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A B S T R A C T   

In this study we analyzed the response of parafollicular cells in rat thyroid gland after exposure to radiofrequency 
at 2.45 GHz using a subthermal experimental diathermy model. Forty-two Sprague Dawley rats, divided into two 
groups of 21 rats each, were individually exposed at 0 (control), 3 or 12 W in a Gigahertz Transverse Electro- 
Magnetic (GTEM) chamber for 30 min. After radiation, we used simple or fluorescence immunohistochemistry 
to measure calcitonin cells or cellular stress levels, indicated by the presence hyperplasia of parafollicular cells, 
heat shock protein (HSP) 90. Immunomarking of calcitonin-positive cells was statistically significant higher in 
the thyroid tissue of rats exposed to 2.45 GHz radiofrequency and cell hyperplasia appeared 90 min after ra
diation at the SAR levels studied. At the same time, co-localized expression of HSP-90 and calcitonin in paraf
ollicular cells was statistically significant attenuated 90 min after radiation and remained statistically 
significantly low 24 h after radiation, even though parafollicular cell levels normalized. These facts indicate that 
subthermal radiofrequency (RF) at 2.45 GHz constitutes a negative external stress stimulus that alters the activity 
and homeostasis of parafollicular cells in the rat thyroid gland. However, further research is needed to determine 
if there is toxic action in human C cells.   

1. Introduction 

Currently, the incidence of thyroid cancer has increased in many 
countries (Qian et al., 2019; Carlberg et al., 2016) and numerous 
occupational and environmental agents have been proposed as thyroid 
carcinogens (Zhang et al., 2019; Albi et al., 2017; Baccarelli et al., 2000). 
There are numerous studies that associate RF radiation with changes in 
gland morphology (Misa-Agustiño et al., 2015; Rajkovic et al., 2006) 
and activity (Mortazavi et al., 2009; Eşmekaya et al., 2006), as well as 
increased cancer incidence (Milham and Morgan, 2008). 

This has led researchers to study whether EMFs can provoke 
apoptosis in animal models (Eşmekaya et al., 2006) with decreased 
antioxidant mechanisms (Kunt et al., 2016) in thyroid tissue and to look 
for evidence of carcinogenic and mutagenic capacity (Wang et al., 2011) 
in the human thyroid gland. Some occupational epidemiological studies 

on humans in various countries (Lope et al., 2006; Milham, 2009; Kato 
et al., 2015) have indicated a causal relationship between non-ionizing 
radiation and thyroid cancer. 

Recently, some authors have been analyzing the research outcomes 
published by the USA National Toxicology Program (NTP) concerning 
the toxicology and carcinogenicity of radiofrequency radiation (RF) in 
rats and mice, comparing the results with epidemiological studies in 
humans. They found some evidence that RF exposure increases the risk 
of developing thyroid cancer, and clear evidence that RF radiation is a 
multi-site carcinogen (Hardell and Carbelg, 2019). Other related 
research has described how the incidence of thyroid cancer increases 
with increased duration and frequency of cell phone use when there are 
genetic variants in some genes. (Luo et al., 2020). 

C cells are mainly confined to groups of thyroid lobules located 
centrally in the rear upper portions of both thyroid lobes (Schmid, 
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2015). 
Hyperplasia of C cells or parafollicular cells in the thyroid gland may 

be caused by pathological conditions such as thyrotoxicosis (Zbucki 
et al., 2019) or nodular goiter (Dadan et al., 2003). These processes may 
also precede or be associated with medullary thyroid cancer (MTC) (De 
Lellis et al., 2004). Virtually all types of MTC synthesize and secrete the 
peptide hormone calcitonin (Schmid, 2015). Thus, calcitonin is a very 
useful immunohistochemical marker for the histological diagnosis of 
MTC (Harach et al., 1992). Exposing the thyroid gland of animal models 
to electromagnetic fields in vivo may constitute a physical stimulus that 
induces hyperplasia in parafollicular cells (Rajkovic et al., 2006). 

Cell damage in pathological conditions provokes the expression and 
release of inducible types of heat shock proteins (HSPs) (Taha et al., 
2019). HSP-90 is associated with cell growth, proliferation, and differ
entiation. (Li and Buchner, 2013). Normal cells only secrete HSP-90 
under stress, whereas tumor cells secrete it continually (Li et al., 
2012). The HSP-90α subtype is heavily expressed by cancer cells and 
secreted to extracellular space as free HSP-90 α (Eguchi et al., 2018), 
while HSP-90β is found in oncosomes (Ono et al., 2018). 

Earlier, we described in our laboratory the qualitative distribution of 
the HSP-90 α/β chaperones in the cytoarchitecture of the thyroid gland 
and in the parafollicular cells. The distribution suggests that this stress 
protein constitutes an important component of glandular architecture 
and is probably dedicated to maintaining glandular structure and 
morphology in the parafollicular cells of a rat model exposed to 2.45 
GHz radiation (Misa-Agustiño et al., 2015). In a related study, we also 
found a decrease in HSP-90 α/β levels in rat thyroid gland after inter
action with radiofrequency at 2.45 GHz. (Misa-Agustiño et al., 2012). 
Other research indicates that expression of HSP is altered in thyroid 
pathologies (Wallin et al., 1992), especially in malignant hyperplasia 
processes such as MTC (Soudry et al., 2017). However, no research has 
been done to determine if the stress levels measured by HSPs after 
exposure to non-ionizing radiation are indicators of an immune system 
response in the parafollicular cell population. Such a response would be 
similar to what occurs in neoplastic processes (Nolan et al., 2015; 
Chatterjee et al., 2007) or other rapid protective responses to environ
mental stimuli including heat, hypoxia, UV or gamma irradiation 
(Cheng et al., 2010). 

Our hypothesis suggests that non-ionizing radiation may constitute a 
toxic environment that could alter the morphology, function, and stress 
response of parafollicular cells. The stress response can be measured by 
looking at HSP-90 α/β levels. Therefore, the objective of this study was 
to analyze parafollicular cell response and the expression of HSP-90 α/β 
in rat thyroid C cells after exposure to 2.45 GHz radiofrequency using a 
subthermal experimental diathermy model. 

2. Methodology 

2.1. Animals 

Adult female Sprague-Dawley rats were used in the study. The rats 
weighed 170− 190 g and were housed in individual cages with free ac
cess to food and water. They were kept at 22 ◦C under a light / dark 
regime of 12:12 h. Animals with a synchronized estrogen cycle (the same 
age and weight, under the same light/dark conditions) were used in all 
experiments, to eliminate any confounding factor or endocrine inter
ference. However, there is already evidence that estrogen may act 
directly to modulate the proliferation and functioning of female rat 
thyroid cells (Santin et al., 2011; Misa-Agustiño et al., 2012). 

All experiments were carried out in accordance with the Spanish 
(RD53/2013) and European Communities Council Directive (2010/63/ 
EU and 86/609/CEE), ARRIVE guidelines, the UK Animals (Scientific 
Procedures) Act, 1986, and associated guidelines. All experimental 
protocols were approved by the University of Santiago de Compostela 
(USC) Committee on Institutional Bioethics of Animal Care and Use 
(15005AE/11/FUN.01). In addition, every effort was made to minimize 

the number of animals used in the study and their suffering. 

2.2. Experimental design 

A total of 42 female Sprague-Dawley rats were distributed in the 
following groups: 

Group A (n = 21): Animals subjected to a single exposure for 30 min 
and slaughtered after 90 min. The rats were divided into three subgroups 
(n = 7) according to the intensity of microwave radiation applied: 0 W 
(control), 3 W and 12 W. The rats were kept alive for 90 min and then 
euthanized and perfused with fixative. 

Group B (n = 21): Animals were subjected to a single exposure for 30 
min and slaughtered after 24 h. The rats were divided into three sub
groups (n = 7) according to the intensity of microwave radiation 
applied: 0 W (control), 3 W and 12 W. The rats were kept alive for 24 h 
and then euthanized and perfused with fixative. 

2.3. Experimental radiation system protocol and description of the 
numerical simulations by finite difference time domain (FDTD) SAR 
estimation 

Radiofrequency energy was applied from a generator connected to 
an amplifier that was connected to the directional coupler that powered 
the GTEM chamber. The rat was placed in the region of maximum field 
uniformity within the chamber. The directional coupler allowed us to 
measure the input power and reflected power. The input power was read 
by a power meter that also controlled the purity of the input signal, 
while the reflected power value was obtained directly by means of a 
spectrum analyzer. All measuring instruments were certified and cali
brated by Agilent Technologies. System components and operation are 
described in detail (Jorge-Mora et al., 2010; Misa-Agustiño et al., 2012). 

The rat was immobilized in a methacrylate holder so that maximum 
radiation could be applied to the left front leg according to the 
“diathermic model” (Misa-Agustiño et al., 2012, 2015). The specific 
absorption rate (SAR) values were estimated with the help of SEM-CAD 
X 20 and a software tool based on FDTD (Schmid and Partner Engi
neering A.G., 2009). 

The SARs were estimated by applying a correction factor to the 
values obtained from the numerical simulations, using a ratio that re
lates the weight of the model rat to the weights of the experimental rats 
(see Table 1). 

2.4. Tissue extraction and preparation 

After radiation, the rats were kept alive for 90 min or 24 h and then 
euthanized by injection with sodium pentobarbital. For tissue extrac
tion, the thyroid gland of each animal was removed and immersed in a 
fixation solution using 10 % formaldehyde in phosphate buffer. Four 
hours after fixation, the tissue was again placed in the same solution of 
10 % formaldehyde in phosphate buffer to remove water, then all tissues 
were cooled to 4 ◦C. After 24 h, the fixing agent was replaced with 70 % 
ethanol (in water) twice in a 2 h interval and stirred for 12 h. It was then 
replaced with 96 % ethanol twice in a 2 h interval and subsequently 
immersed in 100 % ethanol twice in a 2 h interval. An hour later, the 
alcohol was replaced with 100 % toluene and left for 12 h. All tissues 

Table 1 
SAR values in thyroids and bodies of the test rats, calculated from the power (P) 
and electrical field (E).   

Mean SAR in 
Thyroid (W/kg) 

Peak SAR in 1 
g Thyroid 

Mean SAR in 
body (W/kg) 

Peak SAR 
in 1 g body 

P = 3 W E =
40.28 V/m 

0.1 ± 10⋅10− 3 0.07 ±
4⋅10− 3 

0.03 ± 19⋅10− 3 0.18 ±
9⋅10− 3 

P = 12 W E 
= 80.56 
V/m 

0.4 ± 12⋅10− 3 0.3 ±
10∙10− 3 

0.16 ± 4⋅10− 3 0.8 ±
2⋅10− 3  
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were then immersed three times in liquid paraffin (Paraplast plusPlus, 
Leica) that had been melted in an oven at 58 ◦C. The pieces were sub
merged for 2 h each time, leaving the samples completely saturated with 
paraffin. 

After the final immersion, the pieces were placed in a mold and 
allowed to cool and solidify to a consistency suitable for cutting. Once all 
the tissues had been embedded in paraffin blocks, a microtome was used 
on the blocks to make a series of 5 mm cuts which were then joined to 
create a tape several millimeters long. Sections were selected from each 
tape at 120 mm intervals (each section 24, 120/5) and mounted on 
microscope slides for study. The slides were placed in an oven at 37 ◦C 
for at least 24 h, after which the tissues were dewaxed by incubating 
them in an oven at 60 ◦C for 30 min and then immersing them in Xylol 
twice for 5 min each time. 

2.5. Simple direct immunohistochemistry 

The thyroid sections were pretreated for 1 h with 10 % normal rabbit 
serum and 0.25 % Triton X-100 in 0.02 % potassium- phosphate- 
buffered saline (KPBS) and then exposed overnight at room tempera
ture to mouse anti-HSP-90 antibody (1:1000 in KPBS, Santa Cruz 
Biotechnology) or anti-human calcitonin polyclonal antibody (1:1 
DAKO) for 24 h at room temperature. Sections were incubated for an 
hour and a half in Envision + Dual Link Rabbit/Mouse from DAKO and 
labeled with 3,3’-diaminobenzidine in imidazole-HCl-buffered H2O2 
solution (DAKO). Subsequently, the sections were hydrated in distilled 
water, dehydrated with 70 %, 96 %, and 100 % alcohol, then submerged 
in xylol and mounted. The samples were examined under a conventional 
brightfield microscope to observe the follicular and parafollicular cells, 
connective tissue, and colloid of the thyroid gland (see Fig. 1). 

2.6. Double indirect immunofluorescence staining 

The thyroid sections were pretreated for 1 h with 10 % normal rabbit 
serum and 0.25 % Triton X-100 in 0.02 % potassium- phosphate- 
buffered saline (KPBS) and then exposed overnight at room tempera
ture. The primary antibody was applied for overnight and tissues were 
exposed to a higher concentration of mouse anti-HSP-90 polyclonal 
antibody (1:100 in KPBS, Santa Cruz Biotecnology) and anti-human 
Calcitonin (1:1, DAKO) for 24 h at room temperature. Sections were 
then rinsed with KPBS, incubated for 90 m with fluorescent mouse anti- 
mouse Cy3 antibody (1:100 in KPBS, Sigma) or α-anti-rabbit Alexa 488 
(1:200 in KPBS), hydrated in distilled water and then mounted with 
glycerol. 

2.7. Histological parameters, quantification, and statistical analysis 

2.7.1. Cell quantification corresponded to the technique applied  

̵ A morphological count was taken for simple immunohistochemistry 
of the parafollicular cells: n = 32 sections of 4 μm thickness. ‘The 
area was divided into four equal quadrants by intersecting perpen
dicular lines, forming horizontal (X) and vertical (Y) axes. Paraf
ollicular cells were observed at 400x magnification and counted in 
each quadrant, moving counterclockwise from the first quadrant 
(A1) to the others (A2, A3, A4), to obtain data for each section of the 
two animal groups (A and B).  
̵ Co-localization counts were done at 200x magnification in n = 20 
sections for each group of double-fluorescence immunohistochem
istry: anti-mouse Cy-3 for HSP-90 (red), and Alexa 488 α-rabbit for 
calcitonin-positive cells (green) and co-localizations (yellow). 

Fig. 1. Histogram and microphotographs showing immunomarking of parafollicular cells in Group A (animals subjected to a single exposure for 30 min and studied 
after 90 min); (A) histogram of calcitonin-positive cells in thyroid gland. *Average significant differences (p < 0.05) between 0 W, 3 W and 12 W subgroups. The 
photographs show calcitonin-positive cell immunomarkers for control or 0 W (B), 3 W (C) and 12 W (D) in the thyroid gland. Scale bar =50 μm. 
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2.7.2. Statistical analysis 
The results in the text and figures are expressed as averages and 

standard error of the mean (SEM) (p < 0.05). The following statistical 
tests were applied:  

̵ One-way ANOVA using the radiation factor (irradiated or non- 
irradiated) to analyze the immunoreactivity results for calcitonin- 
positive cells, followed by multiple comparison versus control 
group (Holm-Sidak method).  
̵ Two-way ANOVA using radiation power (0, 3 and 12 W) X time after 
radiation (90 min or 24 h) for morphological study of calcitonin- 
positive cells that were co-localized with HSP-90 at 20 × . This 
was done with double fluorescence immunohistochemistry for the 
different groups (Tables 2 and 3) followed by multiple comparisons 
versus control group (Holm-Sidak method). 

All statistical analyses were performed with Sigma Plot 14.0 software 
(Systat Software Inc., San Jose, CA, USA). 

3. Results 

3.1. Immunohistochemistry sample 

3.1.1. Calcitonin-positive cells 
Positive immunomarking for calcitonin and parafollicular cells 

increased in the thyroid tissue of rats exposed to 2.45 GHz radio
frequency and cellular hyperplasia appeared. After doing the paraf
ollicular cell counts for the animal groups exposed and not exposed to 
radiation, statistical analyses were performed (see Figs. 1 and 2). 

Ninety minutes after radiation (Group A), the animals showed dif
ferences in mean values among treatment groups. The differences were 

Table 2 
Percent average values ± SEM of calcitonin-positive (C+) cells in thyroid gland 
at 0, 3, and 12 W power 90 min (90 min) or 24 h (24 h) after exposure of animals 
to 2.45 GHz radiofrequency (p < 0.05 or p > 0.05). Two-way ANOVA followed 
by multiple comparisons versus control group (0 W) using the Holm-Sidak 
method.    

90 min POST- 
EXPOSURE  

24 h POST- 
EXPOSURE    

NUMBER OF 
CALCITONIN 
(+) CELLS  

NUMBER OF 
CALCITONIN 
(+) CELLS  

Power 
applied 

N  P value*  P 
value* 

0 W 20 5.6 ± 0.3  6 ± 0.1  
3 W 20 7.8 ± 0.2 p=0.0000251 6.2 ± 0.2 p 

>0.05 
12 W 20 7.4 ± 0.2 p = 0.0298 6.1 ± 0.2 p 

>0.05  

Table 3 
Results of two-way ANOVA (post-exposure times, different power, post- 
exposure time x power) for C cells in the thyroid gland that co-localized 
with heat stress protein HSP-90 at 0, 3, and 12 W power 90 min (90 
min) or 24 h (24 h) after exposure of animals to 2.45 GHz 
radiofrequency.  

Effects p-values 

Post exposure time 0.057 
Different power <0.001 
Post-exposure time x different power 0.352  

Fig. 2. Histogram and microphotographs showing immunomarking of parafollicular cells in Group B (Animals subjected to a single exposure for 30 min and studied 
after 24 h); (A) histogram of calcitonin-positive cells in thyroid gland. *Average significant differences (p < 0.05) between 0 W, 3 W and 12 W subgroups. The 
photographs show the calcitonin-positive cell immunomarkers for control or 0 W (B), 3 W (C) and 12 W (D) in the thyroid gland. Scale bar =50 μm. 
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statistically significant (p < 0.001) and greater than what would be 
expected by chance. 

For all Pairwise Multiple Comparison Procedures (Holm-Sidak 
method), the overall significance level was 0.05. Parafollicular cell 
levels in radiated animals exposed to 3 W or 12 W power showed sta
tistically significant differences with respect to the control or non- 
radiated group (p = 0.0000251; p = 0.0298, respectively). However, 
differences in cell counts between the radiated groups were not statis
tically significant (see Table 2 and Fig. 1). Twenty-four hours after ra
diation (Group B), the differences in mean values among the animal 
treatment groups were not great enough to exclude the possibility that 
they were due to random sampling variability. Therefore, the differences 
were not statistically significant (p = 0.984) (see Table 2 and Fig. 2). 

3.2. Results of fluorescence immunohistochemistry 

3.2.1. HSP-90 in the thyroid gland 
The presence of HSP-90 was also visualized through Cy3 red 

immunofluorescence, which clearly showed how this cytoplasmic pro
tein was distributed around the colloid borders of the follicles but was 
not expressed within them, but was not expressed in the inter-cellular 
unions of the follicular (see Fig. 3). Cytoplasmic expression of HSP-90 
was also observed in the parafollicular cells (see Fig. 3). This may 
indicate the vulnerability of this type of cell to stress or that the protein 
helps to maintain parafollicular cell function. 

3.2.2. Double immunofluorescence staining marking for HSP- 90 and 
calcitonin 

Compared to non-radiated animals, the co-localized expression of 
HSP-90 and calcitonin in the parafollicular cells decreased considerably 
when the animals were radiated with 3 and 12 W. Co-localization 
increased progressively as the time after radiation increased. 

The following criteria were applied to the analysis of the results for 
calcitonin + HSP-90 co-localization: 

The difference in mean values among the power levels, after allowing 
for the effects of differences in time after exposure, was greater than 
would be expected by chance and was considered statistically significant 

(p =< 0.001). A multiple comparison procedure was used to isolate 
which group(s) differed from the others. 

The difference in mean values among post-exposure times, after 
allowing for the effects of differences in power, was not great enough to 
exclude the possibility of it being due to random sampling variability. It 
was not considered statistically significant (p = 0.057). See Table 3. 

The effect of different power levels did not depend on time after 
exposure. There was no statistically significant interaction between 
power and time after exposure (p = 0.352). See Table 3. 

There were no statistically significant differences between co- 
localization values recorded 90 min and 24 h after radiation for the 
powers used (3 or 12 W), including the control group. Ninety minutes 
after radiation, there were statistically significant differences in the co- 
localization of calcitonin (+) and HSP-90 cells in animals exposed to 12 
W and/or 3 W radiation, compared to non-radiated control animals (see 
Table 4 and Fig. 4). However, 24 h after radiation, no statistically sig
nificant differences appeared in the co-localization of calcitonin (+) and 
HSP-90 cells in animals exposed to 12 W and/or 3 W radiation, with 
respect to non-radiated control animals (see Table 5 and Fig. 5). 

Fig. 3. Photographs of rat thyroid tissue with HSP-90 fluorescence immunomarking show differences in expression in parafollicular cells in thyroid gland on animals 
euthanized 90 min after exposure to 3 and 12 W at 40x magnification (photos A and C) and at 100x magnification (photos B and D). Asterisks * indicate parafollicular 
cells (PFC). Calibration bars (A, C) 40 μm; (B, D) 20 μm. 

Table 4 
Percent average values ± SEM of C cells in the thyroid gland that co-localized 
with heat stress protein HSP-90 at 0, 3, or 12 W power ninety minutes (90 
min) after exposure of animals to 2.45 GHz radiofrequency (p < 0.001). Two- 
way ANOVA followed by multiple comparisons versus control group (0 W) 
using the Holm-Sidak method.    

90 min POST-EXPOSURE    
% OF CELLS WITH CO-LOCALIZED CALCITONIN 
AND HSP-90 (+)  

Power 
applied 

N  P value* 

0 W 20 97% ± 0.01  
3 W 20 67% ± 0.04 0.001 
12 W 20 68%± 0.06 <0.001  
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4. Discussion 

The main findings of this experimental study are related changes in 
the thyroid gland, which were provoked by the acute interaction of 
electromagnetic fields at 2.45 GHz radiofrequency. Accordingly, we 
observed 1) hyperplasia of parafollicular cells in female rats in the 
experimental diathermy model; and 2) attenuation of cytoplasmic 
expression of cellular stress proteins HSP-90 α/β in thyroid gland cells 
that were positive for calcitonin after exposure to non-ionizing radia
tion. The relevance of changes in the parafollicular cells as an effect of 

electromagnetic fields is discussed here. 

4.1. Non-ionizing radiation induces stress and modifies the activity of 
parafollicular cells in rats 

A wide variety of stimuli can modify the activity of the parafollicular 
cells and be associated with cancer (Vitale et al., 2017), autoimmune 
diseases (Baschieri et al., 1989), goiter (Dadan et al., 2003), hyper/
hypothyroidism (Zbuckiet et al., 2007) or single-gene disorder in the 
hypothalamic-pituitary axis and thyroid (Gilloteaux and Pardhan, 

Fig. 4. Photographs showing double immunofluorescence staining of parafollicular cells in Group A (animals subjected to a single exposure for 30 min and studied 
after 90 min) in radiation subgroups for 0 W (A,B,C) 3 W (D,E,F) and 12 W (G,H,I) at 20x magnification. Red indicates HSP-90-positive cells (A,D,G), green indicates 
calcitonin-positive cells (B,E,H) and yellow indicates co-localization of both cell types (C,F,I). Scale bar =60 μm. 
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2015). C-cell hypoplasia is induced in environments of 

hypo/hypergravity (Albi et al., 2012), while continuous exposure to 
low-frequency electromagnetic fields (50 Hz) provokes an increase in 
the number of parafollicular cells (Rajkovic et al., 2005). It should be 
noted that all physiological and/or pathological changes to the gland are 
associated with changes in its cytoarchitecture (Dadan et al., 2003), thus 
establishing a mutual relationship between changes in the follicular and 
parafollicular cells (Dadan et al., 2004; Zbucki et al., 2007). Recent 
research has described follicular-parafollicular structural changes in the 
thyroid gland from acute and repeated exposure to hyper-frequencies 
(Misa-Agustiño et al., 2015). These include increases in the follicular 
epithelium, parafollicular cells and interfollicular tissue from exposure 
to low-frequency EMFs (Rajkovic et al., 2006). Alterations have also 
been reported in thyroid function and in hormonal levels of T3, T4 and 
TSH from exposure to EMFs with radiofrequencies (Mortavazi et al., 
2009; Eşmekaya et al., 2006) and low frequencies (Rajkovic et al., 

Table 5 
Percent average values ± SEM of C cells in the thyroid gland that colocalized 
with thermal stress protein HSP-90 at 0, 3, and 12 W power 24 h (24 h) after 
exposure of animals to 2.45 GHz radiofrequency (p < 0.001).Two-way ANOVA 
followed by multiple comparisons versus control group (0 W) using the Holm- 
Sidak method.    

24 h POST-EXPOSURE    
% OF CELLS WITH CO-LOCALIZED CALCITONIN 
(+) AND HSP-90  

Power 
applied 

N  P 
value* 

0 W 20 97%±0.005  
3 W 20 81%±0.07 0.052 
12 W 20 79%±0.04 0.054  

Fig. 5. Photographs showing double immunofluorescence staining of parafollicular cells in Group B (animals subjected to a single exposure for 30 min and studied 
after 24 h) in radiation subgroups for 0 W (A,B,C) 3 W (D,E,F) and 12 W (G,H,I) at 20x magnification. Red indicates HSP-90-positive cells (A,D,G), green indicates 
calcitonin-positive cells (B,E,H) and yellow indicates co-localization of both cell types (C,F,I). Scale bar =60 μm. 
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2005), though not from the combined interaction of two radio
frequencies (Jin et al., 2013). Though an increment in the cellular 
propagation of thyrocytes was reported at the experimental level (Hilly 
et al., 2013), the carcinogenic capacity of non-ionizing radiation in 
primary thyroid cells could not be demonstrated (Silva et al., 2015). 
Furthermore, despite the proliferation of epidemiological studies in 
diverse countries due to the increased incidence of thyroid tumors, a 
demonstrated causal relationship between exposure to electromagnetic 
fields and increased incidence of thyroid cancer has not been established 
(Luo et al., 2019; Carlberg et al., 2016; Kato et al., 2015). Nevertheless, 
oncology researchers have recently claimed that there is evidence of 
greater risk of developing thyroid cancer and clear evidence that RF 
radiation is a carcinogenic agent (Hardell and Carbelg, 2019). In any 
case, the high levels of RF with SAR that reach the thyroid gland in 
humans as they are emitted from numerous RF devices (Lauer et al., 
2013) and the opinion of the International Agency for Research on 
Cancer (IARC) regarding the possible carcinogenic effect of RF-EMFs 
from mobile telephones and other devices that emit electromagnetic 
fields in the 30 kHz – 300 GHz frequency range (Baan et al., 2011; IARC., 
2013) make it necessary to adopt a principle of precaution with the 
general population. This applies especially to children and youth, whose 
thyroid tissue is still developing (Sangün et al., 2015). Similarly, thyroid 
radiosensitivity is greater (Sangün et al., 2015; Gandhi et al., 2012) in 
physiological states of metabolic increase, such as pregnancy (Mollee 
et al., 2011), and thyroid function should be protected (Lauer et al., 
2013). 

Notably, we found higher numbers of C cells in radiated rats, 
compared to control animals (p < 0.001), which has been described by 
other authors in association with increased calcitonin (Rajkovic et al., 
2005). It should also be kept in mind that elevated pro-calcitonin may 
constitute an indicator of thyroid medullary cancer (Karagiannis et al., 
2016) when associated with malignant proliferation of parafollicular 
cells (Emmertsen, 1985). This difference in the relationship between 
C-cell hyperplasia and thyroid medullary cancer in tests for GLP-1 re
ceptors in rodents and humans gives cause to reflect on the difficulty of 
extrapolating some test results from laboratory animals to humans 
(Rosol, 2013) and the need for long-term testing in humans (Kannan and 
Nasr, 2015). 

All these facts allow us to confirm that the C-cell response to non- 
ionizing radiation and other external stress stimuli in the thyroid 
gland is associated with changes in the cellular cytoarchitecture (Mis
a-Agustiño et al., 2015) as well as with specific functional changes in 
species that do not always induce mutagenic action. Finally, it is 
advisable to explore whether interaction with EMFs causes C-cell hy
perplasia and elevated levels of calcitonin in humans, since it could also 
have implications for calcium metabolism in the bones (Andresen et al., 
2008; Faour and Gilloteaux, 2017). 

4.2. Non-ionizing radiation modulates expression of heat shock protein 
90 in calcitonin-positive cells 

HSP-90 is a constitutional protein that forms part of the architecture 
of the thyroid gland at the follicular level, in the septa and membranes 
(Misa-Agustiño et al., 2015) as well as in the cytoplasm of the follicular 
and parafollicular cells (see Fig. 3), to help maintain cellular homeo
stasis (Taipale et al., 2010). There is a close relationship between heat 
shock proteins and certain thyroid pathologies (Wallin et al., 1992; 
Palladino et al., 2016) and elevated HSP levels can constitute a diag
nostic biomarker for thyroid cancer in some cases (Mo et al., 2012; 
Soudry et al., 2017). This chaperone regulates crucial functions in 
human carcinogenesis, such as cellular proliferation, angiogenesis, 
metastasis and apoptosis (Fulda et al., 2010; Taipale et al., 2010). It is 
also related to malignant transformation and tumor progression (Miyata 
et al., 2013). At the cellular level, elevated expression of this protein, 
which activates oxidative stress mechanisms and apoptosis in the thy
roid cells (Kostic et al., 2010), could constitute a biomarker for 

environmental stress (Sabbah et al., 1996) caused by toxic substances 
(Fahmi et al., 2017), ultraviolet radiation (Chen et al., 2009) or hypoxia 
(Jain et al., 2014). 

In prior research, we found that acute exposure to 2.45 GHz pro
voked an overall decline of HSP-90 in rat thyroid tissue (Misa-Agustiño 
et al., 2012). In the present study, we identified a decrease in the 
co-localization of this chaperone in the parafollicular cells 90 min after 
exposure of the thyroid gland to non-ionizing radiation (see Fig. 4) but 
no change in apoptotic activity (Misa-Agustiño et al., 2012). In the 
parafollicular cells not exposed to non-ionizing radiation, simultaneous 
expression of calcitonin and HSP-90 was greater than 95 %, indicating 
an important protective and constitutional function of this protein in the 
thyroid cytoarchitecture (see Tables 2, 3 and Figs. 4, 5). A decline in this 
protein due to the interaction of electromagnetic fields with the thyroid 
gland constitutes a negative stimulus for the maintenance of cellular 
homeostasis. This could lead to an imbalance in the cellular cycle and, 
over prolonged periods, apoptosis (Trepel et al., 2010; Barrott and 
Haystead, 2013). 

Inhibition of HSP-90 has also been found to provoke the simulta
neous degradation of multiple proteins involved in the oncogenic 
signaling pathways, making it a therapeutic target for thyroid medullary 
cancer (Lin et al., 2017; Kamal et al., 2003). In the last few years, 
however, research has suggested that the radiosensitizing effect of EMFs 
could have therapeutic benefits and improve the effectiveness of 
radiotherapy (Artacho-Cordón et al., 2013). The combined action of 
both types of radiation has been explored for various breast cancer cell 
lines and provided satisfactory results (Salinas-Asensio et al., 2019). 
Some authors suggest that the thermal and non-thermal effects of EMFs 
have potential therapeutic applications for inducing apoptosis, devel
oping oxygen-reactive species and increasing membrane permeability in 
malignant cells (Saliev et al., 2014). In the present study, we found that 
non-ionizing radiation provoked a decline in HSP-90 in thyroid C cells. 
Other authors have described how this chaperone diminishes in asso
ciation with the appearance of apoptosis in human epidermoid carci
noma cells exposed to EMFs (Caraglia et al., 2005). Such findings lead us 
to think, as other authors suggest, that possible therapeutic actions 
should be explored for non-ionizing radiation (Saliev et al., 2019) as a 
coadjuvant for radiotherapy in neoplasias, including thyroid cancer 
(Vadalà et al., 2016). As with other thyroid cancer treatments, the levels 
of this chaperone after applying EMFs could also constitute a therapeutic 
prognostic biomarker (Lin et al., 2017). 

5. Conclusions 

These facts indicate that RF at 2.45 GHz constitutes a negative 
external stress stimuli that alters the activity and homeostasis of paraf
ollicular cells in rat thyroid gland. However, long-term studies would be 
needed to determine whether it induces toxicity in humans or if non- 
ionizing radiation modulates HSP-90 in human C cells, which would 
imply exploring its potential for therapeutic interventions. 
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