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Abstract
AIM: To investigate putative biological damage caused 
by GSM mobile phone frequencies by assessing electro-
magnetic fields during mobile phone working. 

METHODS: Neuron-like cells, obtained by retinoic-
acid-induced differentiation of human neuroblastoma 
SH-SY5Y cells, were exposed for 2 h and 4 h to micro-
waves at 1800 MHz frequency bands. 

RESULTS: Cell stress response was evaluated by MTT 
assay as well as changes in the heat shock protein ex-
pression (Hsp20, Hsp27 and Hsp70) and caspase-3 ac-
tivity levels, as biomarkers of apoptotic pathway. Under 
our experimental conditions, neither cell viability nor 
Hsp27 expression nor caspase-3 activity was signifi-
cantly changed. Interestingly, a significant decrease in 

Hsp20 expression was observed at both times of expo-
sure, whereas Hsp70 levels were significantly increased 
only after 4 h exposure. 

CONCLUSION: The modulation of the expression of 
Hsps in neuronal cells can be an early response to ra-
diofrequency microwaves.
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INTRODUCTION
Several experimental studies on biological models have 
indicated that mobile phone radiation is not physiologi-
cally inert. However, in spite of  the results of  these stud-
ies, our knowledge about the adverse effects of  radiofre-
quency and microwave (RF/MW) radiation on human 
health, or the biological responses to their exposure, is 
still limited[1,2]. 

Several studies have suggested that exposure to RF/
MW radiation can damage DNA and gene structures[3,4], 
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and that electromagnetic fields can affect electron distri-
bution and movement in DNA under conditions of  oxi-
dative stress[5,6].

Various efficient molecular mechanisms have been 
developed to protect different organisms against environ-
mental stress, such as exposure to electromagnetic fields. 
Among these mechanisms, the accumulation of  heat-
induced chaperones is able to prevent heat damages in 
native proteins and membranes. 

Indeed, when alterations in the cell environment oc-
cur, protein folding may be affected. Under these condi-
tions, the activation of  specific molecular pathways in-
duces the overexpression and accumulation of  the rapidly 
synthesized heat shock proteins (Hsps), a group of  highly 
conserved proteins that may prevent damaged proteins 
from immediately precipitating and permanently affecting 
cell viability[7,8]. 

There are several different Hsps grouped into dif-
ferent families primarily on the basis of  their molecular 
weights. These include Hsp27, Hsp40, Hsp60, Hsp70, 
Hsp90 and Hsp110. Hsp70 is one of  the major proteins 
induced by stress in the nervous system, and its neuro-
protective roles have been demonstrated both in vivo and 
in vitro[9]. Hsp27 is a member of  the small Hsp family, 
and has also been shown to have protective effects in re-
sponse to stress[10,11].

As a result of  their high sensitivity to changes in the 
environment, these proteins are suggested as possible 
early biomarkers of  exposure in ecotoxicological studies. 
Although many conflicting views have been expressed 
regarding changes in the Hsp expression induced by 
electromagnetic fields, no results have been reported in 
neuronal cells[12]. 

In this study, we investigated whether exposure to 
RF/MW radiation may be regarded as an environmental 
insult by examining the stress response pathway in SH-
SY5Y neuroblastoma cells, differentiated to dopami-
nergic neuron-like cells. In order to better elucidate the 
relationship between MW radiation and putative changes 
in cell cultures, we measured the exact frequency values 
of  electromagnetic fields due to mobile phone exposure.

MATERIALS AND METHODS
Reagents
Human neuroblastoma cell line, SH-SY5Y (ATCC 
CRL-2266), was obtained from American Type Culture 
Collections (ATCC; Rockville, MD, United States). Fetal 
bovine serum (FBS), antibiotics, Eagle’s Minimum Es-
sential Medium (MEM), Nutrient Mixture F-12 Ham, 
all-trans retinoic acid (RA), MTT [3-(4, 5-methylthiazol-
2-yl)-2, 5-diphenyl-tetrazolium bromide], glutamine, so-
dium pyruvate, PBS, caspase-3 substrate Ac-Ala-Ala-Val-
Ala-Leu-Leu-Pro-Ala-Val-Leu-Leu-Ala-Leu-Leu-Ala-Pro-
Asp-Glu-Val-Asp-p-nitro-aniline (DEVDpNa), and other 
chemicals of  analytical grade as well as mouse monoclo-
nal antibodies against α-tubulin and Hsp70, and rabbit 
polyclonal antibodies against Hsp27 and Hsp20 were 

from Sigma (Milan, Italy). Rabbit polyclonal antibody 
against caspase-3 was from Chemicon (Millipore, Bil-
lerica, MA, United States). Rabbit polyclonal IgG against 
Ser-78 phosphorylated Hsp27 was from SantaCruz (DBA, 
Milan, Italy). Horseradish peroxidase-conjugated anti-
mouse and anti-rabbit IgG and ECL Chemiluminescence 
detection kit were from GE Healthcare (Milan, Italy). 

Cell culture and experimental design
SH-SY5Y human neuroblastoma cells were grown in a 
mixture of  two media, MEM and F12, supplemented 
with 10% heat-inactivated FBS, penicillin (50 U/mL), 
streptomycin (50 µg/mL), L-glutamine (2 mmol/L) and 
sodium pyruvate (1 mmol/L) in a 5% CO2/95% air hu-
midified incubator at a fixed temperature of  37 ℃. Sub-
confluent cells were differentiated for 7 d with 10 µmol/L 
all-trans-RA (10 mmol/L in DMSO stock solution) in 
MEM + F12 containing 1% FBS. The medium was re-
newed every 2 d. 

Cultured cells in dishes were placed inside an incuba-
tor (37 ℃, 5% CO2) for a minimum of  2 h before expo-
sure to allow temperature stabilization. 

In order that the experimental setup was similar to the 
normal conditions of  exposure during a conversation by 
mobile phone, we generated the MW signal by an opera-
tional cell phone. The signal provider was Wind-mobile 
and the exposure source was a mobile phone Samsung 
E1130, to which a sound was transmitted from another 
one, as described previously[13] regarding exposure of  
proteins in D2O solution to mobile phone MWs.

A SRM-3000 device (Selective Radiation Meter) of  
Narda Safety Test Solutions was used to measure the 
electromagnetic field due to the mobile phone exposure. 
It was linked through a Narda cable to a Narda three-axis 
antenna, covering the frequency range from 75 MHz to 
3 GHz, which determined the three spatial components 
of  the electromagnetic field being measured. A spectrum 
analysis was performed to find the exact frequency values 
where the highest peaks occurred during MW exposure, 
and a time analysis was successively conducted to moni-
tor the electromagnetic field during exposure, as shown 
in Figure 1. Cell cultures were placed at 3 cm from the 
antenna of  the mobile phone, and exposed to MWs. The 
average specific absorption rate (SAR) that was computed 
during exposure was 0.086 W/kg.

According to previous studies[14-17], we investigated the 
effects of  continuous exposure to mobile phone MWs. 
The operating conditions for 2 and 4 h were chosen such 
that the overall average SAR was < 0.2 W/kg. This value 
is well within limits specified by ANSI C95.1 and DIN 
VDE0848 standards, thus, exposure conditions could 
safely be assumed to be non-thermal. 

However, inside the culture medium, temperatures 
were monitored with accurate Pt100 probes, using a 
hand-held thermometer (model CTH 6200; Wika Wie-
gand GmbH and Co., Klingenberg, Germany); no in-
crease of  temperature was measured around the cultures 
during exposure.
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Cell viability assay
To assess RF/MW adverse effects on cell viability, an 
MTT reduction assay was performed. After electromag-
netic field treatment, 10 µmol/L RA differentiated SH-
SY5Y cells, grown in 96-well culture plates at a density 
of  5 × 104 cells/well, were incubated for 4 h with fresh 
medium containing MTT (0.5 mg/mL) at 37.5 ℃. Then, 
insoluble formazan crystals were dissolved in 100 µL of  a 
10% (w/v) SDS solution in HCl 0.01 mol/L for 10 min. 
The OD in each well was evaluated by spectrophotometry. 
Absorbance was determined at 570 nm using a microplate 
reader (Tecan Italia, Cologno Monzese, Italy). All experi-
ments were performed in triplicate.

Western blotting
For the preparation of  cell lysates, cells were plated in 
25-cm2 flasks at a density of  5 × 105 cells/mL. Cells were 
harvested at 2 h and 4 h following exposure to electro-
magnetic fields, and homogenized in ice-cold lysis buffer. 
Protein concentration was evaluated by Bradford method 
and equal protein aliquots (20 µg) were separated by 8.5% 
SDS-PAGE and transferred to nitrocellulose membranes. 
After protein transfer, the membranes were blocked for 
1 h with 5% non-fat dried milk. Then, the membranes 
were probed with mouse monoclonal antibodies against 
α-tubulin and Hsp70 [respectively diluted 1:10 000 and 
1:1000 in Tris-buffered saline-Tween 20 (TBS-T)], rabbit 
monoclonal antibody against Hsp27 and Hsp20 (diluted 
both 1:2500 in TBS-T), rabbit polyclonal antibody against 
p-Hsp27 (diluted 1:1000 in TBS-T) and rabbit polyclonal 
antibody against caspase-3 (diluted 1:300) followed by 
incubation with horseradish-peroxidase-conjugated anti-
mouse and anti-rabbit secondary antibodies (respectively 
diluted 1:5000, 1:2500, 1:2500, 1:2500 and 1:20 000 in 
TBS-T). Immunoblots were developed by chemilumines-
cence according to manufacturer’s instructions. 

The bands were scanned and quantified by densito-
metric analysis with AlphaImager 1200 System (Alpha 
Innotech; San Leandro, CA, United States), after normal-
ization against α-tubulin.

Statistical analysis
All values are presented as mean ± SE. Statistical analy-
sis was performed using one-way ANOVA, followed by 
Newman-Keuls post-hoc test. 

RESULTS
Under our experimental conditions, the frequency bands 
resulted in the MW range related to the mobile phone.

Time analysis mode was carried out to monitor the 
electromagnetic field strength at the selected channel of  
1760 MHz. The resolution bandwidth was chosen as  
5 MHz. Time analysis results were transferred to a PC 
and monitored during the entire exposures.

In line with the guidelines for general public exposure 
limits to electromagnetic fields of  the I.C.N.I.R.P.[18], it 
was verified that the magnetic field component was <  
159 mA/m, resulting values from the expression H < 0.0037 
f  ½. Time analysis showed that magnetic and electric field 
components did not reach the values of  66 mA/m and  
25 V/m, respectively, during exposure (Figure 1A and B). 
The relative power density was < 1.7 W/m2 (Figure 1C).

MW radiation affected the cell viability of  RA-differ-
entiated SH-SY5Y neuroblastoma cells. We found that 
MW radiation induced a time-dependent decrease in cell 
viability as demonstrated by MTT assay. Indeed, MW ra-
diation caused a reduction in cell viability to 79% ± 9.8% 
and 74% ± 11.1% of  sham samples, in the absence of  
stimulation, at 2 and 4 h, respectively (Figure 2).

To evaluate the effects of  MW radiation on apoptosis 
induction in neural cells, caspase-3 expression and activ-
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Figure 1  A time analysis of the electromagnetic field measured by a Narda 
SRM-3000 around 1760 MHz during exposure at 3 cm from the antenna of a 
mobile phone with specific absorption rate = 0.086 W/Kg. Cell cultures were 
placed at 3 cm from the antenna of the mobile phone. A: Time analysis of the H 
field component around 1760 MHz during exposure, whose intensity remained 
< 66 mA/m; B: Time analysis of the E field component at the frequency of 1760 
MHz, provided during exposure. Its intensity did not exceed 25 V/m; C: Time 
analysis of the power density of the electromagnetic field impinging upon the cel-
lular cultures. Its intensity remained well below 1.7 W/m2 during exposure.
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ity was measured. As shown in Figure 3, there was no 
evidence for significant pro-caspase-3 increases or pro-
caspase-3 cleavage in cell cultures exposed to 2 and 4 h 
MW radiation, when compared to controls. 

Given the reported ability of  Hsps to suppress apop-
tosis onset in response to several stimuli[10], four indepen-
dent experiments were carried out to evaluate changes 
in Hsp20, Hsp27 and Hsp70 expression, by Western 
blotting assay. As shown in Figure 4A, RA-differentiated 
SH-SY5Y expressed high basal levels of  these Hsps that 
were affected by exposure to MW radiation. In particular, 
a 40% and 50% elevation of  Hsp70 levels was observed 
after 2 and 4 h MW radiation exposure, respectively, in 

comparison with sham cultures (P < 0.05). In contrast, 
MW radiation exposure strongly decreased the basal lev-
els of  Hsp20, achieving about 40% reduction at 4 h that 
was significantly different in comparison to controls (P 
< 0.001) (Figure 4A). The expression of  Hsp27 was not 
significantly affected by MW radiation exposure. How-
ever, a significant increase in Hsp27 phosphorylation 
levels, detected by antibody specifically directed against 
phosphoSer-78, was observed in treated vs untreated cells 
(Figure 4B). This suggest that, despite the total Hsp27 
levels remaining unchanged, cell exposure to MW radia-
tion triggered the activation of  Hsp27 through phos-
phorylation. 

DISCUSSION
Although MW radiation can result in thermal damage in 
association with high rates of  energy absorption, it has 
been shown that MW toxicity relies on non-thermal ef-
fects induced by lower intensities of  exposure. Moreover, 
the cytotoxic effect of  MW irradiation differs by cell type 
and irradiation conditions[19].

In the present study, exposure to MW radiation did 
not significantly affect viability of  neuron-like cells, ob-
tained by RA-driven differentiation of  human SH-SY5Y 
neuroblastoma cells.

Moreover, our results indicate that short-term MW 
exposure did not upregulate activation of  apoptosis ex-
ecutioners, such as caspase-3. These results agree with 
previous studies that were unable to demonstrate any 
difference in apoptotic markers such as caspase-3 activity 
between the RF/MW exposed and unexposed cells[20,21].

Indeed, several in vitro studies have failed to demon-
strate that effects of  exposure to electromagnetic fields 
are responsible for cell damage, and results are still vari-
able[22]. Exposure to a GSM-type signal may result in 
minor effects on brain activity, but such changes have 
never been found to relate to any adverse health effects. 
However, the data of  the currently available literature still 
do not allow us to exclude with certainty the possibility 
of  biological effects[23].

In this regard, we here show that the exposure to MW 
radiation was able to trigger either changes in the expres-
sion levels of  Hsp20 and Hsp70, or activation of  Hsp27 
that might be related to non-thermal effects of  the elec-
tromagnetic field produced by the MW source.

To date, several different observations have been 
reported showing that non-thermal RF energy induces 
the heat shock response in various cellular targets. In vitro 
studies, carried out on different cell systems, have yielded 
different results, indicating that cell sensitivity to electro-
magnetic fields may differ according to the cell type. For 
example, Hsp expression is not changed in fibroblasts and 
keratinocytes[24], peripheral blood mononuclear cells[25] and 
neuroblastoma cell line SK-N-SH exposed to RF/MW at 
low SAR levels[5]. Howeer, Hsp expression has been re-
ported to be upregulated by RF/electromagnetic field ex-
posure in KB cells[26], and levels of  the inducible Hsp70C 
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Figure 2  Effect of radiofrequency and microwave radiation on cell viabil-
ity. Retinoic acid-differentiated SH-SY5Y neuroblastoma cells were exposed to 
RF radiation. Two exposures of 2 h and 4 h were carried out. After electromag-
netic field treatment, SH-SY5Y cells were incubated for 4 h with fresh medium 
containing MTT (0.5 mg/mL) at 37.5 ℃. The relative absorbance at 540 nm was 
determined. Data are the mean ± SE from four separate experiments. 
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Figure 3  Effects of radiofrequency and microwave radiation exposure 
on caspase 3 expression in SH-SY5Y neuroblastoma cells. Retinoic acid-
differentiated SH-SY5Y were exposed to radiofrequency and microwave for 
the selected times. Cellular proteins were extracted for the determination of the 
expression of caspase 3 (B) by Western blotting. Densitometric analysis of im-
munoblots (bottom) was also carried out after normalization against α-tubulin. 
Results were similar in four separate experiments.
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transcript were significantly enhanced after 24 h exposure 
to GSM signals in human trophoblast cells[27].

In addition, previous observations have demonstrated 
that RF radiation from mobile phones could be associ-
ated with alterations in cancer, via the chronic activation 
of  the heat shock response[28].

Other than involvement in protein misfolding, the al-
tered expression of  Hsps plays a critical role in the regu-
lation of  different cell processes in response to internal 
and external stimuli, including apoptotic mechanisms[9,29]. 

Hsp70, one of  the most studied Hsp proteins, has 
been shown to protect cells against a variety of  stresses, 
including heat shock, anoxia, and heavy metals[30].

The increase in expression of  Hsp70 and Hsp27 can 
be modulated by different components involved in the 
cellular response against MW exposure. Our data suggest 
a correlation between constitutive basal levels of  Hsp70, 

Hsp27 and a potential role in protection against apop-
totic effectors. 

Hsp20 has received special attention because of  its 
localization in muscle and heart[31,32]. Moreover, it has 
been demonstrated that Hsp20 is also localized in differ-
ent brain areas and its expression changes in response to 
hypoxic stress[33]. 

To the best of  our knowledge, this is the first report 
of  a significant relation between Hsp20 levels and MW 
exposure in in vitro models. On the basis of  these results, 
we hypothesize that, dependent on cell types and dif-
ferent stimuli, the expression levels of  Hsp20 could be 
modulated with progression of  cell damage as well in 
different stress conditions including hypoxic status[34-36]. 
Our study shows that the reduction in Hsp20 expression 
could be an early biomarker of  cell stress in neuron-like 
SH-SY5Y cells exposed to MWs.
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Figure 4  Effects of radiofrequency and microwave radiation exposure on stress proteins in SH-SY5Y neuroblastoma cells. Retinoic acid-differentiated SH-
SY5Y cells were exposed to radiofrequency and microwave for the selected times. Cellular proteins were extracted to determine expression of different heat shock 
proteins (Hsp) (A) and p-Hsp27 (B) by Western blotting. Densitometric analysis of immunoblots (bottom) was also carried out after normalization against α-tubulin. 
Results were similar in four separate experiments. aP < 0.05, bP < 0.01 vs sham-treated cells.
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To summarize, most of  the studies on the RF/MW 
effects on mammalian cells have failed to reach any firm 
conclusion. Differences from many studies can be as-
cribed to different cell responses. Indeed, if  a cell is sub-
jected to a number of  subthreshold stimuli, its threshold 
also increases, which is an example of  accommodation. 
In most cases, a continuous stimulus produces adapta-
tion, so the number of  action potentials elicited by a 
constant stimulus is usually limited. Some cells accommo-
date rapidly and only generate a few action potentials in 
response to a stimulus; others accommodate more slowly; 
and some do not accommodate at all. The observed 
changes in Hsp expression can be part of  the cell re-
sponse, however, large well-coordinated multidisciplinary 
investigations are needed to reach any robust conclusions.
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can produce effects on organic systems. However, in spite of the significant 
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the over-expression and accumulation of the rapidly synthesized Hsps. The dif-
ferent behaviour of Hsp20 with respect to other Hsps after exposure of neuro-
nal-like cells to mobile phone radiation lead us to consider it as early biomarker 
of MW radiation effects in neuronal cells.
Terminology
RF-MW: RF radiation is a rate of oscillation of electromagnetic field in the range 
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