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Abstract

Background and Aim: The purpose of this research was to ascertain how
exposure to extremely low-frequency pulsed electromagnetic fields (ELF-
PEMFs) at varying intensities affects apoptosis-related protein expression
levels and liver morphology in rats.

Materials and Methods: In this experimental study, 40 Wistar albino rats
were randomly divided into 4 groups, with 10 animals in each group: Con-
trol, Sham, 1 milli Tesla (ImT), and 5 mT groups. The control group did not
expose any application during the experiment. Animals in the sham group
were placed into the closed ELF-PEMF exposure environment, but the de-
vice was kept closed. The rats in the ImT and SmT groups were placed into
a closed ELF-PEMF exposure environment, and the magnetic field applica-
tion was applied 5 days a week for 4 hours a day for 8 weeks. At the end of
the study, the animals were sacrificed, and their liver tissues were examined
morphologically, and the expression levels of proteins related to apoptosis
and inflammation in these tissues were analyzed.

Results: Our results indicated that ELF-PEMFs did not lead to any exact
morphological alterations in the groups. Tissue apoptotic Bax and Caspase
3 expression levels in the ImT and SmT groups were similar (p>0.05) to
the control group. Additionally, pro-inflammatory TNF-o and transcription
factor NF-kB in the ImT and 5mT groups were similar (p>0.05) to each
other and the control group.

Conclusion: It is feasible to conclude that neither the administration nor the
exposure design of this study is changing the immunoexpression of apop-
tosis-regulating protein expression levels or liver morphology exposed to
ELF-PEMF in rats.
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Introduction

Magnetic fields (MFs) produced by electrical or electronic devices used
in our surroundings and electrical power lines have frequency ranges of
50 Hz in a large portion of the world and 60 Hz in North America.l'! The
extremely low frequency (ELF) part of the electromagnetic spectrum
is often defined as 0-300 Hz.!?! Extremely low-frequency electromag-
netic fields (ELF-EMFSs) are unable to break chemical bonds or have
thermal effects on tissue because of their low energy values. They are
also known to interact with human tissues and cause a small amount of
electrical currents to flow.?! Exposure to electromagnetic fields (EMFs)
has become a necessary aspect of modern life, and it is expanding sub-
stantially as a result of growing needs and ongoing technological ad-
vancements. Because of this, a number of experimental and epidemio-
logical studies that highlight the potential impacts of EMF exposure on
biological systems have received international recognition.

The process of apoptosis via the elevation of intracellular reactive
oxygen species (ROS) is considered to be the most likely mechanism
explaining the anticancer eftects of ELF-EMF. ROS, mainly from the
mitochondria’s electron transport chain during cell respiration, increase
with dysfunction. Mitochondria, in the matrix (by MnSOD) or cytosol
(by Cu/ZnSOD), are key sources of intracellular ROS during respira-
tion. By devastating the equilibrium of the antioxidant defense system,
overexpression of ROS results in oxidative stress, which damages the
mitochondrial membrane and induces the release of cytochrome c.!!
Ding et al.’s’® work showed that HL-60 leukemia cell lines could expe-
rience a potentiation of H,O_-induced apoptosis when exposed to 60 Hz,
5 milli Tesla (mT) ELF-EMF for a duration of 24 hours. A related study
by Jian et al.[ demonstrated that human hepatoma cell lines pretreated
with low-dose X-ray radiation experienced a substantial increase in the
rate of apoptosis with intermittent exposure to EMF. Short-term expo-
sure of the human acute monocytic leukemia cell line to pulsed EMF, as
demonstrated by Kaszuba-Zwoinska et al.,[”’ markedly boosted the rate
of apoptosis produced by colchicine and cyclophosphamide.

Notably, numerous additional research has placed a strong emphasis on
ELF-EMF’s anti-apoptotic properties in addition to its effects on ROS.
A pretreatment of ELF-EMF exposure led to a 22% decrease in caspase
3-dependent apoptosis induced by anti-Fas therapy in Jurkat leukemic
cell lines, according to Palumbo et al.®! Another study revealed that
the anti-apoptotic effect of melatonin on HepG2 cell lines was totally
eliminated after 42 hours of intermittent exposure to EMF.”) Brisdelli
et al.l% also demonstrated that, in comparison to quercetin treatment
alone, simultaneous treatment of K562 cell lines with ELF-EMF and
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Figure 1. Pulsed magnetic field exposure system. (a) Signal generator and Helmhotz bobbin coils. (b) The pulse trains used in PMF application.
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quercetin markedly boosted the production of Bcl2. This reduction in
effects was linked to a decrease in caspase 3 activity and an inhibition
of the Bcel expression decrease that quercetin induced. Some research,
however, indicates that exposure to ELF-EMF is not statistically signif-
icant.!'12) Some studies state that ELF-EMF has no consequences that
indicate liver damage,!"*! while others report that it may cause effects
such as necrosis, apoptosis, and inflammation in the liver."*!*) There-
fore, the potential effects on liver morphology and apoptotic markers of
long-term exposure to ELF-EMF were investigated in this work.

Materials and Methods
Preparation of Animals

Forty Wistar-Albino rats were used in this investigation. Four groups
of ten rats each, weighing 200-250 g at 8 weeks of age, were randomly
assigned to: control, sham, 1 milli Tesla (mT), and 5 mT groups. While
the 1 mT and 5 mT groups were exposed to a magnetic field for 4 hours
a day, 5 days a week for 8 weeks, the sham group was exposed to the
same environment for the same period of time, but the magnetic field
device was kept off. The guidelines set forth by the Harran University
Local Ethics Committee regarding the use of animals in experiments
were strictly followed with ethical approval no: 2022/006/15 and date:
07/09/2022. Each cage could contain a maximum of 4 animals, and the
room temperature was kept at 22+2 °C.

Pulsed Magnetic Field Application

Two Helmholtz Bobin coils, each measuring 50 cm in diameter and
consisting of 120 turns of copper wire with a 2 mm? cross-section area,
were inserted inside a Faraday cage. A programmable signal generator
power source (ILFA Electronics, Adana, Turkiye) was used for the de-
sired repeats of ELF-PEMF (Fig. 1).

Two experimental groups were exposed to a pulsed magnetic field of ei-
ther | mT or 5 mT magnitude. A total of 96 successive pulse trains with
a 2-minute duration and a 30-second gap made up the program. Mag-
netic fields with peaks at 1 mT and 5 mT were produced by the coils.
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Four rats were given pulsed magnetic field (PMF) by placing them in a
40x15x20 plexiglass container. The rats in the sham group were again
housed in plexiglass and were kept in the application area for 4 hours, but
the power source was off. At the end of the study, all animals were sacrificed
with exsanguination under general anesthesia through intraperitoneally
administered 90 mg/kg ketamine and 10 mg/kg xylazine. The anesthesia
doses were determined according to a previously performed experimental
study.l'® The liver tissues were received for histological examinations.

Statistical Analysis

The statistical analysis was carried out using GraphPad Prism. Every
experimental result is displayed as mean+=SEM. To find the difference
between groups, all parameters were evaluated using a one-way ANO-
VA and then subjected to a post hoc Dunnett test. Significant P values
were defined as those with a value of less than 0.05.

Tissue Processing Protocol and Routine Staining

After being preserved in 10% formalin, the liver tissue samples that
were received were rinsed under tap water. The standard tissue pro-
cessing was completed precisely as described in a previous study.!'”!
The samples were cleaned in xylene after being dehydrated using an
alcohol series. To facilitate further analysis, the tissue samples were
embedded in paraffin blocks. Using a rotating microtome (Thermo
Scientific, Waltham, MA, USA), 5 um thick sections were cut from
paraffin blocks, and the slides were then stained with hematoxylin and
eosin for pathological analysis. The remaining sections were subjected
to immunohistochemical examination.

Immunohistochemistry and Quantification of
Immunodensity Analysis

An immunohistochemistry procedure was used to assess the immunoex-
pression of the Bax (Santa Cruz Biotechnology, Dallas, TX, US. cat no:
sc-7480), Caspase 3 (Santa Cruz Biotechnology, Dallas, TX, US. cat. no:
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Control

Figure 2. Representative histopathological micrographs of Control, Sham, 1mT, and 5mT groups. Our observations indicate there were no significantly
morphological differences between the groups in terms of cellular morphology of hepatocytes (arrow) among the groups. However, there were some point-
less congestions in sinusoidal (curved arrow) space in some of the hepatic lobules. Staining: H&E, Bar: 50 pm for 20X insets and 20 um for 40X insets.

s¢-56053), tumor necrosis factor-o (TNF-a, Santa Cruz Biotechnology,
Dallas, TX, US. cat. no: sc-52746), and Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB, Santa Cruz Biotechnology, Dallas,
TX, US. cat. no: sc-8008) proteins. The immunodensity analysis assess-
ment was also performed on the stained samples. The slides underwent a
succession of decreasing alcohol concentrations, deparaffinization, and
PBS washing. Citrate buffer (pH 6.0) was used for antigen retrieval, and
a methyl alcohol-prepared 3% H,O, solution was used to reduce endoge-
nous peroxidase activity. The remaining methods for immunohistochem-
istry were carried out using ready-to-use kits and antibodies. After being
diluted with an antibody dilution solution at a 1:100 ratio, the Bax, Cas-
pase 3, NF-kB, and 1:300 TNF-a antibodies were applied to the tissue
sections. Thermo Fisher Scientific, MA, USA’s TP-125-HL ready-to-use
THC detection kit was used for secondary antibody and enzyme applica-
tions. Hematoxylin was used as the counterstain, and entellan was used
to mount the samples. Using ImageJ, the measurement and creation of
immunodensity datasets were carried out as previously mentioned.!"*! The
immunodensity measures that were acquired were statistically assessed.

Results
Histopathological Observations

Our examinations indicated that hepatic tissue in the Control and Sham
groups was normal. The parenchyma was filled with hepatic lobules
containing a centrally localized vein surrounded by numerous hepato-
cytes. The hepatocytes were lined up between the sinusoidal structures.
The corners of the lobules contained a portal area with a portal vein,
bile duct, and hepatic artery. Some of the central vein neighboring hepa-
tocytes were binuclear. Upon examining the morphology of livers in the
1 mT and 5 mT exposure groups, no significant degeneration was ob-
served, except for pseudo-congestion resembling blood cell accumula-
tion in hepatic sinusoids. This phenomenon is possibly a result of tissue
processing protocols. Representative histopathological micrographs of
the groups are shown in Figure 2.

Immunohistochemistry Results

Our examinations indicated that pro-apoptotic Bax and Caspase 3,
inflammatory TNF-o, and transcriptional factor NF-kB were highly
expressed in the cytosol of the hepatocytes, but the immunodensity
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of TNF-a was obviously higher than that of the hepatocytes in he-
patic mononuclear phagocytic system members, the Kupfter cells
(Fig. 3). However, we did not observe any qualitative immunoden-
sity difference between the groups. When we consider our statistical
analysis results, the immunodensity of Bax was 43.57+1.31% and
43.33£1.43% in the Control and Sham groups, respectively (p>0.05,
Control vs. Sham). The Bax immunodensity in the 1 mT and 5 mT
groups was 41.84%=+1.46 and 41.91+1.18%, and there was no signifi-
cant difference between the groups compared to the control (p>0.05).
The Caspase 3 level in the Control group was 34.16+£1.14%. The
executioner Caspase 3 level in the Sham group was 32.11£1.14%
(p>0.05, Control vs. Sham). The tissue expression was 34.42+1.20%
and 34.02+1.34% in the 1 mT and 5 mT groups, respectively, and
the immunodensity level of Caspase 3 between the groups was simi-
lar (p>0.05). The pro-inflammatory TNF-a in the Control and Sham
groups was 41.84+1.36% and 40.20+1.17%. The difference between
these two groups was not significant (p>0.05). The TNF-o immun-
odensity level in the 1 mT and 5 mT groups was similar to each other
and the other groups (p>0.05). The immunoexpression level of TNF-a
was 40.99+1.38% and 42.64+1.40% in these two groups (p>0.05).
The transcription factor NF-kB level was similar (p>0.05) in every
group. The results were 49.18+1.84 and 47.46+2.04 in the Control and
Sham groups. Additionally, the tissue immunoexpression of NF-xB
was 48.09+2.14% and 47.77+2.23% in the 1 mT and 5 mT groups. A
brief graphical demonstration of the statistical analysis of Bax, Cas-
pase 3, TNF-a, and NF-kB is shown in Figure 4.

Discussion

The possible harmful or harmless effect of ELF-EMF has not been
clearly explored or described yet because of numerous interfering fac-
tors such as exposure condition and dose, time, body mass of the organ-
ism, etc. For that reason, we still require more in vitro trials and in vivo
randomized experiments to explore the potential effects of two types
(pulsed or sinusoidal) of ELF-EMF on vital biological organs such as
the liver. Additionally, it should be remembered that the cellular re-
sponse of living cells to ELF-EMF is generated through the regulation
of numerous cellular signaling mechanisms.!"” When the literature is
considered, some conflicting results can be reached. On one side, re-
searchers such as Li et al.”” reported that exposure to 5, 10, or 20 mT
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Figure 3. Representative micrographs of the immunohistochemistry of Bax, Caspase 3, TNF-a and NF-«B in Control, Sham, 1mT and 5 mT groups.
The brown staining indicates the immunopositivity of the protein of interest. Counterstain: Hematoxylin.
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Figure 4. Graphical demonstration of the statistical analysis of immuno-
density examinations. ns between the groups indicate statistically similar-
ity (p>0.05) between the groups.
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for 10 weeks harmfully affected the serum markers of liver function
enzymes and liver oxidative stress. From a cellular regulation perspec-
tive, a previously published study reported that exposure to ELF-EMF
inhibits pre-neoplastic lesion formation in experimental animal liver
through up-regulation of the apoptotic cellular response.?!! The varia-
tions among the results of different studies can only be explained via
administration or exposure factors as described above. For example,
Kiray et al.?? reported upregulated Caspase 3 expression and DNA
fragmentation in muscle tissue of rats exposed to 3 mT for 2 months
(7 days a week and 4 hours a day). Additionally, the authors reported
morphological abnormalities such as perinuclear vacuole formation
and irregularities in myofilaments. From a clinical approach, some re-
cent studies reported the beneficial effect of ELF-EMF exposure on the
antioxidant enzyme system and psychological status in patients who
received ischemic stroke treatment (Y). For that reason, recently pub-
lished articles demonstrate some successful clinical properties of ELF-
EMF besides the largely reported harmful effects.

The current investigation demonstrated that long-term extremely low-
frequency pulsed-electromagnetic field (ELF-PEMF) exposure did not
affect the morphology or promote apoptosis in the rat liver. Investiga-
tions demonstrated that ELF-EMF exposures affect apoptotic pathways
in the liver and other tissues,!'**¥! despite the fact that some of the re-
sults obtained in this study are consistent with those of other investi-
gations. These disparities could have resulted from the use of various
experimental circumstances. It is believed that variables utilized in
ELF-EMF exposures, such as frequency, waveform, intensity, duration,
and timing, are typically uncontrollable in tests, which could lead to
inconsistent results.?%
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Bax and Bcl-2 proteins have a role in controlling the pore complex
known as the mitochondrial permeability transition (MPT). Cy-
tochrome c can be released into the cytosol when Bax opens the MPT
pore; however, Bcl2 can stabilize the opening of the MPT pore, pre-
vent cytochrome c release, and provide protection against it. Because
of this, the quantity of pro-apoptotic Bax plays a critical role in both the
apoptotic cascade process and mitochondrial integrity.>’! Our findings
demonstrated that Bax proteins were unaffected by PEMF exposure.

The release of cytochrome ¢ from mitochondria is a crucial step in the
pathways leading to apoptosis and the activation of caspases downstream,
including caspase-3.%¢ In this study, the collected data showed that, in
comparison to the control, ELF-PEMF exposure at 1 mT and 5 mT inten-
sities did not produce a statistically significant change in caspase 3 level.
Although our results seem consistent with previous studies, the existence
of results suggesting the contrary also draws attention.®!

TNF-a plays a diverse role in numerous biological processes, such as im-
mune homeostasis modulation and cell apoptosis regulation.?”” TNF-a-
induced signaling via TNF Receptor 1 (R1) triggers multiple physiolog-
ical reactions, such as the enlistment and stimulation of caspase-8 inside
the receptor complex. This, in turn, starts a cascade leading to apoptosis,
the programmed cell death. The information gathered from this investi-
gation indicated that ELF-PEMF exposure did not result in a dramatic
change in TNF-a levels compared to the control and sham groups.

The transcription factor known as nuclear factor kappa B (NF-«kB) is
an ancestral protein and is thought to regulate innate immunity.**! The
NF-«kB signaling system controls cellular resistance to invasive infec-
tions by establishing a connection between pathogenic and cellular
danger signals. TNFa binds to TNF receptors in response to stimuli
such as TNFa or other cell stressors. After numerous iterations of these
interactions, the active form is generated, and it has the ability to alter
the cellular environment significantly. Depending on the kind of cell,
developmental stage, and clinical condition, NF-xB’s impact on cell
survival can be either pro-inflammatory or protective.?” Nevertheless,
it is unclear how exposure to ELF-EMF affects NF-«B in liver tissue.
According to this study, there was no statistically significant difference
in the NF-«B response to ELF-PEMF exposure.

Conclusion

When we consider our observations in terms of morphological and
apoptosis-associated protein expression levels, it is possible to con-
clude that the administration or exposure design of this study is not al-
tering liver morphology and immunoexpression of apoptosis regulatory
protein expression levels.
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