
electric field. The mechanism 1is fast-breaking and
reconfiguration of water molecules brought by mechanical
interactions resulting in frictional forces lead to heat (Repacholi
1998; Stuchly 1979).

On the other hand, in this study the 900 MHz far-field
radiofrequency exposure did not reveal any statistically
significant differences in the mean body weight and organ
weight between RF exposed and baseline control animals.
Hence, continuous exposure to a low-frequency electromagnetic
field does not appear to have affected these biometric parameters.
The findings are in line with earlier results that RF exposure does
not influence the mean body or organ weight of animals
(Alimohammadi et al. 2018; Erpek et al. 2007; Krishna et al.
2019; Mai et al. 2020; Maskey et al. 2010; Sommer et al. 2004;
Zhang et al. 2017). Nonetheless, both animal groups' weights
increased over time primarily because of unlimited access to
food and water (Erpek et al. 2007; Zhang et al. 2017). One
possible explanation of how radiofrequency can affect a mouse's
body weight is if discomfort or a disturbance of the circadian
rhythm is present leading to decreased preferential food and
water intake. However, there were no observable changes in the
RF-exposed group's feeding habits compared to that of the
baseline control group as each consumed food ad libitum.

In addition, morphological examination showed increased
apoptotic counts after continuous exposure to a far-field
radiofrequency of 915 MHz for nine days. In general,
assessment using light and electron microscopic examination of
the tissues such as the brain, liver, and kidneys from the RF-
exposed group revealed a remarkable change in their apoptotic
counts while there was intact structural integrity noted in the
baseline control group. Significantly, the latter observable
degree of histological alteration also increased over time in all
tissues with RF-exposure. In summary, the evidence supports
the change in apoptotic counts observed in tissues from the RF-
exposed group, as well as indicates that the degree of
histological alteration increases over time. This provides a basis
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for inferring a relationship between the duration of RF exposure,
the progression of apoptotic events and the histological changes
in examined tissues.

Further data analysis revealed a marked increase in the number
of apoptotic counts in the brain more than the liver and the
kidney. Moreover, electron microscopy of mice cerebral cortices
revealed changes in surface morphology. These were
characterized by various types of deformation like swelling,
several circular surface "blebs," and lesions that were elongated
dense granular irregularly-shaped structures with an amorphous
fibrous like appearance. These structural deformities were also
observed in neural tissue transplants in a mouse model for
Alzheimer's disease; however, comparison of our findings is
limited as there are no available studies at present that have
investigated the surface morphology of tissues exposed to radio
frequencies. Brain tissues are considered to be electromagnetic
field sensitive because of their ability to absorb high intensity
electric and magnetic fields. Resonance signals detected by the
brain may synchronize with its extremely low-frequency activity
and cause neuronal cell apoptosis, altering the physiology of
nerve myelin and ion channels. (Carrubba et al. 2009).

By far, the dominant mechanism by which radiofrequency
energy can cause apoptosis is via the induction of oxidative
stress such as with reactive oxygen species (ROS) or free
radicals by means of a non-thermal effect. Harmful biological
effects of ROS in the cellular milieu can include DNA level and
protein level damages, the release of oxidative markers, and
cellular apoptosis (Liu et al. 2013; Li et al. 2003). Despite being
non-ionizing, RF energy can elicit considerable stimulation of
free radical processes and increase the production of ROS in the
biological system. There are several known physiologic and
biochemical pathways that are associated with ROS, which
includes lipid peroxidation or increased concentrations of
malondialdehyde, protein peroxidation, increased
concentrations of nitric oxide (NO), and changes in the activity
of antioxidant enzymes. Earlier research proposed that RF
exposure may disturb the biological system by elevating the
ROS level and leading to oxidative stress (Singh et al. 2018;
Zmyslony et al. 2004). Furthermore, this exposure alters the
redox milieu by influencing biochemical signals within
physiological limits and generating adaptive responses to stress.

Lastly, molecular analyses showed a significant increase in p53
and HSP-70 expression in the brain after continuous exposure to
a far-field radiofrequency of 915 MHz for nine days with SAR
of 1.7 W/kg. Like the brain, the liver and kidney showed
statistically higher expression of p53 and HSP- 70 with
continuous exposure, especially on the ninth day although not
statistically significant. The study's result demonstrated the
possible interaction of RF energy at a molecular level causing
appropriate physiological responses in gene expression.

The theorized possible mechanism is a two-stage process that
seemingly creates cascading cellular machinery leading to DNA
bond breakage and altered gene expression. The dominant
mechanism likely involves increased production of reactive

oxygen species caused by deep penetration of RF in living tissue.

ROS are generally small metabolically active short-lived
molecules connected to oxidative stress. The preliminary stage
ofthe ROS production in RF is regulated by the NADPH oxidase
enzyme found in the plasma membrane. Membrane-associated
enzymes such as NADH oxidase catalyze the one-electron
reduction of oxygen into a superoxide radical using NADH as a
donor of an electron, thus producing potent ROS (Kivrak et al.
2017; Yakymenko et al. 2015). Alternatively, some studies
discovered a potential physiological role of ROS in regulating
and promoting Ca2+ signaling by elevating intracellular Ca>*
concentration. Ca?" is then released in the cytosol via the

endoplasmic reticulum (ER), extracellular space, or
mitochondria in response to oxidase-influence on Ca®" pumps,
channels, and transporters. Other studies have revealed such a
related interplay between Ca®* signaling and ROS (Gérlach et al.
2015). This aligns closely with the observed effects of the study,
wherein exposure to a continuous wave 900 MHz GSM far-field
signal led to more apoptosis and altered gene expression,
particularly of p53 and HSP-70. The findings of the molecular
analysis, which showed increased p53 and HSP-70 expression
in the brain, liver, and kidney after continuous exposure to
radiofrequency (RF) radiation, are related to the theorized
mechanism involving the production of reactive oxygen species
(ROS) and its impact on DNA damage and gene expression.
Several studies have demonstrated that RF radiation can
significantly increase ROS production, leading to oxidative
damage to cellular components, including DNA. The increased
expression of p53 and HSP-70 in the brain, liver, and kidney
following RF exposure suggests a potential link to the
generation of ROS and the resulting physiological responses in
gene expression. The production of ROS in RF exposure is
regulated by enzymes such as NADPH oxidase, which catalyze
the one-electron reduction of oxygen into superoxide radicals,
contributing to the cascade of cellular machinery leading to
DNA damage and altered gene expression. Additionally,
ionizing radiation, including RF, can directly induce DNA
breaks and generate ROS, leading to DNA damage and altered
gene expression. Therefore, the increased expression of p53 and
HSP-70 in the brain, liver, and kidney following RF exposure
may be attributed to the two-stage process involving ROS
production and its impact on DNA damage and gene expression.

Interestingly, control groups exhibited expression patterns of
p53 and HSP-70 in murine tissue. It is essential to highlight that
these animals were not entirely free from RF-exposure.
Although the latter did not receive a continuous RF-exposure
wave, they could still have been exposed to RF stray signals and
frequencies from different surrounding locations such as schools,
offices, and warehouse factories in the vicinity. During
acclimatization, both animal groups were kept in the same room
and may have received RF stray signals. These low-level
intensity radio frequencies may have affected the cellular tissue
of controls, as well as caused ROS production leading to the
expression of targeted genes at a lesser degree.

In summary, low-level intensity continuous far-field region
exposure revealed patterns of change within a murine model.
Based on the experimental procedures, exposure to a
continuous-wave 900 Mhz GSM far-field signal with a specific
absorption rate of 1.17 W/kg caused cellular and molecular level
effects. The physiological and biophysical observed alterations
were temperature changes, increases in apoptotic cell count, and
molecular expression of targeted genes such as p53 and HSP-70.
All these strongly indicated the capacity of an electromagnetic
field to induce changes in a complex biological milieu. However,
the results may indicate physiological rather than pathological
consequences.

CONCLUSION

In conclusion, the results strongly support the notion that
electromagnetic fields, particularly the 900 MHz GSM signal
studied, have the capacity to induce complex changes in a
biological milieu. The observed effects at both physiological and
biophysical levels, including temperature changes, increased
apoptosis, and altered gene expression, underscore the
sensitivity of living organisms to low-level EMF exposure.
However, it is crucial to note that the results may point towards
physiological rather than pathological consequences. While the
observed changes indicate a significant biological response,
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further research is needed to ascertain the long-term implications
and whether these alterations lead to adverse health effects. The
findings contribute to the ongoing discussion on the potential
impact of electromagnetic fields on living organisms and
highlight the need for continued investigation into the
mechanisms underlying these observed effects.
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SUPPLEMENTARY INFORMATION

Supplementary Table 1: Primer sequences

Gene name Sequence (5-3)
P53 forward GAGGCCGGCTCTGAGTAT
P53 reverse CGGATCTTGAGGGTGAAAT

HSP 70 forward

GCTGACCAAGATGAAGGAGAT

HSP 70 reverse GCTGCGAGTCGTTGAAGTAG
Beta-actin forward TCAAGATCATTGCTCCTCCT
Beta-actin reverse GTTTGCTCCAACCAACTGC
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