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Abstract

Purpose: In the present study we investigated the possible histopathological effects of pulse modulated Radiofrequency (RF)
fields on the thyroid gland using light microscopy, electron microscopy and immunohistochemical methods.
Materials and methods: Two months old male Wistar rats were exposed to a 900 MHz pulse-modulated RF radiation at a

specific absorption rate (SAR) of 1.35 Watt/kg for 20 min/day for three weeks. The RF signals were pulse modulated by
rectangular pulses with a repetition frequency of 217 Hz and a duty cycle of 1:8 (pulse width 0.576 ms). To assess thyroid
endocrine disruption and estimate the degree of the pathology of the gland, we analysed structural alterations in follicular
and colloidal diameters and areas, colloid content of the follicles, and height of the follicular epithelium. Apoptosis was
confirmed by Transmission Electron Microscopy and assessing the activites of an initiator (caspase-9) and an effector
(caspase-3) caspases that are important markers of cells undergoing apoptosis.

Results:  Morphological analyses revealed hypothyrophy of the gland in the 900 MHz RF exposure group. The results
indicated that thyroid hormone secretion was inhibited by the RF radiation. In addition, we also observed formation of
apoptotic bodies and increased caspase-3 and caspase-9 activities in thyroid cells of the rats that were exposed to modulated

RF fields.

Conclusion: The overall findings indicated that whole body exposure to pulse-modulated RF radiation that is similar to that
emitted by global system for mobile communications (GSM) mobile phones can cause pathological changes in the thyroid
gland by altering the gland structure and enhancing caspase-dependent pathways of apoptosis.
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Introduction

The usage of mobile phones has been substantially
increasing and there is a considerable concern about
possible health hazards of mobile phone radiation.
Some studies actually showed a higher brain cancer
risk in people who had used mobile phones for more
than ten years (Hardell et al. 2008). The results of
the INTERPHONE study suggested a possible
relation between mobile phone use (at high exposure
levels) and risk of glioma. The risk for glioma tended
to be greater in the temporal lobe than in other lobes
of the brain (The INTERPHONE Study Group
2010). For both analogue and digital mobile phones,
the signals transmitted and received are in the form
of waves in the radiofrequency (RF) part of the

Electromagnetic Spectrum which is modulated by
low frequency information signals. Since the quan-
tum photon energy of the RF radiation (RFR) is not
sufficient to cause ionisation of atoms, its biological
effects on tissues may be explained by thermal and
non-thermal mechanisms. Non-thermal effects of the
RF radiation occur at the levels of the energy which is
unlikely to increase the temperature of the tissue,
nevertheless physical or biochemical changes are
induced at these energy levels. In recent years, there
have been many epidemiological and animal studies
reporting a variety of biological effects caused by
RFR. Molecular and cellular effects of RFR exposure
have been reported, including strand-break in
DNA, gene expressions, release of calcium from
intracellular storage sites (LLai and Singh 1996,
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Pacini et al. 2002, Buttiglione et al. 2007) cell
proliferation inhibition (French et al. 1997), and
alteration of membrane channels (Apollonio et al.
1997). Although the mechanism by which RFR
exerts these effects remained unclear, some authors
pointed out a possible role of free radical formation
inside cells (Garaj et al. 2009). It is known that free
radicals kill cells by damaging macromolecules, such
as DNA and proteins. Several studies have showed
that electromagnetic fields enhance free radical
activity in biological cells and tissues (Zmyslony
et al. 2004, Luukkonen et al. 2009).

Apoptosis is a highly regulated and evolutionary
conserved pathway of cell death that plays a critical
role in development and maintenance of tissue
homeostasis. Disturbances in apoptosis regulation
could lead to many diseases (Hashimoto 1996). It is
involved in the homeostasis of follicular cells of the
thyroid gland as well as in the destructive mechan-
isms of autoimmune thyroiditis such as Hashimoto’s
Thyroiditis (HT) and cell death in thyroid cancer.
The caspases (Cysteinyl-aspartate-specific protei-
nases), that are the family of the cysteine proteases
and the members of the interleukin-1f-converting
enzyme family, are one of the main executors of the
apoptotic process. They have an importance role in
the apoptotic signaling network which are activated
in most cases of apoptotic cell death. Caspase-9 plays
a central role in cell death induced by a wide variety
of apoptosis inducers including tumour necrosis
factor-alpha (TNFa), tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL), fatty acid
synthase/apolipoprotein-1 (Fas/Apol), fas-associated
protein with death domain (FADD), and tumour
necrosis factor receptor-associated death domain
protein (TRADD). Caspase-9 cleaves and activates
the apical effector caspases such as caspase-3 that is
one of the key executioner of apoptosis, being
responsible either partly or totally for the proteolytic
cleavage of many key proteins, and the activated
form of it is a marker of cells undergoing apoptosis
(Gerald 1997, Lin 2001). Some of the in vitro studies
have reported induction of caspase-dependent and
caspase-independent apoptotic pathways attributable
to RFR exposure. Menadione-induced caspase-3
activity was increased in mouse 1.929 fibroblast cells
as a result of exposure to a 872 MHz modulated
RFR at a specific absorption rate (SAR) of 5 W/kg in
isothermal conditions for 1 or 24 h (HOyto et al.
2008). Time-dependent apoptosis (45% for 3 h) was
reported by Caraglia et al. (2005) in human
epidermoid KB cancer cells derived from squamous
head and neck cancer after exposure to a 1.95 GHz
continuous-wave RFR at 3.6 W/kg for 1-3 h. Joubert
et al. (2008) has observed increased caspase-3
independent apoptosis in rat primary neuronal
cultures exposed to a 900 MHz continuous-wave
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RFR at 2 W/kg for 24 h. Increased percentage of
early apoptotic retinal ganglion cells were reported
by Zhou et al. (2008) after exposure to a 2,450-MHz
RFR at 30 mw/cm? and 60 mW/cm? for 1 h. How-
ever, negative results have been also reported
depending on cell type and exposure characteristics
(Hook et al. 2004, Joubert et al. 2007).

The thyroid gland plays an essential role in
regulation of body growth, development, metabolism
and activity of nervous system and disturbances of
the thyroid gland have striking effects in metabolism
of the body as a whole. Studies have shown that RFR
has effects on the thyroid gland (Black and Heynick
2003) including morphological and functional altera-
tions of the gland. A decrease in serum thyroid-
stimulating hormone (T'SH) level has been reported
in male volunteers who were exposed to global
system for mobile communications (GSM) modu-
lated RF radiation for 2 h/day for a month (De Seze
et al. 1998). Similarly, lower levels of TSH and
thyroid hormones (TH) were revealed in animal
studies as a result of exposure to continuous-wave
RFR (Koyu et al. 2005).

In this study, we investigated the possible histo-
pathological effects of a 900 MHz pulse-modulated
RFR on the thyroid gland using light microscopy,
electron microscopy and immunohistochemical
methods. Thyroid cells undergoing apoptosis were
identified by electron microscopy and activities of
an initiator (caspase-9) and an effector (caspase-3)
caspases which are important markers of cells
undergoing apoptosis.

Materials and methods
Experimental animals and treatments

The study was conducted on two-month old male
Wistar rats (weighing 200-300 g) purchased from
the Hifsizsthha Institute. Animals were housed in
a room maintained at 22 + 1°C and 50 4+ 10%
humidity, and under 12-h light-dark cycle (light in
room 07:00— 19:00 h). Rats were fed commercial rat
chow and given water ad libitum. None of the animals
died during the experiment. The investigation was
carried out in accordance with national and interna-
tional laws and approved by the Local Ethics
Committee of Gazi University Faculty of Medicine.
At the beginning of the experiment, the animals were
divided randomly into three groups: cage-control
group (n=10), sham-exposed group (n=10), and
900-MHz pulse-modulated RF radiation exposed
group (n=10). The RF-group was exposed to a
900-MHz pulse-modulated RF radiation 20 min/day
for 21 days. The sham-exposed group rats were
subjected to the same experimental procedure of the
RF-exposed group except that the signal generator
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was turned off. Rats of the cage-control group
were housed in their home cages during the entire
experimental period without subjecting to any
experimental manipulation. The rats were sacrificed
by decapitation following anesthesia by intramuscu-
lar injection of ketamine (50 mg/kg) and xylazine
(5 mg/kg).

Exposure system

The exposure system consisted of a RF generator
(Agilent Technologies, Santa Clara, CA, USA) that
produced the 900 MHz REF signals, a power amplifier
(Hittite, Chelmsford, MA, USA) that amplified the
output power of the RF generator, an arbitrary
function generator (Thandar, Cambridgeshire, UK)
that applied the pulse modulation input of the RF
generator, and a rectangular (20-25 cm) horn
antenna (ETS-Lindgren, St Louis, MO, USA) facing
upwards (Figure 1). The RF signals were pulse
modulated by rectangular pulses with a repetition
frequency of 217 Hz and a duty cycle of 1:8
(pulse width 0.576 ms). 217-Hz pulse signals were
observed and verified by using an oscilloscope. Poly-
methyl methacrylate plastics cage (15 x 20 x 20 cm)
which the rats were housed in was placed symme-
trically along the axis which is perpendicular and
10 cm above the mid-line of the horn antenna. The
cage was constantly aerated to avoid the possibility of
any increase in temperature inside the cage. To
obtain sufficient field intensity, a cage was placed in
the near field of the antenna. Electric field measure-
ments were performed along the horn antennas axis
by using an isotropic probe (Rohde and Schwarz,
Munich, Germany) and a handheld spectrum analy-
ser RandS™FSH4 (Rohde and Schwarz, Munich,
Germany). The RF environmental background

— plastic cage —

Antenna

level in the frequency range of 30 MHz to 3 GHz
was 0.1-0.22 V/m.

At the beginning of exposure, average power
density was measured at a reference point which
was the mid-point of the bottom of the cage wall
facing the horn antenna. The maximum power
density was observed along the axis of the antenna
and it decreased uniformly with the distance from the
antenna’s axis.

SAR is a measure of the rate of radiation energy
absorption per unit weight of tissue and is expressed
in units of watts per kilogram (W/kg). It is a widely
used dosimetric quantity to compare the absorbed
energy in different biological tissues. The SAR value
was estimated by measurements and calculations in
this experiment.

SAR was computed using the following equation:

SAR = 0/p [Egys:|[W/ke]

where; Erms 18 the root mean square value of the
electric field (V/m), ¢ is the mean -electrical
conductivity of the tissues in siemens/meter (S/m)
and p is the mass density (kg/m’) (International
Commission on Non-Ionizing Radiation Protection
[ICNIRP] 1998, Institute of Electrical and Electro-
nics Engineers/American National Standards Insti-
tute [IEEE/ANSI] IEEE C95.1-1991). The rat
body was assumed an equivalent tissue based on
the average of the dielectric properties of the 36
tissues in the rat segmented at Brook Air Force
Base. Conductivity (0.87 S/m) and mass density
(1105 kg/m’) were derived for the equivalent tissue
by using dielectric properties and mass densities of
these tissues. The RF exposure in the experiment
resulted in a whole body average SAR of 1.35 W/kg
with an Erpms field of 41 V/m.

Oscilloscope

Function

Generator
Power Signal
Amplifier Generator

Figure 1. Schematic diagram of the RF exposure system.
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Body temperature of rats was recorded by rectal
measurements prior and after exposure session. The
RF exposure resulted in a mean rectal temperature
increase of 0.2°C.

Histological assesment

After sacrification, thyroid glands of the rats were
immediately excised, trachea and adherent tissue
attached to the thyroid gland was removed. Speci-
mens were taken from the middle of the right lobes
and fixed in 10% neutral phosphate-buffer formal-
dehyde solution for 24 h at room temperature. After
fixation, the specimens were dehydrated in a graded
alcohol series, embedded in paraffin wax, and cut
into 5 um sections, deparaffinised in xylene and
stained in Hematoxylin and Eosin (Merck, Darm-
stadt, Germany).

Immunohistochemistry

Formalin-fixed paraffin embedded tissue blocks were
cut at 5 ym and mounted on poly-L-lysine coated
glass line, then deparaffinised and dehydrated with
xylene and graded alcohol. Slides were washed in
PBS (Phosphate Buffered Saline) and treated in a
microwave oven in 10% citrate buffer at pH 6 for
antigen retrieval. After incubation of the slides for
20 min in room temperature, they were enrolled with
a pap-pen (hydrophobic pen). Endogenous perox-
idase activity was blocked by immersing the slides
in 3% hydrogen peroxide. Application of ultra V
block was followed by incubation of the slides with
the primary antibodies to caspase-3 and caspase-9
(Lavvision/NeoMarkers Corporation, USA) cleaved
for 30 min at room temperature. Finally the slides
were counterstained with hematoxylin then dehy-
drated and mounted. All the slides were evaluated
with a DM 2000B light microscope (Leica, Ger-
many).

Electron microscopy

For the transmission electron microscope (TEM)
analyses, thyroid glands were excised and prefixed
immediately in 2.5% glutaraldehyde solution in 0.1
M sodium cacodylate buffer (pH 7.4) for 2 h at room
temperature. The tissues were then fixed in a
similarly buffered solution of 1% osmium tetraoxide
(Sigma, St Louis, MO, USA) for 2h at 4°C.
Specimens were dehydrated through a graded series
of acetone and then in propylene oxide and
embedded in Araldite (Sigma, USA) and dodece-
nylsuccinicanhydride (DDSA). One micrometer
semi-thin cut sections were stained by toluidine blue
to select the region of interest. Ultra-thin sections
obtained with an ultramicrotome using a diamond
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knife were collected on 150 mesh copper grids and
stained with uranyl acetate and lead citrate. The
sections were examined and photographed using
a LEO 906 E TEM (Carl Zeiss, Oberkochen,
Germany).

Histomorphometrical examination of the thyroid gland

Morphological appearance of the thyroid follicles,
follicular epithelium cells, and the content of the
colloid show variations according to the functional
activity of the thyroid gland. To show thyroid
endocrine disruption, several parameters were accu-
rately measured to characterise the structural
changes in the gland. To estimate the degree of
pathology and the activity of the thyroid gland,
alterations in the diameter and area of the follicles,
diameter and area of the colloids, the content of the
colloid in the follicles, and height of follicular
epithelial cells of the thyroid gland were analysed.
Photomicrographs of the each thyroid follicle in
randomly selected areas were obtained by a Leica
light microscope. The follicular and colloidal area
and diameter of 50 randomly selected follicles and
colloids were measured in each of 10 randomly
chosen fields using a Qwin3 software (Leica,
Germany). Thus, 500 follicular and colloidal area
and diameter from each animal was measured. The
area of the colloid was measured by calculating the
area enclosed by the apical surface of the follicular
epithelium cells. The colloid content of the follicles
in the vesicle was obtained by using an ocular
containing a grid and 40 x magnification. The height
of 10 randomly selected epithelial cells was measured
in 10 randomly chosen fields at 400 x magnification
with an ocular micrometer. The average values for
each parameter was calculated for each gland and the
averages were treated as individual values. All data
were presented as mean values + standard deviation
(SD). Differences among the three treatment
groups were analysed by the one-way analysis of
variance (ANOVA). The Tukey’s Honestly Signifi-
cant Difference (HSD) test was used for pairwise
comparisons between groups. The accepted level of
significance was set at p < 0.05.

Evaluation of the immunohistochemical staining

Immunohistochemical findings were scored by using
the Immunoreactive Scoring System (IRS) depend-
ing on the extent and intensity of positively staining
thyroid follicular cells in 10 randomly selected fields.
The intensity of staining was graded semi-quantita-
tively on a four points scale: 0 (negative), 1 (weak),
2 (moderate), and 3 (strong). The extent of positive
immunoreactivity was scored according to the
percentage of positively stained thyroid follicular
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cells for the active caspase-9 and caspase-3 as
follow: 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51—
75%), and 4 (76-100%). An overall final score was
obtained in each case by adding the intensity to the
extent score. Tissues having a final staining score of
two or more were considered to show positive
expression. A final staining score of 2-3 was
considered weak expression (+), 4-5 was moderate
expression (+4), and 6-7 was strong expression
(+++). All slides were graded independently by two
pathologists without previous knowledge of exposure
history of the samples. The final scores of staining
were given as mean + standard deviation (SD). Data
were analysed by the Kruskal-Wallis and Dunnett’s
multiple comparison post hoc tests. Differences were
considered to be significant at p < 0.05.

Results
Thyroid morphometry

Figure 1 illustrates characteristic microscopic pic-
tures of the thyroid follicles of cage-control, sham-
and RF-exposed rats. Thyroid glands of the rats
exposed to pulse-modulated RF radiation showed a
high prevalence of cell hypothyrophy. Oval and
round shaped macro-follicles with denser colloid
were dominant in the thyroid glands of RF-exposed
rats. Because of the fact that the whole gland
appeared to have a macro-follicular structure, the

lumina became smaller in RF-exposed thyroids.
Small to medium follicles were predominant in
thyroids of sham-exposed and cage-control rats.
However, some large follicles were seen in each
group. Follicular architecture of the cage-control and
sham groups showed a considerable heterogeneity.
Small amount of colloid droplets was seen in cage-
control thyroids suggesting an active gland with
microvilluses in the apical surface. Follicular struc-
ture was destroyed (Figure 4c, 4d) and follicular
cells were irregular in shape and distribution in the
RF-exposed group.

In contrast to cage-control and sham thyroids,
electron dense lysosomes in apical cytoplasm were
seen in the RF-exposed thyroids. Low prismatic
round shape nuclei were settled in the cage-control
group (Figure 2a). The nucleus of the RF-exposed
thyroids were observed in the basal line. The shape of
the RER (rough endoplasmic reticulum) and the
nuclei were regular in sham thyroids (Figure 3b). A
remarkable crista lost in the mitochondria and
apoptotic bodies were noticeable in thyroid cells of
RF-exposed group (Figure 3c, 3d).

RF-exposed rats had higher follicle diameters in
their thyroid glands compared to sham and cage-
control rats (p < 0.001). Similarly, diameters of
colloids increased significantly in the RF-exposed
group (p < 0.001). However, follicular and colloidal
diameters did not show any significant difference
between the sham and cage-control groups

Figure 2. Photomicrographs of the thyroid sections from representative control (a), sham (b) and RF-exposed (c) rats. RF exposed group
thyroids presented comparatively large thyroid follicles filled by a variable quantity of dense colloids, Hematoxylin and Eosin
Magnification x 40. Note that macrofollicles are dominant in exposed thyroids (f). Control (d) and sham (e) thyroids were characterised
by small to medium follicles with less dense colloid, Hematoxylin and Eosin magnification x 10.
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(p > 0.05) (Figure 5b). Follicular area increased
significantly in RF-exposed thyroids than those of
cage-control and sham thyroids (p < 0.001). As seen
in Figure 2c, some follicles were greatly increased in
size in the RF-exposed group. Follicular area did not
differ significantly in sham and cage-control thyroids
(p > 0.05) (Figure 4a). The change in follicular area
in RF-exposed group was accompanied with a
significant increase in the colloidal area. The overall
colloid area increased significantly in the RF-exposed
group in comparison with the sham and cage-control
groups (p < 0.001). Colloid area did not differ
signifantly between the sham and cage-control
groups (p > 0.05) (Figure 5a). The proportion of
the colloid matter in the thyroids of the RF-exposed
rats increased significantly compared to the corre-
sponding cage-control and sham colloid contents
(p < 0.001). Colloid matter occupied 89% of the
total thyroid area in the RF-exposed group, whereas
sham and cage-control rats had less colloid present in
their thyroid glands (Figure 5e). A significant
decrease was seen in the follicular cell height of the
thyroids in the RF-exposed group than the sham and
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cage-control groups (p < 0.001). However, the
height of the follicle epithelium cells in the RF-
exposed group was sigificantly reduced (P? < 0.001)
by 23% and 27%, respectively, when compared
with those of the sham and cage-control groups
(Figure 5c¢).

Immunohistochemical results

A semi-quantitative analysis of the RF-exposed
thyroids showed moderate to high caspase-9 cleaved
immunoreactivity in follicular cells, apical mem-
brane, interstitial connective tissue, and colloids in
the follicular lumen. The staining of caspase-9
antibody was also remarkable i parafollicular cells
in the RF-exposed group (Figure 6e). The overall
final immunoreactive score which was obtained from
the sum of intensity and extent scores was 6.3 in the
RF-exposed group showing a strong expression
(+++4) (Table I). It was significantly higher
(p < 0.01) than the final immunoreactive scores
of the sham (2.1) and cage-control (2.5) groups
(Table I). The specimens of sham (Figure 6d) and

Figure 3. (a) Control group: nucleus (n), nucleolus (no), rough endoplasmic reticulum (RER) and microvilli (mv) are seen in the cell
forming the follicular wall of the thyroid gland (Lead citrate-uranyl acetate x 2784); (b) Sham group: In the follicular unit forming the
thyroid gland follicular cells within the wall; n, no, RER and mv are located on the apical surface facing towards the follicular lumen (mu)
(Lead citrate-uranyl acetate x 2784); (c) RF-exposed group: In the follicular unit belonging to the thyroid gland, several follicular cells
forming the follicular wall and having n, no, many pleomorfic lysosom (ly) and mitochondria losing crista are seen. Apopotic changes are
seen on the upper left corner of the figure. (Lead citrate-uranyl acetate x 2784); (d) In the greater magnification of the RF-exposed group
follicular cell, nucleus (n), RER and mitochondria showing cristalysis can be seen in detail. (LLead citrate-uranyl acetate x 10,000)
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Figure 4. Toluidine Blue staining of control (a), sham (b) and RF-exposed group (c, d) thyroid specimens. Note the destruction of follicular

architecture in RF-exposed group, Magnification x 40.

Table I. Final immunoreactive scoring of Caspase-9 ans Caspase-3
expressions.

Caspase-9 Mean + SD Caspase-3 Mean + SD

Control (n=10) 2.39 + 0.16 Control (n=10) 1.54 + 0.2

Sham (n=10)  1.99 + 0.49 Sham (z=10) 1.39 +0.13

Exposed 4.63 + 0.34* Exposed 4.32 + 0.29*
(n=10) (n=10)

The data represent mean + SD of 10 independent experiments.
*Significantly different between exposed and control or sham
groups (p < 0.01) by Kruskal-Wallis and Dunnett’s Multiple
Comparison Post Hoc tests.

cage-control groups (Figure 6¢) showed a weak (+)
caspase-9 immunolabeling and no significant differ-
ence were observed between these groups (p > 0.05).
We found a positive caspase-3 immunoreactivity
with a predominance of strong expression (+++) in
follicular cells, apical membrane, interstitial connec-
tive tissue and parafollicular cells in the RF-exposed
group (Figure 6b). The sham (Figure 6a) and cage-
control groups showed a weak positive (+) caspase-3
immunoreactivity in follicular cells. The final im-
munoreactive score in the RF-exposed group was 6.1
(Table I), which was significantly higher (p < 0.01)
than those of the sham and cage-control groups.
There was no statistically difference between sham
(2.4) and cage-control (2.7) groups (Table I)
(p > 0.05) in terms of final immunoreactivity scores.

Discussion and conclusion

Histopathological examination of the thyroid gland
of the cage-control, sham- and RF-exposed rats
showed significant pathlogical changes in the thyroid
glands of the RF-exposed rat. Exposure to pulse-
modulated RF radiation caused striking changes in
the thyroid structure. Morphometrical analysis re-
vealed hypothyrophy of the gland in the RF-exposed
group. A significant decrease in follicular epithelium
height suggested unstimulated and resting follicular
cells in the RF-exposed group. It is known that
follicle epithelium height depends on the functional
state of the thyroid gland and lower follicular
epithelium height is related with resting follicular
cells (Ingbar 1985). The diameter and area of the
colloid in the lumen of the follicles of the RF-
exposed group increased significantly. This indicates
that thyroid glands of the RF-exposed rats were in an
inactive state. Resting follicles are usually associated
with increased thyroid colloidal area. Inhibition of
phagocytosis/pinocytosis of the colloid that contains
thyroglobulin causes it to accumulate in the follicular
lumen, thereby increasing the colloidal diameter and
diminishing the height of the follicular epithelium.
An inhibition of the pinocytosis and endocytosis
processing of thyroglobulin from the colloid causing
a decrease in thyroid secretion and increase in
collloid content has been reported (Denef et al.
1989, Castillo et al. 2003, Wollman et al. (1990).
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Figure 5. (A) Follicular and colloidal area (um?); (B) The follicle and colloid diameter (um); (C) The height of the thyroid follicular cells
(um); (D) Colloid content. Bars indicate mean + SD of 10 independent experiments. *significantly different at p < 0.001 by ANOVA.

Moreover the increase in the follicular area and
diameter in the RF-exposed group may be associated
with the increase in colloidal area and colloidal
diameter. Because it is known that the size of a
follicle depends on the amount of colloid (Hartoft
et al. 2005). These morphometrical results of this
study suggest that TH secretion is inhibited by pulse
modulated RF radiation.

In addition to the observations of structural
changes in the thyroid glands of the RF-exposed
group, we also observed increased caspase-3 and
caspase-9 activations in thyroid cells of the exposed
rats. The distinct formation of typical morphology
characteristic indicators — apoptotic bodies in the
exposed group with explicit crista lost in mitochon-
dria — indicated that thyroid follicular cells were in
apoptotic stage. Our results showed that pulse-
modulated RFR can induce caspase-3- and cas-
pase-9-dependent apoptotic pathways in thyrocytes
of the thyroid gland and supports the hypothesis that
RFR may enhance apoptosis. There are studies
reporting controversial results on the activation of

caspases and apoptotic responses due to continuous-
wave or modulated RF radiation exposure in
different cell types. Palumbo et al. (2008) reported
increased caspase-3 activation in proliferating human
lympochytes that were exposed to a 900 MHz RFR.
On the contrary, Merola et al. (2006) and Joubert
et al. (2006) found no significant effects on caspase-3
activity in human LLAN-5 neuroblastoma and SH-
SY5Y neuroblastoma cells after RFR exposure.
Marinelli et al. (2004) observed activation of both
p53-dependent and p53-independent apoptotic
pathways in T-lymphoblastoid leukaemia cells ex-
posed to a 900 MHz continuous-wave RFR at
3.5 mW/kg SAR level for 2-48 h. The human colon
cancer LoVo cells showed pathological change of
apoptosis after exposure to RFR, whereas normal
human WI-38 cells showed no detectable apoptotic
response (Maeda et al. 2004). Markkanen et al.
(2004). showed that 872 MHz or 900 MHz
modulated RFR with a pulse deviation of 0.577 ms
and pulse repetition of 217 Hz enhanced Ultraviolet
(UV)-induced apoptosis in cdc-48 mutated cells
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Figure 6. Photomicrographs showing caspase-3 immunoreactivity in representative thyroid samples of control (a), sham (b), and RF-exposed
(c) groups. Representative sections of control (d), and sham (e) groups showed occasional slight staining against caspase-9 antibody
contrasting with a strong staining pattern in follicular epithelial cells of the RF exposed group (f). Magnifications are at original x 40. Scale

bar: 10 pum.

after 1 h of exposure at SAR levels of 0.4 W/kg and
3 W/kg. However, no apoptotic response was ob-
served when the cells were exposed to unmodulated
continuous-wave fields at the same SAR levels and
time. Lantow et al. (2006) used human Mono Mac 6
cells to investigate whether RFR caused cell cycle,
apoptosis or necrosis alterations in cells after
exposure to a 1800-MHz RFR at 2 W/kg, The
researchers observed no significant change in the
cells. Moquet et al. (2008) also did not find any
apoptotic response in both proliferating and differ-
entiated murine neuroblastoma (IN2a) cells exposed
to a 935 MHz RFR at non-thermal level for 24 h.
Thus, apoptotic response to RFR may depend on
cell type and the conditions of exposure.

Apoptosis may play an important role in thyroid
homeostasis and autoimmune diseases including the
central pathogenic events in the destruction of

thyroid follicular cells in HT which is a disorder
that often results in hypothyroidism. Immunohisto-
chemical studies of thyroid tissue sections revealed
an increased number of apoptotic follicular cells in
HT (Andrikoula and Tsatsoulis 2001). A potentially
important pathway in signaling apoptosis in the
thyroid involves the Fas death-inducing receptor.
Fas is a type I membrane protein and a member of
the tumour necrosis factor receptor family. It is
found constitutively expressed on lymphocytes and
has been detected on many cells of nonhematopoei-
tic origin. Activation of Fas by Fas-ligand initiates
intracellular signals that results in death of the cell.
Regulation or modulation of this pathway can occur
at multiple levels throughout the pathway (Bretz
et al. 1999). Slightly enhanced cell sensitivity to Fas-
induced apoptosis was observed in human Jurkat
T-cells exposed to a 2.45 GHz continuous-wave
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RFR at 4 W/kg for 48 h. The results of the study
suggested that RFR acts either on membrane Fas
receptor or sphyngomyelinase activation or on Fas
pathway between receptor and caspase-3 activation
(Peinnequin et al. 2000).

Reactive oxygen species (ROS) generation and
overload of cellular calcium [Ca2+] ions may be
involved in the alteration of the thyroid morphology
and the induction of caspase pathways in thyroid
cells. It is known that, after exposure to a significant
amount of ROS, TPO (thyroid peroxidase) and
subsequent TH formation are inhibited in thyroid
cells (Sugawara et al. 2002). TPO is an important
enzyme located at the apical membrane of the
follicular epithelial cell and catalyses the oxidation
of iodine and the synthesis of TH. On the other
hand, several lines of evidence support the involve-
ment of ROS in many models of apoptotic cell death
(McConkey and Orrenius 1996). Friedman et al.
(2007) showed that RFR stimulates plasma mem-
brane NADH oxidase in mammalian cells and causes
production of ROS.

Intracellular calcium homeostasis is important for
cell survival. In all eukaryotic cells, the cytosolic
concentration of Ca2+ion ([Ca2+]c) is tightly
controlled by interactions among transporters,
pumps, channels and binding proteins (Giorgi et al.
2008). Under pathological conditions of [Ca2+]c
overload, particularly in association with oxidative
stress, may trigger pathological states that lead to
apoptotic cell death (Duchen 2000). Some studies
have reported that RFR may affect electrical proper-
ties and ions distributions around the cell by altering
calcium pumps within or surface of the cells.
Modulated RFR causes calcium ion efflux from cells
which could significantly alter the intracellular
calcium concentrations (Dutta et al. 1984).

Results of this study indicated that whole body
exposure to modulated RFR similar to that emitted
by GSM mobile phones caused pathological changes
in the thyroid gland by altering gland morphology
and inducing apoptotic pathways. Morphological
analysis of the thyroid gland demonstrated a high
prevalence of cell hypothyrophy altered by the
modulated RFR. Immunohistochemical results of
this study indicated that the modulated RFR
activated caspase-9 and caspase-3 enzymes whose
proteolytic activities are the key factor in apoptotic
execution. Activated forms of them are markers of
cells undergoing apoptosis. Our results suggest an
association between mobile phone use and develop-
ment of HT.
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