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ABSTRACT
The widespread use of wireless communication technologies has increased human exposure to radiofrequency electromagnetic

fields (RF‐EMFs). Considering the brain's close proximity to mobile phones and its entirely electrical transmission network, it

emerges as the organ most profoundly impacted by the RF field. This study aims to investigate the potential effects of RF

radiation on cell viability, apoptosis, and gene expressions in glioblastoma cells (U118‐MG) at different exposure times (1, 24,

and 48 h). To achieve this, we designed and implemented an in vitro RF exposure system operating at a frequency of 2.1 GHz,

specifically for cell culture studies, with an average specific absorption rate (SAR) of 1.12 ± 0.18W/kg determined through

numerical dosimetry calculations. Results reveal a significant influence of a 48 h exposure to a 2.1 GHz RF field on U118‐MG

cell viability, gene expression, and the induction of caspase (CASP) dependent apoptosis. Notably, increased CASP3, CASP8,

and CASP9 mRNA levels were observed after 24 and 48 h of RF treatment. However, only the 48 h RF exposure resulted in

apoptotic cell death and a significant elevation in the BAX/BCL‐2 ratio. This observed effect may be influenced by extended

exposure durations surpassing the cell's doubling time. The increased BAX/BCL‐2 ratio, which acts as a key switch for apoptosis,

and the heterogeneous morphology of the astrocyte‐derived U118‐MG cell line may also play a role in this effect.

1 | Introduction

The biological effects of radiofrequency electromagnetic fields
(RF‐EMFs) can be assessed from two distinctive viewpoints
based on the areas of study and research objectives. The first
perspective is associated with therapeutic applications, which
involve short and controlled usage of RF‐EMF exposure,
including magnetic nano hyperthermia (Senturk 2023; Senturk
et al. 2021), tumor treating fields (Stupp et al. 2017), and pulsed
electromagnetic field applications (Overholt et al. 2019). The-
second perspective addresses public health considerations,

which pertain to the long‐term effects of uncontrolled RF‐EMF
exposure in real‐life environments (Shih et al. 2021). To clarify,
when examining the biological effects of frequencies associated
with newer technologies like WiFi, LTE, 5G, and WiMAX
emitted by mobile phones and widely used wireless communi-
cation systems (Tuysuz 2014), the attention shifts toward the
domain of public health (Bhatt et al. 2016).

The widespread adoption of wireless and cellular communica-
tion technologies, mobile phones, and base stations has resulted
in a substantial increase in RF‐EMF exposure among the
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human population. Numerous studies have explored the
potential effects of RF exposure on human health, particularly
emphasizing its impact on the brain. These investigations have
examined various topics, including the potential thermal con-
sequences resulting from RF energy absorption and the non-
thermal effects that may emerge from prolonged RF radiation
exposure (Hao et al. 2022). Notably, the proximity of mobile
phones to the head exposes the human brain to higher specific
absorption rate (SAR) values than other organs in the body,
thereby raising concerns about the potential health risks asso-
ciated with RF exposure.

Numerous experimental studies have demonstrated that RF
field exposure can trigger diverse biological responses, includ-
ing apoptosis (Liu et al. 2012), autophagy (Zielinski et al. 2020),
DNA damage (Xu et al. 2013), proinflammatory reactions (Lu
et al. 2014), oxidative stress (Georgiou and Margaritis 2021;
Schuermann and Mevissen 2021), and alterations in gene ex-
pression (Zhao, Zou, and Knapp 2007). Specifically, RF ex-
posure has been demonstrated to affect apoptosis‐related
markers, including proapoptotic proteins like BAX and CASP,
alongside antiapoptotic markers such as BCL‐2. For instance, a
significant increase in BAX expression, coupled with a decrease
in BCL‐2 levels, was observed following 1950MHz RF exposure
(Liu et al. 2012). This proapoptotic shift was further supported
by the upregulation of CASP2 and CASP6 under similar con-
ditions (Zhao, Zou, and Knapp 2007).

In contrast, several studies have reported no discernible bio-
logical effects following RF field exposure (Chauhan et al. 2007;
Joushomme et al. 2022; Kayhan et al. 2016; Liu et al. 2015; de
Gannes et al. 2011; Sekijima et al. 2010). For instance, no sig-
nificant changes in apoptosis markers were found in glioblas-
toma and glial cells exposed to 1.9 and 2.45 GHz RF fields,
respectively (Qutob et al. 2006; Sakurai et al. 2011). Further
studies on glioblastoma (Hirose et al. 2006) and neuroglioma
(Sekijima et al. 2010) cells also reported no significant altera-
tions in apoptotic mRNA levels under 2.1 GHz RF exposure.
However, while experimental studies show controversial results
on the biological effects of RF field exposure, epidemiological
studies have pointed to an elevated risk of gliomas (Boyle and
Levin 2008; Hardell, Carlberg, and Hansson Mild 2013; Lahkola
et al. 2007). The International Agency for Research on Cancer
(IARC) has classed radiofrequency (RF) fields as possibly car-
cinogenic (Group 2B) for humans based on findings from epi-
demiological research (Baan et al. 2011). Despite the heightened
cancer risk underscored by epidemiological findings, the

experimental research on the effects and mechanisms of RF
radiation remains characterized by inconsistencies and limited
insights. This underscores the urgent need for novel experi-
ments designed to elucidate how various cell types respond to
RF exposure and to evaluate their sensitivities comprehensively.

This study aims to investigate the impact of RF field exposure on
cell viability, apoptosis, and gene expression in the U118‐MG
human glioblastoma cell line. In this regard, glioblastoma cell lines
were exposed to an RF field with a frequency of 2.1 GHz over
intervals of 1, 24, and 48 h. To achieve this, we employed numerical
calculations to design the RF exposure system and evaluate the
specific absorption rate (SAR) distribution within the cell culture
samples. To our knowledge, the U118‐MG cell line, a type of glial
cell cancer associated with an increased risk according to epide-
miological studies, was investigated for the first time for mobile
phone‐specific RF field exposure experiments.

2 | Materials and Methods

2.1 | RF Exposure System

The in vitro RF exposure system was designed and manufac-
tured to expose cell cultures simultaneously to a 2.1 GHz RF
electromagnetic field within controlled environmental and
electromagnetic conditions (Figure 1). The system was designed to
achieve homogeneity among the samples, eliminate hot spots, and
ensure optimal ventilation for high‐quality experiments.

The in vitro RF field exposure system was constructed using
aluminum material. It was chosen for its RF shielding proper-
ties and ability to absorb and dissipate heat generated within
the exposure system efficiently (Figure 1a). Furthermore, air
holes were strategically placed on both the top and bottom
levels of the RF exposure system to serve three purposes. First,
they maintained the required environmental conditions (37°C,
5% CO2, 95% humidity) for cell viability. Second, they facilitated
the effective dissipation of heat during experiments. Third, they
minimized the amount of RF leakage within the system and
decreased the interference caused by external RF fields. To
further enhance the ventilation and heat management of this
system, we implemented active cooling (Figure 1b). This
involved installing a 20 cm diameter fan positioned at the base
of the in vitro RF exposure system.

The RF exposure system comprises a two‐layer shelf, with each
layer containing four 35 mm Petri dishes, allowing for eight
Petri dishes to be simultaneously exposed to the RF field
(Supporting Information S1: Figures 1 and 2). The system is
designed with three layers progressing from the outermost to
the innermost: an exterior layer made of aluminum, an inter-
mediate layer featuring RF absorber material (specifically ETS‐
Lindgren FL‐2250CL from Texas, USA), and an innermost layer
constructed from plexiglass (Figure 1c). This innovative system
has been officially registered with the Turkish Patent Institute
(TPE) under the registration number “TR 2016 12016 B” and
can be accessed via the following link: https://portal.turkpatent.
gov.tr/anonim/arastirma/patent/sonuc/dosya?patentAppNo=
2016/12016&documentsTpye=all.

Summary

• mRNA levels of CASP3, CASP8, and CASP9 increased
after 24 and 48 h of RF exposure.

• A statistically significant increase in the BAX/BCL‐2
ratio, acting like a switch that allows apoptosis, was only
observed after 48 h of RF exposure.

• The apoptotic effects of RF may be influenced by RF
exposure times exceeding the cell's doubling time and
the heterogeneous morphology of the astrocyte‐derived
U118‐MG cell line.
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Our experimental setup comprises an in vitro RF exposure
system equipped with a vertical half‐wave dipole antenna cen-
trally positioned and connected to a vector signal generator
(SMBV100A, Rohde & Schwarz, Munich, Germany), which
supplies the 2100MHz UMTS (3GPP FDD) signal. The dipole
antenna, specifically designed for the 2100MHz RF frequency,
has a half‐wavelength of 68mm and is constructed using low‐
loss Amphenol LMR‐240 RF cable, terminated with upTech
SMA connectors. The antenna was tested through standing
wave ratio (SWR) measurements, yielding a value of 2.0, en-
suring minimal signal reflection and optimal power delivery to
the system. To maintain optimal cell culture conditions (37°C,
5% CO2, and 95% humidity), the RF exposure system was placed
inside a CO2 incubator (Nuve EC 160, Ankara, Turkey). The
output power from the vector signal generator was set to
23 dBm, generating an electric field intensity of 60 V/m, mea-
sured using the Narda EMR‐300 device. This configuration
ensures consistent and controlled RF exposure conditions,
providing a stable and reproducible environment for cellular
studies and allowing for precise investigation of RF‐induced
biological effects.

2.2 | RF Dosimetry

In our study, we employed numerical calculations to design the
RF exposure system and assess the SAR distribution within the
cell culture samples (Petri dishes). This involved using SEM-
CAD X software developed by SPEAG in Switzerland, lever-
aging the finite difference time domain (FDTD) method. To
optimize computational efficiency, conformal FDTD and a
grading mesh algorithm were applied, leading to reduced voxel
count and computation time. The simulation sizes varied,
ranging from 40 to 125 million voxels, depending on the specific
simulation conditions. The simulation process includes specific
components such as aluminum, RF absorbers, and plexiglass
materials (Figure 2a). The materials used in the simulation,
their geometries, and dielectric properties are modeled in
accordance with real conditions. In addition, a mathematical
model with a value of 2 mm is used to represent the height of
the medium in a 35mm petri dish. The dielectric properties of
the materials used in the simulation were obtained from the
literature, with values reported for DMEM and plexiglass
(Schuderer et al. 2004) and for the RF absorber (Wang
et al. 2008). Metallic components were modeled as perfect

electric conductors (PEC). The dielectric characteristics,
including permittivity, conductivity, and density, are summa-
rized in Table 1.

In our study, we have provided SAR distribution patterns cal-
culated based on the electric field using the following formula:

σ
E

ρ
SAR = (1)

2

In the formula, σ represents the electrical conductivity of the tissue
(S/m), E is the root‐mean‐square electric field (V/m) induced in the
tissue, and ρ is the tissue density (kg/m³). Since SAR (W/kg) is
directly related to E², the SAR distribution accurately reflects the
electric field distribution in the tissue, ensuring a precise under-
standing of RF energy absorption patterns. Due to the limited liquid
volume in the 35mm Petri dish, which is less than 10 g, the SAR
values were calculated based on a mass of 1 g. The 1 g spatial peak
SAR represents the maximum rate at which RF energy is absorbed
by 1 g of biological tissue, expressed in watts per kilogram (W/kg).
This is determined by averaging the spatial peak SAR across any 1 g
cube of tissue in the region with the highest RF exposure, providing
a crucial measure of localized energy absorption. The 1 g SAR is
determined according to the IEC/IEEE 62209‐1528:2020 standard,
ensuring compliance with international safety and exposure
guidelines (IEC/IEEE International Standard).

Figure 2b,c presents the dosimetry results for the 2100MHz RF‐
EMF, demonstrating an average SAR value of 1.12± 0.18W/kg for
a mass of 1 g. This SAR value corresponds to an incident power of
23 dBm (200mW) applied during the exposure experiments. Nota-
bly, the SAR value of our experimental setup not only matches real‐
life usage conditions but also complies with established safety
guidelines and remains below the recommended values (IEC/IEEE
International Standard 2020). This provides strong reassurance
about the safety of our experimental setup. Furthermore, temper-
ature variations during RF‐EMF exposure were monitored
throughout the experiment using an infrared thermal camera (FLIR
E6, Sweden), with observations conducted before exposure, after its
initiation, and at regular intervals during the exposure period. No
discernible temperature increase was observed, confirming the
thermal safety of our experimental setup. In the conditions we ex-
amined, plexiglass layers acted as a guide for electromagnetic waves
and directed them. This was used to increase the RF field homo-
geneity applied to the samples and eliminate hot spots within the

FIGURE 1 | In vitro RF‐EMF exposure system, (a) RF exposure system with the ventilation unit (the lid is closed), (b) the top view of the stand‐
alone ventilation unit, (c) the interior of the RF exposure system with the top and bottom petri dish holders visible when the lid is open.
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RF field exposure system. SAR distribution patterns also clearly
show this situation for (Figure 2b) the top layer, which includes four
Petri dishes, and (Figure 2c) the bottom layer, which also consists of
four Petri dishes. We have examined the 2100MHz SAR distribu-
tion data in both the top and bottom Petri dishes. The volume
within the ±3 dB range for both the top and bottom layers of the
Petri dishes is highly comparable, with the bottom layer accounting
for 80.96% and the top layer for 80.52% of the total volume. This
ensures homogeneous exposure throughout the setup, supporting
the reliability of the SAR distribution across all samples. To further
enhance clarity, we have included simulation images normalized to
5, 10, and 20 dB scales in the Supporting Information. These addi-
tional visualizations provide a more comprehensive depiction of the
field distribution and ensure precision in the analysis (Supporting
Information S1: Figure 3).

2.3 | Cell Culture

The human glioblastoma cell line (U118‐MG) was obtained
from the Department of Immunology at Gazi University Med-
ical Faculty (Ankara, Turkey). This cell line displays a complex
morphology, including characteristics of both glioblastoma and
astrocytoma cells. The doubling time for U118‐MG cells has
been determined to be approximately 22 h. U118‐MG cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% (v/v) Fetal Bovine Serum (FBS), 1%
(v/v) L‐glutamine, and 1% (v/v) penicillin‐streptomycin.

2.4 | Cell Exposure Protocol

U118‐MG human glioblastoma cells were seeded in 35mm cell
culture dishes (2.5 × 105 cells per dish) and incubated overnight. All
incubations were performed at 37°C in a humidified atmosphere,

including 5% CO2. After incubation, the cells were divided into four
groups: (i) sham, (ii) 1 h RF exposure, (iii) 24 h RF exposure, and
(iv) 48 h RF exposure. The sham group was placed in the exposure
system under identical conditions but without the RF field being
applied, ensuring control over any external or environmental fac-
tors. Also, the necessity of using sham groups in RF field experi-
ments to control for confounding factors and ensure reliable results
has been previously emphasized (Cantu et al. 2024). The RF ex-
posure groups were subjected to a 2.1GHz RF field with a SAR of
1W/kg for the designated time periods (1, 24, or 48 h). The in vitro
RF field exposure system was designed to enable simultaneous RF
field exposure of eight 35mm cell culture dishes in each group
(Figure 1a,b). Therefore, eight 35mm cell culture dishes were
placed into the system for each group and exposed to the RF field.
The experiments were conducted in a blinded manner, with the RF
exposure and subsequent assessments being performed by different
individuals to eliminate bias and ensure objective outcome eva-
luation. After RF exposure periods, cell viability, apoptosis, and
related gene expression were determined in U118‐MG cells using
the methods described in the subsections.

2.4.1 | Cell Viability Assay

Cell viability was determined by the WST‐1 cell proliferation
reagent (Roche, Basel, Switzerland) according to the manufac-
turer's instructions. After the RF treatments, the cells were
transferred to 96‐well plates (1 × 104 cells/well) by trypsiniza-
tion and incubated overnight at 37°C for attachment. The cul-
ture medium was replaced with fresh medium (100 μL)
containing 10 μL WST‐1 solution in each well, and the cells
were incubated for 4 h in a humidified atmosphere (37°C, 5%
CO2). Finally, the absorbance at 450 nm (reference wavelength,
620 nm) was measured by a microplate reader (Tecan‐SunRise,
Switzerland). Each experiment was performed in triplicate.

2.4.2 | Cell Apoptosis Assay

Cell apoptosis was measured by flow cytometry (FACS, FACSCa-
libur, BD Biosciences, USA) with a FITC Annexin V Apoptosis
Detection Kit I (BD Biosciences, USA) according to the manufac-
turer's instructions. Briefly, cells were trypsinized and washed twice
with ice‐cold phosphate‐buffered saline (PBS) and then resuspended

FIGURE 2 | (a) A three‐dimensional numerical calculation model of the RF‐EMF exposure system, including key components such as the petri

dish holders, dipole antenna, aluminum case, RF absorbers, plexiglass, and cell culture medium. (b) Numerical computation of specific absorption

rate (SAR) distribution across four Petri dishes in the top layer. (c) Corresponding SAR distribution across four Petri dishes in the bottom layer. The

color bar for SAR is reported in a logarithmic scale, considering 1.12W/kg as the reference value (0 dB = 1.12W/kg).

TABLE 1 | Dielectric properties of the materials used in the

simulation.

Materials εr σ (S/m) ρ (kg/m3)

DMEM 71 2.5 1000

Plexiglass 2.5 0.001 1100

RF absorber 2.3 0,76 70

4 of 11 Bioelectromagnetics, 2025
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at a concentration of 1 × 106 cells/mL in 1X Annexin V Binding
Buffer. Then, 100 μL (1 × 105 cells) of the solution was transferred to
a 5mL culture tube, and 5 μL of FITC Annexin V and 5 μL PI were
added to the solution. The cells were gently vortexed and incubated
for 15min at room temperature (25°C) in the dark. Then, 400μL of
1X Annexin V Binding Buffer was added to each tube and analyzed
by flow cytometry within 1 h. For FACS analysis, at least 10,000
cells were evaluated in each sample.

2.4.3 | Quantitative Real‐Time Polymerase Chain
Reaction (qRT‐PCR)

The gene expressions of U118‐MG human glioblastoma cells
were examined by qRT‐PCR. Total RNA was extracted from
each sample using a High Pure RNA Isolation kit (Roche Di-
agnostics GmbH) according to the manufacturer's protocol. The
total RNA concentration and purity of each sample were
quantified using a Nanodrop spectrophotometer (NanoDrop
2000, Thermo Scientific, USA). Subsequently, 1 μg of total RNA
was reverse‐transcribed into complementary DNA (cDNA)
using a Transcriptor First Strand cDNA Synthesis kit (Roche,
Mannheim, Germany). The mRNA expression levels of Caspase
3 (CASP3), Caspase 8 (CASP8), Caspase 9 (CASP9), BCL‐2, BAX,
CYCLIN D1 (CYCD1), c‐MYC, c‐FOS, and glyceraldehyde‐
3‐phosphate dehydrogenase (GAPDH) were measured by using
quantitative real‐time PCR with a LightCycler 480 instrument
(Roche Diagnostics, Mannheim, Germany). Gene‐specific
intron spanning primers and probes were designed using the
Universal Probe Library (UPL) Assay Design Center (Roche
Diagnostics, Mannheim, Germany). The sequences of primers
and numbers of UPL probes are shown in Table 2. Thermal
cycling conditions consisted of an initial denaturation at 95°C

for 10 min, followed by 45 cycles of 10 s at 95°C, 20 s at 60°C,
and 30 s at 40°C. To normalize individual gene expression lev-
els, GAPDH was used as an internal control. Each experiment
was performed in triplicate.

2.5 | Statistical Analysis

Throughout the paper, the results are expressed as the mean±SD.
To evaluate the statistical significance of cell viability, apoptosis, and
gene expression data, non‐parametric statistical methods were em-
ployed. Pairwise comparisons were conducted using the Mann‐
Whitney U test, while comparisons across multiple groups were
performed using the Kruskal‐Wallis test. Fold changes in CASP3,
CASP8, CASP9, BCL‐2, BAX, CYCD1, c‐MYC, and c‐FOS gene ex-
pression were calculated using the 2−ΔΔCt method (Livak and
Schmittgen 2001 #34), and significant differences in normalized Ct
values were identified. The results were considered; ns, p>0.05;
*p<0.05, **p<0.01, ***p<0.001.

3 | Results

3.1 | Cell Viability

Human glioblastoma cells (U118‐MG) were exposed to a
2.1 GHz RF field at a SAR of 1.12W/kg for varying durations of
1, 24, and 48 h. Following the exposure periods, the viability of
glioblastoma cells was determined by colorimetric WST‐1 assay.
After 1 h and 24 h of RF field exposure, our analysis did not
reveal any significant differences in cell viability between the
exposed and sham group (p> 0.05) (Figure 3a). However, 48 h

TABLE 2 | The primer sequences and probe numbers used for qRT‐PCR.

Gene Primer sequences UPL Prob Number

GAPDH Forward 5′‐ AGCCACATCGCTCAGACAC ‐3′ 60

Reverse 5′‐ GCCCAATACGACCAAATCC ‐3′
CASP3 Forward 5′‐ TGGAATTGATGCGTGATGTT ‐3′ 68

Reverse 5′‐ TGGCTCAGAAGCACACAAAC ‐3′
CASP8 Forward 5′‐TCCAAATGCAAACTGGATGA ‐3' 62

Reverse 5′‐ TCCCAGGATGACCCTCTTCT ‐3'
CASP9 Forward 5′‐CCATATGATCGAGGACATCCA‐3′ 27

Reverse 5′‐GACTCCCTCGAGTCTCCAGAT‐3′
BCL‐2 Forward 5′‐ AGTACCTGAACCGGCACCT ‐3′ 75

Reverse 5′‐ GCCGTACAGTTCCACAAAGG ‐3′
BAX Forward 5′‐ ATGTTTTCTGACGGCAACTTC ‐3′ 57

Reverse 5′‐ ATCAGTTCCGGCACCTTG ‐3′
CYCD1 Forward 5′‐ TGTCCTACTACCGCCTCACA ‐3′ 16

Reverse 5′‐ CAGGGCTTCGATCTGCTC ‐3′
c‐MYC Forward 5′‐ GCTGCTTAGACGCTGGATTT ‐3′ 75

Reverse 5′‐ CACCGAGTCGTAGTCGAGGT ‐3′
c‐FOS Forward 5′‐ ACTACCACTCACCCGCAGAC ‐3′ 67

Reverse 5′‐ CCAGGTCCGTGCAGAAGT ‐3′
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of RF exposure significantly inhibited the viability of U118‐MG
cells compared to the sham group (p< 0.01).

3.2 | Apoptosis (Flow Cytometry)

Apoptosis is related to the loss of membrane asymmetry, lead-
ing to the translocation of phosphatidylserine (PS) from the
inner to the outer leaflet of the plasma membrane. The use of
propidium iodide (PI) and FITC‐labeled Annexin V (Annexin
V‐FITC) is a widely accepted method for assessing apoptosis
progression (Wlodkowic et al. 2011). Early apoptotic cells are
identified as Annexin V‐positive and PI‐negative (Annexin
V‐FITC+/PI−), whereas late apoptotic cells exhibit Annexin
V/PI double‐positive (Annexin V‐FITC+/PI+) staining
(Brauchle et al. 2014). To investigate the effect of 2.1 GHz RF
field exposure on apoptosis in U118‐MG glioblastoma cells, we
employed flow cytometry using the Annexin V‐FITC/PI assay.
Following 1 and 24 h of RF exposure, no statistically significant
differences were observed in the number of Annexin V‐positive
cells compared to the sham‐exposed groups (Figure 3b). How-
ever, after 48 h of RF exposure, the percentage of Annexin
V‐positive cells increased significantly to 9.64%, compared to
the sham group (p< 0.01), indicating an increase in apoptotic
activity (Figure 3b). Furthermore, as shown in Figure 3c, after
48 h of RF exposure, the percentage of apoptotic cells was
quantified as 2.14% for early apoptosis and 7.00% for late apo-
ptosis. Both early (p< 0.01) and late apoptosis (p< 0.05) showed

statistically significant increases compared to the sham groups.
Therefore, our findings demonstrate that prolonged RF ex-
posure (48 h) significantly induces apoptosis in U118‐MG cells,
both in the early and late stages.

3.3 | Expression of CASP3, CASP8, CASP9, BAX,
BCL‐2, CYCD1, c‐MYC, and c‐FOS mRNA Levels in
RF‐EMF Exposure to Cells

To evaluate the impact of RF field exposure on proliferative and
apoptotic genes within U118‐MG cells, we conducted a com-
prehensive analysis of mRNA levels for CASP3, CASP8, CASP9,
BAX, BCL‐2, BAX/BCL‐2, CYCD1, c‐MYC, and c‐FOS using qRT‐
PCR (Figure 4). We observed that a 1 h RF field exposure did
not produce any significant effect on the expression levels of the
CASP3, CASP8, CASP9, and BAX genes in U118‐MG cells
compared to the sham groups (Figure 4a–d). However, ex-
tending the exposure duration to 24 h resulted in a significant
upregulation, with more than a two‐fold increase in CASP3,
CASP8, CASP9, and BAX mRNA levels compared to the sham
groups. The most notable effects were observed after 48 h of RF
exposure in mRNA levels of CASP3, CASP8, CASP9, and BAX in
U118‐MG cells, as compared to the sham groups (Figure 4a–d).
Specifically, the mRNA level of CASP8 showed an increase of
more than 3.5‐fold, while the CASP3, CASP9, and BAX genes
demonstrated increases of more than twofold. In addition, BCL‐
2mRNA levels displayed a significant decrease following 48 h of

FIGURE 3 | Effects of RF‐EMF on (a) cell viability, (b) Annexin‐V positive cells, and (c) apoptotic cells (early and late apoptosis) in U118‐MG

cells. The viability of U118‐MG cells was measured using the WST‐1 assay. Apoptosis in U118‐MG cells was measured by flow cytometry using the

Annexin‐V‐FITC/PI assay. All experiments were carried out with at least three replicates, and the data are represented by the mean ± SD. Non-

significant, ns, p> 0.05; *p< 0.05; **p< 0.01; ***p< 0.001.
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RF exposure. Furthermore, it is important to note that a sta-
tistically significant increase in the BAX/BCL‐2 ratio was only
observed after 48 h of exposure (p< 0.001) (Figure 4f). On the
other hand, CYCD1 exhibited a statistically significant increase
after 1 h of RF application (p< 0.05), as depicted in Figure 4g.
However, this increase was not observed to be statistically sig-
nificant following 24 and 48 h of RF application (p> 0.05).
Similarly, c‐MYC and c‐FOS expression levels also displayed
significant increases after 1 h of RF application (p< 0.01), as
shown in Figures 4h,i, respectively. However, no statistically
significant changes were evident after 24 and 48 h of continuous
RF application for both c‐MYC and c‐FOS (p> 0.05).

4 | Discussion

The brain stands out as the organ most profoundly affected by
the RF field, primarily due to two key factors: its close proximity
to mobile phones and its purely electrical transmission network.
Considering the brain's regular and extensive interaction with
such electronic devices, it seems to exhibit a heightened sus-
ceptibility to the possible impacts of RF radiation. The brain is
comprised primarily of two types of cells: neurons and glial

cells. Some studies have reported that glial cells, particularly
astrocytes, possess a higher level of sensitivity to RF fields
compared to neurons (Zhao, Zou, and Knapp 2007) and non‐
astrocytic glioma cells (Liu et al. 2012). Therefore, we used the
human glioblastoma cell line U118‐MG since it has a complex
morphology that combines the characteristics of glioblastoma
and astrocytoma cells.

In a recent study, researchers investigated the effects of 2.4 GHz
RF‐EMF on the proliferation and morphology of U118‐MG
glioblastoma cells. The study demonstrated a notable reduction
in cell viability, particularly after 72 h of RF exposure (Nowak‐
Terpiłowska et al. 2023). While this research predominantly
addressed cell proliferation and morphological changes, with-
out delving into the underlying molecular mechanisms. In
comparison, our study examines the time‐dependent effects of
2.1 GHz RF‐EMF exposure, focusing on key apoptotic markers
such as CASP3, CASP8, CASP9, and the BAX/BCL‐2 ratio. By
investigating apoptosis at a molecular level, we aim to provide
further insights into how RF‐EMF influences apoptotic markers
across varying exposure durations, thereby enhancing our un-
derstanding of the mechanisms driving RF‐EMF‐induced cell
death.

FIGURE 4 | Effects of RF‐EMF on mRNA expression levels in U118‐MG cells. The expression levels of (a) CASP3, (b) CASP8, (c) CASP9,

(d) BAX, (e) BCL‐2, (f) BAX/BCL‐2 ratio, (g) CYCD1, (h) c‐MYC, and (i) c‐FOS genes were analyzed following sham and RF‐EMF exposure for 1 h,

24 h, and 48 h in U118‐MG cells using quantitative real‐time PCR (qRT‐PCR). Statistical significance was indicated as follows: ns (not significant,

p> 0.05); *p< 0.05; **p< 0.01; ***p< 0.001.
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After the IARC classified radiofrequency radiation (RFR) as a
probable human carcinogen (Baan et al. 2011), subsequent
studies conducted by the Ramazzini Institute (RI) and the
National Toxicology Program (NTP) further reported an asso-
ciation between RFR and glial cancer cells (Falcioni et al. 2018;
Wyde et al. 2016). These studies, recognized as the largest and
most extensive long‐term investigations in rats concerning the
health effects of RFR, played a significant role in the decision to
use the glioblastoma cell line in our study. In addition, to en-
sure that our research reflects real‐life environments, we
designed and manufactured an exposure system capable of ex-
posing cell cultures to a cell phone‐specific RF field with a SAR
of 1W/kg and a frequency of 2.1 GHz. This SAR value corre-
sponds to the average SAR emitted by a typical cell phone
during usage.

Previous studies have produced inconsistent findings when
evaluating the impact of RF field exposure on the proliferation
of glial‐based cell cultures. Some studies report increased cell
proliferation (Pérez‐Castejón et al. 2009), others observe a
decrease (Cao et al. 2009), and some find no significant change
(Kang et al. 2014; Miyakoshi et al. 2005). For instance, Liu et al.
conducted two separate studies at 1950 MHz, applying the same
exposure conditions to different cell lines. While an effect on rat
astrocyte cells was observed in one study (Liu et al. 2012), no
significant effects were found in U251 and U87 glioblastoma
cells in the other (Liu et al. 2015). Similarly, different results
were obtained despite the same exposure systems and condi-
tions applied to cell lines from different donors, highlighting the
complexity of the interaction between cells and RF field ex-
posure (Nylund and Leszczynski 2006).

On the other hand, although Kang (Kang et al. 2014) and
French (French, Donnellan, and McKenzie 1997) used the same
cell line (U87) and close RF field exposure frequencies, they
also found different results. This discrepancy can be attributed
to the modulation differences, the RF application time, the
difference in the RF field dose, or the use of different RF field
exposure systems. Stagg et al. observed no statistically signifi-
cant response of cell proliferation to RF field exposure in rat
glioma C6 cells and rat astrocyte cells (Stagg et al. 1997).
However, Cao et al. observed that the 900MHz RF field sig-
nificantly decreased cell viability in human astrocytoma cells
(SHG44) depending on the RF dose (Cao et al. 2009). In our
study, we observed that 1‐ and 24‐h RF field exposures did not
yield any significant effects on the viability of U118‐MG cells,
while a 48‐h exposure significantly reduced cell viability com-
pared to sham groups. These findings highlight the complexity
of the relationship between RF exposure time and cell behavior
and the fact that responses may vary in different cell lines.

Apoptosis, a highly regulated mechanism of cell signaling, is
triggered through two main pathways: the extrinsic pathway
involving the death receptors and the intrinsic mitochondrial
pathway. Once inactive pro‐caspases activate caspases 8 and 9,
the two pathways converge with the activation of the execu-
tioner caspases (caspases 3, 6, and 7) (Singh, Letai, and
Sarosiek 2019). The impact of RF fields on cell viability and
apoptosis remains controversial. While previous studies have
reported RF‐induced apoptosis in glial‐originated cell cultures
(Cao et al. 2009; Pérez‐Castejón et al. 2009), others have found

no significant change (Hirose et al. 2006; Terro et al. 2012). In
our investigation, we observed a statistically significant increase
in apoptosis after 48 h of exposure to a 2.1 GHz RF field, con-
sistent with cell viability. However, no apoptotic effect was
identified after 1 or 24 h of RF exposure in U118‐MG cells,
underscoring the time‐dependent nature of the apoptotic
response in this specific cell line. This delayed effect at 48 h may
be attributed to the RF exposure duration surpassing the dou-
bling time of U118 MG cells.

Regarding the effect of RF field exposure on apoptosis‐related
genes, for instance, a study found a significant increase in BAX
expression coupled with a significant decrease in BCL‐2 levels
(Liu et al. 2012). Similarly, another study highlighted a signif-
icant rise in the expression of genes such as CASP2, CASP6, and
BAX (Zhao, Zou, and Knapp 2007). These findings indicate that
RF field exposure can influence the mRNA levels of apoptosis‐
related genes in astrocyte cells. However, it is essential to note
that there are contrasting studies that have suggested a non‐
apoptotic effect of RF field exposure within the mobile phone‐
specific frequency range. These studies have been conducted on
different glioma cell lines and have explored various exposure
durations. For example, investigations on the U87 glioblastoma
cell lines (1.9 GHz, 4 h RF) (Qutob et al. 2006) and SVG p12 glial
cells (2.45 GHz, 1–24 h RF) (Sakurai et al. 2011) did not reveal
significant changes. Similarly, glioblastoma (A172) (Hirose
et al. 2006), neuroglioma (H4) (Sekijima et al. 2010), and human
fibroblast (IMR‐90) cell lines (Hirose et al. 2007) exhibited no
significant alterations in apoptotic mRNA levels in response to
the 2.1 GHz RF field. In contrast, our study demonstrated a
notable observation: the BAX/BCL‐2 mRNA ratio, a crucial
regulator of cellular apoptosis, showed a 4.5‐fold increase in the
48 h RF exposure group compared to the sham group. Proa-
poptotic BAX can form a complex with the antiapoptotic BCL‐2;
thus, the BAX/BCL‐2 ratio determines whether a cell will un-
dergo apoptosis, a cell death switch (Wu et al. 2021). Also, an
increased BAX/BCL‐2 ratio causes the cell to undergo apoptosis
by reducing its resistance to apoptotic stimuli (Schroer
et al. 2023). Accordingly, in our study, the BAX/BCL‐2 ratio
showed statistical significance only in the 48 h RF exposure
group. This suggests the cell can tolerate apoptotic stimuli for a
while but tends to undergo apoptosis after this period. The
observed time‐dependent differences in gene expression, par-
ticularly in apoptotic markers such as CASP3, CASP8, CASP9,
and the BAX/BCL‐2 ratio, could be attributed to the varying
stages of cellular response to RF‐EMF exposure. At shorter
exposure times (1 and 24 h), cells may initially activate stress
response pathways, leading to early changes in gene expression,
but these alterations may not immediately lead to apoptosis.
Prolonged exposure (48 h) surpasses the cell's ability to cope
with RF‐induced stress, thus leading to significant apoptotic
changes, as evidenced by the increased BAX/BCL‐2 ratio and
caspase activation.

CYCD1 and c‐MYC are both critical transcription factors in cell
development, proliferation, and apoptosis (Bachnak et al. 2021),
while c‐FOS, an activator protein 1 transcription factor, is well
known for its role in the regulation of cell proliferation, sur-
vival, and apoptosis (Kesarwani et al. 2017). Interestingly, after
1 h of RF exposure, CYCD1, c‐MYC, and c‐FOS expression levels
were significantly increased compared to the sham groups. This
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immediate response may be attributed to the initial cellular
response to the RF exposure, potentially induced by changes in
the cellular microenvironment. Notably, despite this initial rise
in transcription factor expression, no sustained changes were
observed at the 24 and 48 h time points, suggesting a transient
effect of RF application. The implications of this transient
response need further investigation, as they may hold insights
into the adaptation mechanisms of cells to prolonged RF
exposure.

In light of these observations, it becomes evident that the out-
comes of RF field exposure experiments are influenced by
various factors, such as the selection of cell lines, the specific
exposure systems and conditions employed, and the differences
in exposure durations. These factors collectively contribute to
the contradictory results often found in the existing literature.
In our study, we observed that 24 and 48 h of RF field exposure
had a significant effect on the expression levels of the genes
examined (CASP3, CASP8, CASP9, BAX, BCL‐2, and BAX/BCL‐
2 ratio). However, extending exposure times, particularly to
48 h, led to an even more pronounced upregulation of these
caspase genes (BCL‐2 downregulated) and caused significant
changes in the expression of the BAX/BCL‐2 ratio. These find-
ings underscore the importance of considering exposure dura-
tion when investigating the impact of RF field exposure on gene
expression within the apoptotic pathway.

5 | Conclusion

In conclusion, this study assessed the impact of RF field ex-
posure on U118‐MG human glioblastoma cells, encompassing
cell viability, apoptosis, and gene expression analyses. Our
findings revealed that the response of U118‐MG cells to RF field
exposure exhibits variability depending on the period of RF
exposure. Specifically, we showed that a 48 h exposure to an RF
field resulted in caspase‐dependent apoptosis, with the most
significant effects reported within this experimental group. One
potential effect is that cells derived from astrocytes may exhibit
higher susceptibility to exposure to RF fields. In addition, when
exposure to the RF field exceeds the cell's doubling time, the
BAX/BCL‐2 ratio in the cells increases and acts like a switch
that allows apoptosis. Overall, given the nonlinear nature of
EMF‐biological tissue interactions, there remains ample room
for further exploration and refinement in our understanding of
these complex interactions.
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