Histological study on the Effect of Electromagnetic Radiation
Emitted from 4G Cell Phones on the Thyroid Gland of the Adult
Original Male Albino Rat

Article Mona Nabil Mohamed, Soheir Ibrahim Saleh, Mariam Asaad Amin, Rehab Tolba
Khattab, Mary Refaat Isaac and Maha Moustafa Ahmed Zakaria

Department of Anatomy and Embryology, Faculty of Medicine, Ain Shams University, Egypt

ABSTRACT

Introduction: The massive increase in cell phone use in the world increases worries about its possible side effects on the
human health. The cell phones release nonionizing radiofrequency waves that can affect the thyroid gland due its anatomical
position. Thyroid gland regulates the metabolic rate of the body and plays an important role in the human health.

Aim of the Work: The present study aimed to investigate the effects of electromagnetic waves emitted from 4G mobile phone
on the thyroid gland using the adult male albino rat as an experimental model.

Material and Methods: Thirty-six adult male albino rats were divided into 2 groups: Group I which was divided into 2
subgroups; IA (Control) and IB (Sham exposed). Group II (4G group) in which the rats were exposed to Lenovo B phones as
sources of 4G-LTE radiation emitted by ringing for one hour per day for eight weeks. At the end of the experiment, thyroid
gland specimens were processed for histological examination. Also, morphometric study and statistical analysis were done.
Results: Histological sections from the 4G group showed signs of hypoactivity in the form of statistically significant increase
in the follicular diameter and statistically significant decrease in the follicular epithelium height. In addition, some follicles
showed signs of degeneration in the form of denuded follicles, exfoliated epithelium in the follicular lumen. Some follicular
cells showed vacuolated cytoplasm and pyknotic nuclei. Also, accumulation of macrophages was detected at the site of
degeneration. In the interstitial tissue between the follicles, dilated and congested blood vessels were noticed and there was
apparent increase in the parafollicular and mast cells. These results were confirmed by transmission electron microscopic
examination.

Conclusion: Electromagnetic radiation emitted from 4G cell phone resulted in pathological changes in the thyroid gland of
adult male albino rat.
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INTRODUCTION 112% and this means that nearly each Egyptian resident
has a mobile device!®.

Nowadays, human beings are exposed to a wide

range of electromagnetic radiation (EMR) from a variety Internationally, mobile phones work in radiofrequencies
of sources. as power lines, electrical appliances, cabling from 800 to 3500 MHz!. Increased signals are linked to the
in buildings, microwaves and cellular phones that are advancement of mobile phone telecommunication systems.
typically held near the ears. As a result, electromagnetic The first generation (the analogue mobile phone system)
radiation exposure is dangerously increasing, creating a was introduced in 1980 and works at 450-900 MHz. After
serious health risk. a decade, the second generation (the global system of

mobile communications GSM) was announced and runs at
902.4 MHz. The third generation uses a radiofrequency of
1,800MHZz"#). The fourth-generation long-term evolution
communication system (4G-LTE) was just presented, and
it can bring internet speeds that are exceedingly fast.

In today's world, cell phones are both popular and
necessary!?. They can not only be used for voice chats, but
they may also be used to communicate news, images, and
internet information®. Cell phone technology is one of the
world's wildest-growing technologies?*.. There are around

2 billion mobile phone users in the globe today, and 83 The fourth-generation mobile services use the LTE
percent of worldwide internet users prefer to use their cell (Long-Term Evolution) technology. All the bands of
phone devices to access the internet!!. Nearly 5.7 billion frequencies used via historical communication systems are
people (roughly three-quarters of the population in the compatible with LTE such as (Uplink; 2500 to 2570 MHz
world) will have signed up for mobile phone services by and also downlink; 2620 to 2690 MHz), have been added
202051, In Egypt, the mobile penetration rate is more than to existing bands, such as (Uplink; 1710 to1785 MHz;
Personal non-commercial use only. EJH copyright © 2023. All rights served DOI: 10.21608/ejh.2022.126546.1656
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downlink; 1805 to 1880 MHz). LTE is a protocol-based
internet technology that is entirely numerical. In 2016, the
4G and 3G technologies reported to be fifty five percent of
the entire mobile wideband networks, with 4G accounting
for around 41% of all connections!'®.

The prolonged use of a cell phone can distress the body
via RF-EMR (radiofrequency induced electromagnetic
radiation) as non-ionizing radiation. The production of
RF-EMR depends mainly on the frequency of the held
cell phone. The greater the frequency of the mobile phone,
the higher beaming energy absorbed in the human body!™.
Mobile phones, even being carried on belts, purses, or
pockets, can produce EMR whether turned on or in standby
mode, exposing different portions of the human body to
injurious radiations!". Electromagnetic radiation is a non-
ionizing radiation that can affect the body function through
the thermal effects via producing hyperthermia or the non-
thermal effects like generating oxidative stress in the cell
by increasing the reactive oxygen species or by decreasing
the activity of the antioxidant enzymes with subsequent
DNA damage and cellular membrane disruption®.

Previous studies reported that cell phone can have an
adverse effect on the human health causing cancer, sleeping
disorder, hearing disability, blurring vision!!!, defective
testicular function!!!), neck pain, painful fingers, morning
tiredness, restlessness!'?. In addition, experimental studies
reported structural changes in the brain tissue & the adrenal
gland"*! and the parotid gland™.

The thyroid gland is an endocrine gland. It is butterfly
in shape and situated in the front of the lower part of the
neck!™. Its function is production, storage and the release
of the thyroid hormones; triiodothyronine and thyroxine!'
that have a significant impact on body metabolism
regulation, growth, development and the activity of the
nervous system. Thus, any disturbance in the thyroid
gland can have adverse effects in the metabolism of the
whole body!'®l. Unfortunately, it can be a target for any
electromagnetic radiation!'”). Previous study performed on
the thyroid gland using 900 MHz radiation (similar to that
emitted by 2G-GSM mobile phones) showed pathological
changes in the gland and hypothyroidism!'¢l.

It was observed that most of the previous studies
focused on the biochemical changes of the thyroid gland
resulting from exposure to 2G-GSM mobile phones!'”.. So,
the aim of the present work was to observe the histological
alterations in the thyroid gland resulting from exposure to
4G mobile phones using the adult male albino rat as an
experimental model.

MATERIAL AND METHODS

Material

During this study, the presence of other signals from
other mobile phones, electromagnetic field releasing
devices, Wi-Fi networks were evaded except the used cell
phone in the electromagnetic field exposure room.

In the present study, Lenovo B was used as a 2100-
2400 MHz (4G-LTE)!"® continuous wave electromagnetic
energy generator which has SAR values: 1.557 W/Kg
(head)/ 1.714 W/Kg (body-worn).

Each mobile phone was silent to avoid the sound of the
bell and thus expose the animals only to the radiofrequency
radiation of the mobile phone. The mobile phone was
positioned directly under the cage in which the rats stayed
during the exposure!'?).

Experimental rats

Following permission from CARE; the Animal
Research Ethics Committee at the Faculty of Medicine in
the University of Ain Shams. Thirty-six adult male albino
rats (weighing 180-250 gm) were kept at Ain Shams Faculty
of Medicine's animal household of medical research center.
Each three rats were kept in one stainless steel cage which
measured 30x35x40 cm. The rats were given a cycle of 12
hours of light and 12 hours of darkness and got water and
food on a regular basis. Animals were housed for ten days
before to the experiment to allow them to acclimate to the
conditions.

Two groups of rats were created

Group I: Consisted of twenty-four rats that were
equally subdivided into two subgroups.

*  Subgroup IA (control group): Consisted of twelve
rats that were kept away from any source of EMR
including mobile phones.

*  Subgroup IB (Sham exposed group): Consisted of
twelve rats that were exposed to switched off cell
phones 24 hrs. per day for eight weeks. This group
was exposed to switched off Lenovo B phones.

Group II (4G group): Consisted of twelve rats that
were exposed to Lenovo B phones as sources of 4G-LTE
radiation emitted by ringing for one hour per day for eight
weeks!®l.

Tissue preparation for light microscopy

All the experimental animals were sacrificed by
administering sodium thiopental intraperitoneally (25 mg/
kg B.W.). Thyroid glands were removed, as well as the
trachea and adhering tissue linked to the thyroid gland.
Thyroid tissues were put in 10% neutral formalin, then
dehydrated in increasing degrees of the alcohol, cleaned
in xylol, and paraffin blocks were created. Five-micron-
thick thyroid sections were cut and dyed with H&E and
Masson’s trichrome stains, examined and photographed
with light microscope.

Tissue preparation for electron microscopy

The thyroid glands were chopped into minute pieces,
fixed in 2.5 percent glutaraldehyde, rinsed in the phosphate
buffer, then fixed in one percent osmium tetroxide.
Following the fixation, dehydration and embedding
in epoxy resin was done. Toluidine blue was used to
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stain semithin (lum) sections®” and examined by light
microscope. After that, ultrathin sections were done, then
dyed with the lead citrate and the uranyl acetate, inspected
and then photographed with a transmission electron
microscope (Jewel 1200 EX).

Morphometric and statistical study

Only the thyroid follicles in the middle of the thyroid
lobules were measured since they were the active ones. It
included the measurement of:

e The diameter of thyroid follicles in hematoxylin
and eosin-stained sections at a magnification of
x100

*  The height of follicular cells in hematoxylin and
eosin-stained sections at a magnification of x400.

The measurements were achieved by the image analyzer
(Leica Q500 MC) program in the Histology Department
of Ain Shams University's Faculty of Medicine. The
computer was linked to an Olympus XB microscope Japan.
The measurements were carried out per high power field
via (X10 or X40) in six different non overlapping fields
chosen at random in six different sections from six different
animals in each group.

IPM SPSS Statistics Data Editor was used to conduct
the statistical examination. Then, the one-way analysis of
variance test was applied to do data evaluation. The data
was provided as a mean with a standard deviation (SD).
The P value determined the data relevance.

e A P value of more than 0.05 was deemed non-
significant.

* A P value of less or equal to 0.05 was deemed
significant.

* A P value of less or equal to 0.001 was deemed
highly significant.

RESULTS

Group I(Control group)

The subgroups (IA and IB) of group I showed similar
normal histological picture of the thyroid gland, so both
groups were named the control group.

A- Light microscopic results

H&E-stained thyroid sections from group I (control
group) showed the normal architecture of the rat thyroid
gland. The gland was formed of multiple lobules separated
by thin connective tissue septa. The thyroid lobule consisted
of variable sized rounded or oval follicles with connective
tissue and capillary beds in between. The large follicles
were found at the periphery of the gland while the smaller
ones were found at the center of each lobule (Figure 1).
Each follicle was lined with a one layer of flat to cuboidal
follicular thyrocytes that had vesicular rounded nuclei. The
lumen of each thyroid follicle had acidophilic homogenous
colloid. The parafollicular (C) cells were found in groups

between the follicles. They had pale cytoplasm and large
pale nuclei (Figure 2).

Regarding Masson’s trichrome-stained thyroid sections,
thin collagen fibers were observed in the connective tissue
capsule, in between the thyroid follicles and in the septa
between the thyroid lobules (Figure 3).

Examination of semithin sections stained with toluidine
blue showed normal thyroid tissue. Each follicle was lined
with a one layer of cuboidal follicular thyrocytes that
revealed oval or rounded vesicular nuclei with central
prominent nucleoli. The parafollicular (C) cells appeared
large polyhedral and pale with large pale nuclei. They
were embedded between the thyroid follicular cells and
the basement membrane within the follicular epithelium.
Fibroblasts with elongated dark nuclei were observed
around the follicles and in the interstitium between them.
In addition, blood vessels were seen in the interstitium
(Figure 4).

B- Electron microscopic results

Electron microscopic investigation of ultrathin thyroid
gland sections from rats in group I (control group) showed
follicular cells with euchromatic rounded to oval nuclei
and their apical border showed numerous microvilli that
project into the colloid. The lateral surfaces of the thyroid
follicular cells showed tight junctions. Their cytoplasm
showed cisternae of rough endoplasmic reticulum (rER)
that were parallel and regular, mitochondria and dense
lysosomal granules (Figure 5). The parafollicular cells were
also noticed between the thyroid follicular cells and the
basement membrane within the follicular epithelium. Each
cell had large oval euchromatic nucleus, mitochondria,
Golgi apparatuses and numerous electron dense secretory
granules (Figure 6).

4G group
A- Light microscopic results

H&E-stained thyroid sections from the 4G group
showed disintegration and disorganization of the thyroid
follicles. Many follicles were irregular in shape and large in
size (Figure 7). Multiple follicles had interrupted follicular
walls with desquamated epithelial cells in their lumina.
Fusion of some follicles was also seen in some sections.
Many follicles had degenerated colloid in their lumina and
some follicles were empty looking and devoid of colloid.
Follicular cells varied from flattened to low cuboidal and
most of them had flat, dark stained nuclei and vacuolated
cytoplasm. The parafollicular cells were noticed frequently
in the exposed rats. Congested and dilated blood vessels
were also noticed between the follicles (Figure 8).

Regarding Masson’s  trichrome-stained  thyroid
sections, excessive amount of collagen fibers was found
in the septa between the lobules and also in between the
follicles (Figure 9).

Examination of semithin sections stained with toluidine
blue from the 4G group showed large thyroid follicles filled
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with homogenous colloid and lined with one layer of flat
follicular thyrocytes with flat nuclei. Some thyroid follicles
were small and degenerated with desquamated epithelial
cells in their lumina (Figure 10). Other follicles had cells
with heterogenous cytoplasmic granules and pseudopodia
extending into the colloid. These cells were most probably
macrophages (Figure 11). Vacuolated cytoplasm and
pyknotic nuclei were found in some follicular cells
(Figure 12). In addition, congested and dilated blood
vessels were noticed in the interstitium and there was
apparent increase in the parafollicular cells (Figure 10).
Also, degranulated mast cells were frequently noticed in
many semithin sections of this group (Figures 10,11).

B- Electron microscopic results

Electron microscopic examination of the ultrathin
thyroid gland sections from the rats in group II (4G group)
showed follicular cell with hyperchromatic nucleus. Its
cytoplasm was rarified and filled with multiple electron
dense lysosomal granules. Part of the parafollicular cell
was also seen (Figure 13). Other follicular cells showed
irregular nuclei, markedly dilated cisternae of the rER that
lost the lamellar arrangement and swollen mitochondria
(Figure 14). In addition, large cell with hyperchromatic
nucleus and multiple variable sized cytoplasmic
heterogenous granules (electron dense and electron
lucent) was also seen. This cell was most probably the
macrophage. In addition, large amount of collagen fibers
was seen (Figure 15).

Morphometric results and statistical analysis

The mean follicular diameter in pm of the thyroid gland
in all groups was illustrated in (Table 1 and Chart 1).

The mean follicular cell height in pm of the thyroid
gland in all groups was illustrated in (Table 2 and Chart 2).

Fig. 1: A photomicrograph of a section of the rat’s thyroid gland from
the control group showing multiple thyroid lobules (L) separated by
connective tissue septa (CT). Each lobule contains variable sized follicles.
The larger follicles (LL) are present at the periphery of the lobules and
the smaller ones (F) are present at the center of each lobule. Notice the
tangential section of the thyroid follicle (blue arrow) and the groups of
parafollicular cells (P) in association with the small sized follicles. H&E
(X100)

Fig. 2: A photomicrograph of a section of the rat’s thyroid gland from the
control group showing variable sized follicles (F) lined with a single layer
of cuboidal follicular cells that contain central rounded vesicular nuclei
(black arrow). The follicles are filled with eosinophilic colloid (C). Notice
the groups of parafollicular cells (P) between the follicles. H&E (X400)

Fig. 3: A photomicrograph of a section of the rat’s thyroid gland from the
control group showing the collagen fibers in the connective tissue capsule
(CA), in between the thyroid follicles (yellow arrow) and in the septa
(yellow star) between the thyroid lobules. Masson’s trichrome (X400)

Fig. 4: A photomicrograph of a semithin section of the rat’s thyroid
gland from the control group showing normal thyroid follicles filled
with homogenous colloid (C). Each follicle is lined with a single
layer of cuboidal follicular cells with rounded vesicular nuclei (black
arrow). Notice the fibroblasts (FB), the blood capillaries (Bl) and the
parafollicular cells (P) which are large cells with large vesicular nuclei
and pale cytoplasm. Toluidine blue (X1000)
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Fig. 5: Electron micrograph of the thyroid gland from the control group
showing cuboidal follicular cells (F) with rounded to oval euchromatic
nucleus (N) and apical numerous short microvilli (MV) projecting into
the colloid (C). Their cytoplasm shows paralleled cisternae of rough
endoplasmic reticulum (ER), mitochondria (M) and electron dense
lysosomal granules (L). Notice the tight junction (yellow arrow) between
the follicular cells. Uranyl acetate &lead citrate (X2500)
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Fig. 6: Electron micrograph of the thyroid gland from the control group
showing the parafollicular cell (P) with a large oval euchromatic nucleus
(N) lying between the follicular cells (F) and the basal lamina (black
arrow). Its cytoplasm contains many small electron dense secretory
granules (gr), mitochondria (M) and Golgi complex (G). Uranyl acetate
&lead citrate (X2000)

Fig. 7: A photomicrograph of a section of the rat’s thyroid gland from
group II showing irregular thyroid follicles with apparent increase in
the large follicles (LL) and the follicles with degenerated colloid (D).
Notice the wide connective tissue septa between the thyroid lobules, the
parathyroid gland (PA) and the congested dilated blood vessel (Bl). H&E
(X100)

Fig. 8: A photomicrograph of a section of the rat’s thyroid gland from
group II showing large follicles (LL) lined with follicular cells with flat
nuclei (black arrow) and follicles with fused lumina (red star). Some
follicles are denuded having disrupted follicular wall (red arrow) and
other follicles have exfoliated epithelium within their lumina (green
arrow). Some follicles are empty looking (E) and other follicles contain
degenerated colloid (D). Notice the dilated congested blood capillaries
(BI) and the parafollicular cells (P) between the follicles. H&E (X400)

| rigs

Fig. 9: A photomicrograph of a section of the rat’s thyroid gland from
group Il showing many collagen fibers in the connective tissue septa
(yellow star) and between the thyroid follicles (yellow arrow). Masson’s
trichrome (X400)
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Fig. 10: A photomicrograph of a semithin section of the rat’s thyroid
gland from group II showing degenerated micro-follicle (MF) lined
with follicular cells with hyperchromatic nuclei (black arrowhead) and
contains exfoliated epithelium within its lumen (green arrow). The other
thyroid follicles are dilated, filled with homogenous colloid (C) and lined
with flat follicular cells with flat nuclei (black arrow). The interstitium
contains extruded colloid (EC), aggregated parafollicular cells (P), dilated
congested blood vessel (Bl) and mast cell with metachromatically stained
granules (orange arrow). Toluidine blue (X1000)

Fig. 11: A photomicrograph of a semithin section of the rat’s thyroid
gland from group II showing some cells with heterogenous cytoplasmic
granules (red arrowhead) and pseudopodia (yellow arrowhead) projecting
into the lumen of the degenerated follicle. Notice the follicular cells with
pyknotic nuclei (white arrow) and vacuolated cytoplasm (yellow arrow)
and the mast cell with its metachromatically stained granules (orange
arrow). Toluidine blue (X1000)

Fig. 12: A photomicrograph of a semithin section of the rat’s thyroid
gland from group II showing disrupted follicle lined with follicular cells
with pyknotic nuclei (white arrow) and contain desquamated epithelial
cells (green arrow) and few colloid (C) in its lumen. Some cells with
heterogenous cytoplasmic granules (red arrowhead) appeared inside the
lumen of the degenerated follicle (F). Notice the congested blood vessels
(BI) between the follicles and the vacuolated cytoplasm in some follicular
cells (yellow arrow). Toluidine blue (X1000)

2 pm
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1:44:21 p 06/15/21

Fig. 13: Electron micrograph of the thyroid gland from group II showing
one degenerating follicular cell with irregular hyperchromatic nucleus
(NI), rarified cytoplasm (R), multiple electron dense lysosomal granules
(L). Notice the complete loss of the apical microvilli (red arrow) and the
part of the parafollicular cell (P). Uranyl acetate &lead citrate (X3000)
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Fig. 14: Electron micrograph of the thyroid gland from group II showing
follicular cells with irregular nuclei (N), dilated rough endoplasmic
reticulum (ER), fragmented rER (r), swollen mitochondria (m) and
multiple lysosomes (L). Notice the complete loss of the apical microvilli
(red arrow). Uranyl acetate &lead citrate (X2000)
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Fig. 15: Electron micrograph of the thyroid gland from group II showing
thyroid macrophage. Its cytoplasm shows hyperchromatic nucleus (NI),
multiple variable sized cytoplasmic heterogenous granules; electron
dense (d) and electron-lucent (V). Notice the multiple collagen fibers (C)

in the interstitium. Uranyl acetate &lead citrate (X2500)

Table 1: Mean (pum) + SD of the mean follicular diameter of the
thyroid gland in all groups

Sham exposed

Control group aroup 4G group
Mean +
Standard 43.57 +2.86 4324277 61.66 +4.15
deviation
(P<0.001) 2
g — 1
P-value (P=10.863) (P<0.001)*
(P)'= non-significant decrease compared to the control group.

(P)?=highly significant increase compared to the control group.
(P)*= highly significant increase compared to the sham exposed group.

Table 2: Mean (um) = SD of the mean follicular cell height of the
thyroid gland in all groups

Sham exposed

Control group aroup 4G group
Mean +
Standard 6.15+0.08 6.12+£0.07 3.9+0.56
deviation
(P<0.001)2
_ — 1
P-value (P=0.896) (P<0.001)>
(P)'= non-significant decrease compared to the control group.

(P)?=highly significant increase compared to the control group.
(P)3= highly significant increase compared to the sham exposed group.

The mean follicular diameter (um)

Controlgroup Sham exposad

group

4G group

Chart 1: The mean follicular diameter in pm of the thyroid gland in all

groups
The mean follicular cell height {um)

7
&
5
a
3
2
1
0

Control group Sham exposad 4G group

group

Chart 2: The mean follicular cell height in pm of the thyroid gland in
all groups

DISCUSSION

Mobile phones are considered the chief source of
electromagnetic radiation as they are used and carried
close to the body. The whole-body acts as antenna for
electromagnetic radiation absorption. That’s why the
signals transmitted by a mobile phone can reach all the
body parts, penetrate deep into the living tissues, and affect
the body at the cellular level®!!.

The purpose of this study was to investigate the impact
of electromagnetic waves emitted from 4G mobile phones
using the adult male albino rat as an experimental model.

In mammals, the glandular activity of the thyroid gland
is commonly determined by the thyroid hormone secretion
rate. In spite of that, the histological examination of the
gland was found to be the most sensitive parameter for
the detection of factors which adversely affect the thyroid
function??l.

Rodents and humans share similarities in the
histopathology of the thyroid lesions. That’s why the rat
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model is relevant for the assessment of possible thyroid
lesions in humans. Male rats were chosen in this study
as they have higher circulating TSH levels than female
rats, so they are more sensitive to the thyroid toxicants. In
addition, estrogen (the female sex hormone) may increase
the risk of thyroid diseases.

Histopathological examination of the rat’s thyroid
glands in the 4G group revealed significant light
microscopic and ultrastructural changes in the exposed
rats’ thyroid glands.

In this study, light microscopic examination revealed
significant increase in the diameter of the thyroid follicles,
decrease in the height of the follicular epithelium and
increased colloid in some follicles. These findings were
confirmed by morphometric analysis. Similar findings
were observed by Esmekaya et al., (2010)!'¢! who reported
that these changes could suggest resting and unstimulated
follicular cells in the radiofrequency exposed group as
the height of the follicular epithelium depends mainly on
the functional status of the thyroid gland. The intake of
the colloid reduces as the activity of the thyroid follicles
declines, which inhibits thyroid hormone secretion and
synthesis. As a result, the colloid builds up in the follicular
lumen, lowering the height of the nearby thyroid follicular
cells. That is to say, the lower the follicular cells' height,
the lower their activity. In the same context, Koyu
et al., (2005)?1 found decreased serum TSH, T3 and T4
in rats that were exposed to 900-megahertz radiofrequency
radiation emitted by mobile phones. Therefore, we could
hypothesize that decreased serum TSH might be the cause
for the hypoactivity of the rats’ thyroid glands and the
resting follicular thyrocytes.

In this study, H&E-stained thyroid sections showed
some follicles displaying evidence of thyroid degeneration
such as interrupted walls, exfoliated epithelium, dark
stained nuclei and vacuolated cytoplasm in some follicular
cells and degenerated colloid that became eccentric in
position. These findings were coincided with Mohamed
and Elnegris, (2015)?* and Tuncal ef al., (2021)2,

In addition, the semithin sections of the exposed rats
showed also denuded follicles with exfoliated epithelium in
their lumina and follicular cells with vacuolated cytoplasm
and pyknotic nuclei in their walls. Some collapsed micro
follicles were also seen. Extruded colloid was also found
in the interstitium. Moreover, some degenerated follicles
had cells with heterogenous cytoplasmic granules and
pseudopodia extending into the colloid. These cells
were most probably macrophages. The accumulation of
macrophages in the thyroid follicle is called granuloma.
These granulomatous lesions are caused by the rupture
of thyroid follicles with subsequent invasion by the
macrophages as a reaction to extruded colloid?®!.

These light microscopic findings were confirmed by
electron microscopic examination and many ultrathin
sections showed follicular cells with pyknotic nuclei, dilated
rough endoplasmic reticulum, degenerated microvilli,

swollen mitochondria and increased lysosomes. Similar
findings were also observed by Mohamed and Elnegris,
(2015)?4 and Rajkovic et al., (2006)*" as a response of the
rat’s thyroid gland to low frequency electromagnetic field.

It was reported that the cellular responses to
electromagnetic field exposure is manifested as reversible
and irreversible functional and structural changes to the
cells and their organelles, respectively?*l. Previous studies
reported that cell phones can affect the thyroid gland tissue
through nonthermal and thermal impacts via stimulating
the receptors of the cells and disrupting the junctional
complexes between the cells. The nonthermal action of the
non-ionizing radiation can cause reactive oxygen species
to develop and heavy metals to accumulate in the cell®. In
this aspect, previous studied reported that radiofrequency
radiation could induce caspase-9 and caspase-3 dependent
apoptotic pathways in follicular cells of rat’s thyroid gland
with subsequent apoptosis. Furthermore, radiofrequency
radiation can activate the NADPH oxidase enzyme
found on the cell membrane with subsequent production
of reactive oxygen species and triggering of apoptosis.
The oxidative stress can disturb the cellular calcium
pumps, binding proteins and transporters. Moreover, the
radiofrequency radiation itself can act on the Ca pumps
leading to Ca efflux from the cells with subsequent cellular
apoptosis!'®.

In addition, electromagnetic field induces lipid
peroxidation which leads to alteration in the lipid/protein
ratio within the cell membrane or the cell itself. This
lipid peroxidation leads to distraction of the thiol groups
in cell membrane and initiation of reactions that leads
to cell death®. Also, lipid peroxidation could enhance
the transport of water and electrolytes into the follicular
cell and that leads to cytoplasmic vacuolation!. On the
other hand, Mohamed and Rateb, (2019)B3% attributed the
vacuolated cytoplasm to the presence of dilated rER. The
disruption in the protein production within the dilated
rough endoplasmic reticulum may hinder the production
of apoptosis inhibitors or loss of the critical proteins that
are implicated in cellular homeostasis, which results in
cell death and the degenerated follicular cells are liable to
slough off (Mohamed and Rateb, 2019)B"

Apparent increase in the mast cells within the
interfollicular spaces was characteristic finding in this
work. Similar finding was also observed by Rajkovic et al.,
(2005)P1 as a result of low-frequency electromagnetic field
exposure in the rat thyroid gland. Rajkovic et al., (2005)53%
stated that the increase in degranulated mast cells could be
a direct response to radiation. Other researchers reported
that TSH promote the release of serotonin from mast
cells in the thyroid gland. In turn serotonin activates the
follicular cells and stimulates them to engulf thyroglobulin
from the colloid®’. On the other hand, mast cells can
release proteases. These enzymes are kept in an active
state in the mast cell and when mast cells degranulate,
big quantities of proteases are ejected from the cytoplasm
into the extracellular areal®. The activation of protease-
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activated receptor 2 (PAR2) by proteases produced by
the mast cells contributes to inflammation in the tissues
and the disruption of the tight junctions between the cells
with subsequent increase in the barrier permeability®*.
This could explain the denuded follicles and the extruded
colloid in the interstitium.

Congested blood vessels in the interfollicular spaces
were also seen in this study. This finding was also observed
by Shaukat et al., (2011)P* as a response of rat thyroid
tissue to exposure to mobile phone radiation for 8 weeks.
This vascular effect of the electromagnetic field was also
in agreement with Rajkovic et al., (2006)” who attributed
it to mediators from the intrathyroid nerve endings and the
mast cells that are present around the blood vessels. These
mediators increase the thyroid blood flow and the capillary
permeability and that enable important molecules as TSH
to reach the thyroid by the bloodstream.

Moreover, there was apparent increase in the
parafollicular cells in the exposed rats in the present
work. This finding was also observed by Lopez-Martin
et al., (2021)P% who stated that nonionizing radiation
might form a toxic environment that can change the
function, morphology, and stress response of the
parafollicular cells. In this aspect, Mohamed and Elnegris,
(2015)24 also reported the probable link between the
thyroid gland's function and the c cells’ activity via one
of these mechanisms; TSH indirectly regulates the c cells,
the thyroid follicular cells regulate the c¢ cells, or the ¢
cells regulate the thyroid follicular cells. In the same
context, some researchers reported that C cells have TSH
receptors, and they can produce many regulatory peptides
like helodermin, gastrin-releasing peptide and serotonin
that can alter follicular cell activity and stimulate thyroid
hormone synthesis. Also, C cells can synthesize melatonin
that can play a role in the thyroid gland antioxidant defense
against any oxidative stress®’l,

In this work, thyroid sections stained with Masson's
Trichrome demonstrated an increase in collagen fiber
deposition in the interstitium. Similar finding was also
observed by Mohamed and Elnegris, (2015)** who stated
that this finding is a direct response of the rat’s thyroid
tissue to low frequency electromagnetic fields. Some
authors reported that oxidative stress and reactive oxygen
species can activate TGF-f transforming growth factor beta
which is considered the cytokine that is most effective in
promoting fibrosis®®®. In addition, radiation could activate
TGF- and once it is activated after radiation, it can
promote a chain of cellular events which result in increased
collagen deposition and radiation-induced fibrosis. Also,
TGF- B has the ability to draft neutrophils and activate
the macrophages. The macrophages that are activated can
release a variety of cytokines, including TGF- 3, which can
cause fibrosis by stimulating fibroblasts to secrete some
matrix proteinst®?,

CONCLUSION

The current study found that exposing the adult male
rat’s thyroid gland to the radiofrequency radiation of a 4G

cell phone caused structural alterations at the light and
electron microscopic levels, leading to thyroid hypoactivity.

RECOMMENDATIONS

Make a bigger space between your phone and your
head or body. This can be accomplished by:

» utilizing a hands-free accessory such as a wired
earpiece or a microphone

+ talking on the phone while in speaker mode
» texting instead of chatting

*  placing your thumb between the phone and your
ear.
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