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ABSTRACT
With the developments in wireless technologies, living beings are increasingly exposed to 
electromagnetic fields (EMFs). EMFs are known to affect bone metabolism and muscle tissue. 
However, their effects on bones and skeletal muscles are controversial, as some studies have 
reported positive effects while others have reported adverse effects. In this study, the effects 
of radiofrequency radiation (RFR) on bone biomechanics and skeletal muscle tissues were 
investigated in diabetic and healthy rats. Rats were exposed to 3.5 GHz RFR for 2 h per day for 
30 days. Bone biomechanics measurements were taken to evaluate the effects of RFR on bone 
quality, flexibility and durability. The whole-body specific absorption rate (SAR) was found to 
be 37 mW/kg. The results showed that RFR exposure had adverse effects on bone biomechanics, 
including decreased elasticity coefficient and Young’s modulus, increased maximum displacement 
and decreased maximum force. However, oxidative stress parameters in diabetics were also 
altered by 3.5 GHz RFR to a greater extent than in healthy rats. In conclusion, 3.5 GHz RFR may 
have potential to alter bone quality and structural integrity including muscle oxidative stress 
parameters in rats. It should be emphasized that the observed changes were more obvious in 
diabetic rats. In addition, the changes observed in healthy and diabetic rats exposed to RFR 
showed a statistically significant difference according to the sham groups.

Introduction

In recent years, living beings have begun to be 
exposed to electromagnetic fields (EMFs) along with 
developments in wireless technologies. However, EMFs 
are important external factors affecting bone metab-
olism and muscle tissue [1, 2]. Various effects of EMFs 
on bones and skeletal muscles have been reported [2, 
3]. Researchers have indicated that EMFs accelerate 
healing in different tissue types, as well. For example, 
increased bone healing rates after fractures and the 
acceleration of bone formation were noted [4]. 
Moreover, low-frequency pulsed EMFs increased osteo-
genesis and stimulated mRNA expression of morpho-
genetic proteins in osteoblast cells [5, 6]. On the 

contrary, some studies have stated that EMFs cause 
adverse health effects on bone and skeletal muscle 
tissues [3, 7]. This diversity in results may be due to 
the fact that the evaluated EMFs differed in intensity, 
frequency and other properties.

Mobile phones use radiofrequency radiation (RFR) 
for the transmission of images, audio files and other 
data. 5 G is the fifth generation of wireless communi-
cation technology, providing faster data transfer rates, 
lower latency, and higher capacity compared to pre-
vious generations (2 G, 3 G and 4 G). The 3.5 GHz fre-
quency band is one of the most widely used frequency 
bands for 5 G, and it is well-suited for providing 
high-speed and high-capacity wireless communica-
tions. It offers a good balance between speed and 
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range, making it a popular choice for 5 G networks. 
The 3.5 GHz frequency band has several advantages 
for 5 G. Firstly, it has a relatively wide bandwidth, 
which allows for higher data transfer rates and capac-
ity. Secondly, it has a longer range than the higher 
millimeter-wave frequencies, which makes it easier to 
provide coverage over larger areas [8–10].

Many studies have shown that RFR has adverse 
effects on various tissues [8, 11, 12]. Bone tissue is 
known to be radiosensitive [13]. A previous study con-
cluded that exposure to RFR of 1800 MHz in the pre-
natal period increased apoptosis through oxidative 
stress in fetal bone and muscle tissues and caused 
excessive osteoblast inhibition by suppressing calci-
neurin [13]. On the other hand, no studies to date 
have investigated the RFR effects on bone and muscle 
tissues of healthy individuals and diabetics.

Bone biomechanics provide information about the 
quality, flexibility and durability of bones. The main pur-
pose of measurements in bone biomechanics is to deter-
mine the load on the bone and any resulting deformity. 
With bone biomechanics, and particularly with consid-
erations of bone fragility, information can be obtained 
about the structural and/or material properties of bone, 
what kinds of changes in structural and/or material 
dimensions facilitate fractures in pathological conditions, 
and treatment procedures for particular pathologies. In 
load deformation curves, the region where the load is 
applied to the bone and the amount of deformation is 
linear represents the elastic region, and the bone returns 
to its initial state upon the removal of the load. However, 
the deformation that occurs in the bone is irreversible 
when the applied force surpasses the elastic limit point 
or the yield point. Damage to the bone in this area, 
which is called the plastic zone, is permanent due to 
trabecular microfractures, lamellar shifts and resulting 
fractures. The yield point is located between these two 
zones and it shows how much the bone can be 
deformed without losing its flexibility [14]. Maximum 
displacement reflects the extent to which deformation 
occurs in tissues up to the time of fracturing and is 
related to the bone’s brittleness. The maximum force 
constitutes the value of the force occurring as the frac-
ture occurs and it signifies the overall structural integrity 
of the tissues. On the other hand, the elasticity coeffi-
cient expresses the intrinsic stiffness of the tissue and 
shows how much the bone can deform against the 
applied stress without permanent damage. The elasticity 
coefficient is called Young’s modulus if tension or com-
pression forces are applied to the tissue [15].

In this study, to gain insight into the relation 
between 3.5 GHz RFR and bone and muscles, we inves-
tigated the effects of the RFR under investigation, 

which is one of the frequencies used in 5 G technology, 
on bone biomechanics and skeletal muscle tissues in 
diabetic and healthy rats.

Materials and methods

Ethics statement

All phases of the research involving animals presented 
here were undertaken in Van Yuzuncu Yil University’s 
Experimental Research and Application Center (Van, 
Turkey). The guidelines of that university’s Animal 
Experiments Local Ethics Committee were applied in 
designing and performing all steps of the study 
(Protocol No: 2021/05-10). The experiment was run 
under blind conditions.

Animals and housing contiditons

The animals used in this research included 28 healthy 
male Wistar Albino rats, which were 8–10 weeks of age 
and weighed 200–250 grams. They were provided by 
the same Experimental Animal Research Center at 
which the research was performed. These animals were 
divided into 4 groups with 7 rats per group and each 
group was kept together in a stainless steel cage, with 
a total of 4 such cages. They were maintained in a 
laboratory setting with a 12-h light/dark cycle and ad 
libitum pellet feed (with 21% crude protein; Purina, 
Istanbul, Turkey) and water under optimized conditions 
of temperature of 22 ± 2 °C and 60 ± 5% humidity.

Animal groupings and protocol

As stated above, the animals were divided into 4 
experimental groups of 7 rats each. In Group 1 (healthy 
sham), 7 healthy rats were held in a Plexiglas carousel 
for 2 h daily for 30 days with the generator turned off. 
In Group 2 (healthy RFR), 7 healthy rats were exposed 
to 3.5 GHz RFR in the Plexiglas carousel for 2 h daily 
for 30 days. In Group 3 (diabetes sham), 7 rats with 
diabetes were held in the Plexiglas carousel for 2 h 
daily for 30 days with the generator turned off. In 
Group 4 (diabetes + RFR group), 7 rats with diabetes 
were exposed to 3.5 GHz RFR for 2 h daily for 30 days.

Experimental model of diabetes

To obtain animal models of type 1 diabetes mellitus in 
laboratory settings, streptozotocin (STZ) is commonly 
used as an antibiotic capable of destroying pancreatic 
islet β-cells [16]. The induction of diabetes in the pres-
ent experimental model was carried out as previously 
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described by Bektas et al. [8]. Briefly, the rats in Groups 
3 and 4 were subjected to a one-night fast, followed 
by a single intraperitoneal injection of STZ at a dosage 
of 45 mg/kg, which was dissolved in 0.1 mol/L 
phosphate-citrate buffer. In contrast, the control rats 
received an injection of an equivalent volume of sterile 
citrate buffer solution. After 72 h, blood samples were 
collected to confirm the clinical presence of diabetes, 
and an IME-DC glucometer was used to determine the 
blood glucose levels. The presence of diabetes was con-
firmed by any values exceeding 250 mg/dL [8].

Exposure to radiofrequency radiation and 
measurement processes

The rats in Groups 2 and 4 were exposed to 3.5 GHz 
RFR by means of a signal generator (model 3500 PM10, 
Everest, Adapazari, Turkey). The antenna of the gener-
ator was placed at the center of the Plexiglas Carousel 
to provide ideal exposure conditions, as it is stated in 
our previous study [17]. A TES 593 R field probe (TES 
Electric Electronical Corporation, Taiwan) was used for 
performing all measurements of the electrical field and 
power density. The measured electric field and power 
density values were 28.1 V/m and 1.6 W/m2.

Evaluation of specific absorption rate (SAR)

An additional setup for simulated research was designed 
to closely mirror the previously described experimental 
setup. In this process, a model that included a Faraday 
cage, antenna and rats was established with 
three-dimensional electromagnetic field solver software 
in the CST Studio (CST AG, Darmstadt, Germany). The 
SAR value was determined as described by Bektas et al. 
[17]. A detailed rat model based on computerized 
tomography scans was used in the simulation, which 
included all tissues in the rat body. Although 2 W peak 
power is typical of GSM burst signals, the average 
power used for SAR evaluation was 250 mW. The CST 
model uses a technique called finite-integration tech-
nique (FIT) for electromagnetic and thermal modeling, 
which combines integral and differential solvers to act 
on space and time. The simulated electric field values 
were compared to the measured field values using the 
TES field probe to verify the accuracy of the simulation 
setup. The distribution of SAR was calculated using the 
method outlined in IEEE/IEC 62704-1.

Radiological evaluations

At the conclusion of the experiment, the rats were 
anesthetized with ketamine (Ketasol, Richter Pharma 

AG, Vienna, Austria) and bacillazine (Rompin, Istanbul, 
Turkey), and then euthanized via cervical dislocation. 
After the rats were euthanized, radiological imaging 
was performed to determine the values of the lateral 
cortex, the medial cortex and the medulla for the right 
tibia bones that had been removed from the rats 
(Figure 1). Radiological evaluations were performed as 
previously described by Bektas et  al. [17].The thickness 
of the anterior cortex was measured by determining 
the width of the cortex from the midpoint of the tibia’s 
length (proximal-distal) towards its front end. The 
thickness of the posterior cortex was measured by 
determining the width of the cortex from the posterior 
midpoint of the tibia’s length (proximal-distal). 
Additionally, the width of the medulla was measured 
by determining its width from the midpoint of the 
tibia’s length (proximal-distal) and between the ante-
rior border of the posterior cortex and the posterior 
border of the anterior cortex [17].

Biomechanical testing

The three-point bending (3PB) test is one of the most 
commonly applied methods for the evaluation of loading 
conditions in fracture mechanics. In this research, the 
3PB test was applied to samples obtained from the 
experimental groups using the BESMAK BMT-100E uni-
versal testing device (Figure 2). Tibia diameters were 
taken as 4 mm. In all tests, the loading speed was 2 mm/s 
and the distance between the two end supports was 
adjusted and fixed as 14.5 mm according to tibia lengths. 
Before starting the tests, preloading of 20 N was applied 
to prevent soft tissue blanks on the bone surfaces.

Preparation of skeletal muscle tissue 
homogenates

At the end of the experiment, under ketamine (Ketasol, 
Richter Pharma AG, Vienna, Austria) and bacillazine 
(Rompin, Istanbul, Turkey) anesthesia, the rats were sac-
rificed by cervical dislocation and the skeletal muscles 
were removed immediately. Then, 0.5 g part of the muscle 
was used for the preparation of a homogenate. Skeletal 
muscle tissue homogenization was performed as previ-
ously described by Bektas et  al. [17]. Briefly, 9.5 mL of 
5 mmol/L phosphate buffer (pH 7.4) containing 458 mmol/L 
of sucrose was used. To a plastic tube lacking a conical 
bottom, buffer was added along with the tissue sample. 
Using the TissueLyser LT (QIAGEN, The Netherlands), the 
samples were homogenized for 20 min at the highest 
speed. Following this, the homogenates were immediately 
centrifuged at 8000 g for 60 min, and the filtrate was col-
lected in a separate tube [17].
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Determination of catalase activity

To measure the catalase activities in the muscle tissue 
homogenates, hydrogen peroxide was used as the 

substrate, and the Aebi method was employed [18]. 
To begin the process, two replicate tubes were pre-
pared, and 2.8 mL of 30 mmol/L H2O2 was added to 
the blank tube, with an additional 0.2 mL of phosphate 

Figure 2. E quipment used in the three-point bending tests (a, b); tibia that was fractured with the pictured equipment (c).

Figure 1.  Radiological evaluation: (a) Lateral cortex thickness, (b) Medulla width, (c) Medial cortex thickness.
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buffer. In contrast, the sample tube contained 2.8 mL 
of 30 mmol/L H2O2, followed by the addition of 0.2 mL 
of appropriately diluted sample. After vortexing the 
tubes to ensure thorough mixing, the absorbance val-
ues reflecting the catalase activities were read twice 
at 240 nm at 30-second intervals (T80 + UV/VIS) . 
Catalase activty (U/L) was calculated as follows:

	 E U. . ( . / ) (log /log ) ,� �� �2 3 1 2�x A A 	

Where Δx = 30 s; and optical density of 2.3 = 1 µmol 
H2O2 in 1 cm light path [17, 18].

Determination of reduced glutathione (GSH)

GSH levels were evaluated based on the yellow color 
that arose upon reacting erythrocyte sulfhydryl groups 
with 5,5′-dithiobis (2-nitrobenzoic acid). This spectro-
photometric assay was performed at 412 nm (T80 + UV/
VIS) using muscle homogenate samples with EDTA 
within 24 h [19].

Determination of malondialdehyde (MDA) content

MDA is a product of peroxidation that occurs when 
fatty acids react with free radicals. MDA values were 
determined based on observing the color that became 
visible upon the application of thiobarbituric acid [20]. 
Muscle homogenate samples (200 µL) were pipetted 
into test-tubes. Then, 800 µL of phosphate buffer and 
25 µL of BHT solution and 500 µL of 30% TCA were 
added. The tubes were mixed by vortex and kept in 
an ice bath for 2 h after the caps were closed. The 
tubes were brought to room temperature. After remov-
ing the caps of the tubes, they were centrifuged at 
2000 rpm for 15 min. Then, 1 mL of the obtained super-
natant (filtrate) was taken and transferred to another 
tube; 75 µL of EDTA and 25 µL of TBA were added to 
the filtrate. The tubes were vortex mixed and kept in 
a hot water bath for 15 min (70 °C). Then, the reaction 
mixtures were brought to room temperature and the 
absorbance values were read in a spectrophotometer 
(T80 + UV/VIS) at 532 nm. The malondialdehyde content 
(µmol/L) was calculated as follows:

	 C F A� � �6 41. , 	

Where C is the concentration; F is the dilution factor 
and A is the absorbance

Determination of ischemia-modified albumin (IMA)

The levels of IMA in the obtained samples, were 
determined as previously described [17]. To 

determine the IMA levels in the collected samples, 
a solution of cobalt chloride (1 g/L) was added to a 
mixture of serum (200 µL) and 50 µL of the solution, 
and was incubated for 10 min at room temperature 
while being stirred. After that, a solution of DTT 
(1.5 g/L) was added to the samples, mixed again, 
and left to incubate for an additional 2 min. Next, 
a solution of NaCl (9.0 g/L) was added, and the 
absorbance values were measured at 470 nm for all 
sample mixtures, including blanks prepared without 
DTT. The recorded absorbance values were used to 
calculate adjusted-IMA (D-IMA) levels for all rats, 
using albumin values and the following formula: 
[D-IMA = IMA × (Albumin/Median Albumin Level of the 
Group)]. The resulting D-IMA values were also 
recorded in absorbance units [17, 21].

Statistical analysis

Descriptive statistics for the continuous variables (char-
acteristics) were presented as Mean values and 
Standard deviation (±SD), while counts and percent-
ages were given for the categorical variables. Normality 
assumption of the continuous variables was tested 
with Kolmogorov-Smirnov test. After the normality test, 
one-way analysis of variance (ANOVA) was performed 
for the normal distribution characteristics and 
Kruskal-Wallis test was performed for the non-normal 
distribution characteristics to compare the groups. 
Following the analyses, Tukey’s multiple comparison 
test (post-hoc) was used. The statistical significance 
level was set to 5%, and SPSS (ver: 21) statistical pro-
gram was used for all statistical computations.

Results

Specific absorption rate

Specific absorption rate (SAR) calculations based on 
the IEEE/IEC 62704-1 method were used to determine 
the SAR distribution [22]. Whole-body SAR was 37 mW/
kg. The SAR distributions for 1 g and 10 g averaging 
for different cut-planes are displayed in Figure 3.

Biomechanical testing results

The Young modulus was seen to be lower in Group 2 
in comparison to Group 1 and this difference was sta-
tistically significant (p = 0.006). Among the diabetic rats, 
the Young modulus of Group 4 was higher in com-
parison to Group 3 (p = 0.036). Group 3 had lower 
Young modulus values than Group 1 (p = 0.001) 
(Table 1).
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The maximum load values and maximum stress val-
ues were significantly higher among the healthy rats 
exposed to RFR (Group 2) than in the diabetic rats 
exposed to RFR (Group 4) (p = 0.001). The maximum 
load and maximum stress values in Group 1 (healthy 
sham group) were generally higher than those in 
Group 3 (diabetic sham group), but this difference did 
not reach statistical significance (p = 0.064) (Table 1).

The duration values were observed to be signifi-
cantly lower among healthy rats exposed to RFR 
(Group 2) in comparison to healthy rats not exposed 
to RFR (Group 1) (p = 0.005). Furthermore, the duration 
values of Group 3 were found to be statistically 

significantly lower in comparison to Group 1 (p = 0.015). 
The duration values of Group 4 were generally lower 
than those measured for Group 3, but this difference 
did not reach the level of statistical significance 
(p = 0.197) (Table 1).

The yield point values were statistically significantly 
lower among the healthy rats exposed to RFR (Group 
2) than the healthy rats without RFR exposure (Group 
1) (p = 0.014). Additionally, the yield point values were 
higher in the healthy sham group (Group 1) than the 
diabetic sham group (Group 3) (p = 0.001) (Table 1).

Displacement values were found to be lower among 
healthy rats exposed to RFR (Group 2) than the healthy rats 

Figure 3.  SAR simulation results at 3.5 GHz: 1 g average frontal plane (a) and 10 g average sagittal plane (b).

Table 1.  Descriptive statistics and results of comparisons for biochemical characteristics.

Group

Sham RFR

Mean St. Dev. Min. Max. Mean St. Dev. Min. Max. p

Young Modulus (GPa) Diabetes 0.59 0.21 0.35 0.92 1.08 0.43 0.51 1.60 0.036
Healthy 2.17 0.80 1.43 3.43 1.01 0.40 0.77 1.92 0.006
p 0.001 0.786

Maximum Load (N) Diabetes 47.66 13.12 25.80 62.61 51.76 8.07 41.58 59.69 0.560
Healthy 67.60 19.47 41.09 94.31 73.27 6.16 61.10 79.28 0.479
p 0.064 0.001

Maximum Stress (MPa) Diabetes 47.41 13.04 25.67 62.28 51.48 8.03 41.36 59.37 0.560
Healthy 67.24 19.36 40.87 93.81 72.88 6.13 60.78 78.86 0.479
p 0.064 0.001

Duration (s) Diabetes 79.18 36.83 41.53 140.22 62.32 16.89 39.83 91.13 0.197
Healthy 109.74 35.68 69.12 158.90 97.47 18.82 58.43 112.62 0.005
p 0.015 0.282

Yield Point (MPa) Diabetes 32.53 14.70 20.31 54.49 26.73 24.16 2.02 57.95 0.651
Healthy 69.85 6.47 56.56 74.99 36.21 29.94 0.22 73.63 0.014
p 0.001 0.559

Displacement (mm) Diabetes 1.16 0.27 0.84 1.55 2.88 0.62 1.53 3.39 0.017
Healthy 3.11 0.92 1.96 3.98 2.09 1.26 1.21 4.27 0.005

p 0.001 0.183
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without RFR exposure (Group 1) (p = 0.005), and they were 
higher among diabetic rats exposed to RFR (Group 4) than 
diabetic rats without RFR exposure (Group 3) (p = 0.017). In 
addition, the displacement values of the healthy sham 
group (Group 1) were considerably higher than those of 
the diabetic sham group (Group 3) (p = 0.001) (Table 1).

Radiological evaluation results

The lateral cortex and medial cortex values were sig-
nificantly lower among the diabetic rats not exposed 
to RFR (Group 3) compared to the healthy rats without 
RFR exposure (Group 1) (p = 0.004) (Table 2). These 
values also tended to be lower in the groups with RFR 
exposure compared to the sham groups, but these 
differences were not statistically significant. The width 
of the medulla was greater in Group 2 in comparison 
to the other groups, and it was considerably greater 
in Group 1 compared to Group 3 (Table 2).

Biochemical analysis results

The GSH values in muscle tissue were higher in the 
healthy RFR group (Group 2) compared to the healthy 
sham group (Group 1), and they were also higher in 
the diabetic RFR group (Group 4) compared to the 
diabetic sham group (Group 3) (p = 0.001). On the other 
hand, the GSH values of Group 3 were quite low com-
pared to Group 1 (p = 0.001). The CAT values in muscle 
tissue were higher in Group 1 compared to all other 
groups (p = 0.001). The IMA values in muscle tissue 
were significantly higher in Group 4 compared to 

Group 3, and they were higher in Group 2 compared 
to all other groups (p = 0.001). The MDA levels in mus-
cle tissue were higher in Group 2 (healthy RFR) com-
pared to all other groups (p = 0.001) (Table 3).

Discussion

This study was undertaken to investigate the effects of 
3.5 GHz RFR on skeletal muscle tissue and biomechanical 
properties of the tibias in diabetic and healthy rats. 
Bones constitute two-component composite materials, 
containing minerals and collagen, and the mechanical 
properties of these materials are different from each 
other. While the mineral phase imparts strength (or 
load-carrying capacity) and mechanical rigidity (or stiff-
ness) to the bone, collagen provides resistance to 
mechanical forces, durability and partial flexibility [23, 
24]. With the parameters that we measured in the 
course of our research, tissue size properties could be 
determined as material properties of the bones.

According to our results, exposure to 3.5 GHz RFR 
for 2 h daily for 30 days decreased the Young modulus 
values in healthy rats, thus causing a decrease in the 
bone flexibility of healthy rats. While the maximum 
load and stress values among healthy rats not exposed 
to RFR were statistically insignificantly higher com-
pared to those of diabetic rats not exposed to RFR, 
with exposure to RFR the maximum load and stress 
values of bones in healthy rats were found to be con-
siderably higher compared to diabetic rats (i.e. Group 
2 vs. Group 4). This finding shows that RFR increased 
the damage caused to bones by diabetes.

Table 2.  Descriptive statistics and results of comparisons for radiological characteristics.
Median Mean Std. Dev. Min. Max. p

Lateral cortex (mm) Diabetes Sham 2.45 2.29b 0.48 1.63 2.94 0.004
Healthy Sham 3.31 3.55a 0.41 3.26 4.08
Diabetes RFR 2.08 2.23b 0.69 1.63 3.26
Healthy RFR 3.26 3.52a 1.03 2.45 4.96

Medial cortex (mm) Diabetes Sham 2.51 2.29b 0.56 1.15 2.58 0.001
Healthy Sham 3.31 3.31a 0.54 2.45 4.16
Diabetes RFR 2.45 2.41b 0.48 1.63 2.97
Healthy RFR 4.08 3.62a 0.65 2.45 4.16

Medulla (mm) Diabetes Sham 8.18 8.35c 0.59 7.52 9.12 0.001
Healthy Sham 9.81 9.67b 1.30 8.20 11.90
Diabetes RFR 7.35 7.36c 0.60 6.53 8.25
Healthy RFR 12.27 11.96a 1.22 9.79 13.46

a, b, c: Different lowercase letters represent statistically significant differences (p < 0.05).

Table 3. M easurements of GSH, CAT, IMA, and MDA in skeletal muscle.
Healthy Sham

Mean ± SD
Healthy RFR
Mean ± SD

Diabetes Sham
Mean ± SD

Diabetes RFR
Mean ± SD p

GSH (mmol/mL)   0.021 ± 0.001b   0.041 ± 0.002a   0.0001 ± 0.000d   0.005 ± 0.002c   0.001
CAT (U/L)   1.058 ± 0.023a   0.792 ± 0.017b   0.8286 ± 0.051b   0.851 ± 0.062b   0.001
IMA (ABSU)   0.068 ± 0.015b   0.685 ± 0.017a   0.0014 ± 0.000d   0.044 ± 0.015c   0.001
MDA (nmol/L)   10.172 ± 0.038b   18.461 ± 0.326a   10.3543 ± 0.245b   10.515 ± 0.28b   0.001

a, b, c: Different lowercase letters signify statistically significant differences (p < 0.05), SD: Standard Deviation.
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Similarly, it was reported that the maximum load 
and stress values decreased in the bones of rats upon 
exposure to EMFs [7]. Decreases in maximum load and 
maximum stress values indicate a decrease in bone 
strength [7]. Our results showed that RFR at 3.5 GHz 
caused decreased bone strength. It has been previ-
ously established that bone tissues constitute a poten-
tial avenue for absorbed environmental energy, 
including the RFR from mobile phones [25].

The duration values decreased considerably after 
healthy rats were exposed to RFR. In addition, the dura-
tion values of the diabetic sham group (Group 3) were 
significantly lower than those of the healthy sham group 
(Group 1). This finding indicates that both 3.5 GHz RFR 
and diabetes cause decreased durability of bone tissue.

The yield point and displacement values were also 
lower in the diabetic sham group in comparison to the 
healthy sham group. Moreover, the values measured for 
healthy rats were considerably decreased after the 
administration of RFR. Bones with higher strength are 
more resistant to fractures and have better deformation 
abilities [15]. Our findings indicate that both diabetes 
and RFR negatively affect bone strength.

In addition, displacement, yield point, maximum load, 
maximum stress and modulus of elasticity are important 
variables associated with the mineral components of 
bones and they provide meaningful information about 
bone biomechanics [7]. Lower values of these variables 
indicate that the bone is poorly mineralized [7, 24]. The 
results obtained in the present study showed that 
3.5 GHz RFR reduced yield point, maximum load, maxi-
mum stress, and modulus of elasticity values in the 
bones of both healthy and diabetic rats, indicating a 
decrease in the mineralization of the bones. Thus, these 
results support our hypothesis that RFR reduces bone 
mineral density (BMD), subsequently leading to bone loss.

Among the radiological measurement results, a sig-
nificant decrease was found in the lateral and medial 
cortex thicknesses of diabetic rats compared to healthy 
rats in both the RFR and sham groups. This finding is 
an important indicator of the bone damage caused by 
diabetes. However, the medullary widths of the rats in 
the healthy RFR group (Group 2) were found to be sig-
nificantly greater than those of the other groups. This 
could be attributed to RFR negatively affecting bone 
development. It has been previously reported that RFR 
reduced the calcium concentrations in the bones of rats 
while leading to small increases in bone diameter and 
length [4]. In a human study, a reduction in BMD was 
found in the iliac wings after RFR exposure [26], while 
in a rat study, it was concluded that RFR (900 MHz and 
1.04 mW/cm2 with a specific absorption rate (SAR) value 
of 0.008 W/kg) did not have a significant effect on BMD 

[27]. Other researchers demonstrated that microwave 
radiation of 9.5 GHz administered after the establishment 
of femur fractures in rats did not have a positive effect 
on healing but did delay the endochondral ossification 
[28]. In another study, 2100 MHz RFR applied after the 
establishment of mandibular fractures in rabbits 
increased the energy absorption capacity, toughness 
and maximum strength and had a positive effect on 
fracture healing based on histopathological evaluations, 
although no significant differences from the control 
group were noted in radiological evaluations [2].

It was determined that EMFs (50 Hz, 0.8 mT) 
increased the intracellular calcium level in osteoblasts 
[29]. Intracellular calcium is also involved in many 
physiological functions in bone tissue as a secondary 
messenger [30]. However, RFR exposure below the 
safety margins was found to lead to significant changes 
in the probability of the binding of light ligands such 
as Ca2+. RFR exposure was also found to increase intra-
cellular Ca2+ concentrations and induce apoptosis, and 
it has been confirmed that increased Ca2+ input depo-
larizes inner mitochondrial membranes as a result of 
increased levels of reactive oxygen species (ROS and 
heightened electron transport chain activities [31]. Ca2+ 
ion regulation is a process of critical importance for 
bone health [7]. On the other hand, variables of bone 
biomechanics are related to the properties of the bone 
materials, such as tissue composition and arrangement, 
matrix calcification and the characteristics of collagen 
fibers and lamellae [32, 33]. The results of the present 
study, which showed inverse correlations in this regard, 
may be due to different reasons. Porosity is another 
factor affecting bone biomechanics. In various diseases, 
the level of porosity of the bone tissue may increase. 
Porosity is closely related to the strength and flexibility 
coefficients of bone, and it is generally accepted that 
a small increase in porosity causes large decreases in 
mechanical strength and intrinsic hardness [15]. A fur-
ther factor that determines the biomechanical prop-
erties of bone is bone mass. Structural behaviors of 
trabecular bone are mainly related to bone mass, 
microarchitecture (trabecular geometry, spatial distri-
bution and interconnections), and material properties.

IMA occurs as a result of the modification of albumin 
by ROS formed as a result of ischemia. IMA may also 
result from high oxidative stress in different models of 
ischemia affecting various organs and it is used as an 
oxidative stress marker [34, 35]. Various researchers have 
demonstrated the presence of increased IMA in skeletal 
muscles due to ischemia [36–39]. In our study, exposure 
to 3.5 GHz RFR caused a significant increase in IMA values 
in both healthy and diabetic rats. This is an indicator of 
oxidative stress in the skeletal muscles. Exposure to 
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3.5 GHz RFR also produced significantly higher levels of 
MDA in the muscle tissues of healthy rats. Similarly, 
low-frequency EMFs (40 Hz and 7 mT for 0.5 h/day or 1 h/
day for 14 days) were reported to cause statistically sig-
nificant rises in the values of oxidative stress parameters 
as measured in the muscles of rats [3]. It was reported 
that low-frequency EMFs (50 Hz and 0.1 mT or 1 mT for 
30 min) induced the production of ROS in myoblasts and 
myotubes alongside a reduction of mitochondrial mem-
brane potential in the C2C12 myoblastic cell line [40]. In 
the same study, EMFs also induced the uptake of calcium, 
an important secondary messenger, into muscle cells and 
caused increases in the amounts of MDA [40]. In the 
present study, 3.5 GHz RFR triggered increases in GSH 
levels in both healthy and diabetic rats and decreases 
in CAT levels in healthy rats. This may have been due to 
increases in the amounts of reactive oxygen species in 
these animals. There are many studies in the literature 
concluding that RFR causes decreased activity levels of 
the antioxidant defense system and increased amounts 
of free radicals [12, 41].

The studies described above differ from the present 
study in terms of the types of animals used in the exper-
iments, the characteristics of the RFR used, the doses 
and durations of exposure, and the applied methodol-
ogies. The effects on living organisms of RFR emissions 
from wireless communication technologies and mobile 
phones are fundamentally dependent upon the fre-
quency, SAR and power density of the RFR [42]. Therefore, 
differences will inevitably be seen among the results of 
different studies with different experimental designs. It 
is also reported in our previous study [17] that 900, 1800 
and 2100 MHz RFR may alter some characteristics of tibia 
bone and some skeletal muscle oxidative stress param-
eters. Therefore the results of our previous study are 
supported by the results obtained in this study.

Our results have finally showed that 3.5 GHz RFR 
may alter some charasteristics of bone and skeletal 
muscles of diabetic to a greater extent than in healthy 
rats. This may be originated from the density of min-
erals in bone tissues such as calcium and phosphorus, 
which are important in bone strength. It is also import-
ant to know how radiofrequency radiations affect the 
parameters such as collagen etc. in bones or muscles. 
Therefore, more detailed studies are needed.

Conclusions

This study showed that exposure to 3.5 GHz RFR can 
have negative effects on bone biomechanics in rats, 
leading to a reduction in the flexibility coefficient, max-
imum force, and an increase in maximum displacement. 
Diabetic rats may be more susceptible to the hazardous 

effects of RFR, with significant alterations observed in 
oxidative stress parameters. These observations suggest 
that exposure to 3.5 GHz RFR could potentially jeopar-
dize bone quality and structural integrity, as well as 
affect muscle oxidative stress parameters in rats. More 
research is required to investigate the potential impacts 
of RFR on human health, especially for individuals with 
pre-existing medical conditions.
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