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Abstract Although cell phones have been used worldwide,
some adverse and toxic effects were reported for this commu-
nication technology apparatus. To analyze in vivo effects of
exposure to radiofrequency-electromagnetic field (RF-EMF)
on protein expression in rat testicular proteome, 20 Sprague-
Dawley rats were exposed to 900MHz RF-EMF for 0, 1, 2, or
4 h/day for 30 consecutive days. Protein content of rat testes
was separated by high-resolution two-dimensional electro-
phoresis using immobilized pH gradient (pI 4–7, 7 cm) and
12% acrylamide and identified by MALDI-TOF/TOF-MS.
Two protein spots were found differentially overexpressed
(P < 0.05) in intensity and volume with induction factors 1.7
times greater after RF-EMF exposure. After 4 h of daily ex-
posure for 30 consecutive days, ATP synthase beta subunit
(ASBS) and hypoxia up-regulated protein 1 precursor
(HYOU1) were found to be significantly up-regulated.
These proteins affect signaling pathways in rat testes and sper-
matogenesis and play a critical role in protein folding and
secretion in the endoplasmic reticulum. Our results indicate
that exposure to RF-EMF produces increases in testicular pro-
teins in adults that are related to carcinogenic risk and

reproductive damage. In light of the widespread practice of
men carrying phones in their pockets near their gonads, where
exposures can exceed as-tested guidelines, further study of
these effects should be a high priority.
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Introduction

The possible health effects of radio-frequencymodulated elec-
tromagnetic fields (RF-EMF) emitted by cell phones, cordless
phones, base stations, and Wi-Fi routers are a matter of grow-
ing public concern around the world today. By the end of
2015, many nations will have more cell phones than people,
and the use of tablets and other wireless transmitting devices
will have grown exponentially within the past few years.
Current standards for these devices are based on the assump-
tion that they can have no adverse effect unless they produce a
measurable change in temperature. But, a number of research
teams have reported that levels of RF-EMF which do not
produce temperature changes are associated with important
biological impacts. These range from increasing the produc-
tion of free radicals and heat shock proteins (HSP) to
impairing mitochondrial DNA and otherwise affecting human
and experimental spermatogenesis (Adams et al. 2014;
Agarwal et al. 2009; Azadi Oskouyi et al. 2015; De Iuliis
et al. 2009).

In recent years, a number of in vitro and in vivo studies
suggested that RF-EMF might impair functioning of male
human reproductive organs (Agarwal et al. 2009; Celik et al.
2012; Deepinder et al. 2007; Desai et al. 2009; Forgacs et al.
2004; Iorio et al. 2007). Also, as the testes have the thinnest
external membrane of the human body, and among the highest
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dielectric constant, they may be especially vulnerable to ex-
posures to pulsed digital radiation. However, the mechanisms
by which non-thermal levels of non-ionizing radiation can
cause damage are unclear. One way to determine the biolog-
ical impact of RF-EMF in male testis is to analyze changes in
gene and protein expressions by using proteomics, tran-
scriptomics, and DNA microarray (Chueca et al. 2014;
Fragopoulou et al. 2012; Gerner et al. 2010; Huwiler et al.
2012; Karinen et al. 2008; Le Quément et al. 2012;
Leszczynski 2013; Polidori et al. 2012; Sakurai et al. 2011).

Consistent with this literature, we previously reported that
RF-EMF exposure induced pathological (Sepehrimanesh
et al. 2014a), endocrine (Sepehrimanesh et al. 2014c), and
some proteomic (Sepehrimanesh et al. 2014b) effects in ani-
mal models. Here, we evaluated changes in protein expression
in testes of adult male rats exposed in vivo to RF-EMF for
various periods of time.

Methods

Chemicals and reagents

Urea, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), iodoacetamide, Tris, acrylamide,
methylene bis-acrylamide, sodium dodecyl sulfate (SDS), am-
monium persulfate (APS), tetramethylethylenediamine
(TEMED), glycerol, dithiothreitol (DTT), 2-mercaptoethanol
(2-ME), and bromophenol blue were purchased from Sigma-
Aldrich (Munich, Germany). Seven-centimeter-long IPG
strips were purchased from Bio-Rad (Hercules, CA, USA).
Sodium monophosphate, hydrochloric acid (HCl), and sodi-
um hydroxide were purchased from Merck (Darmstadt,
Germany). All other chemical reagents used were of analytical
grades and supplied by commercial sources.

Animals and housing

Twenty male Sprague-Dawley rats, weighing 180 ± 10 g and
aged 12 weeks, obtained from the Laboratory Animal Center
of Shiraz University of Medical Sciences, Shiraz, Iran, and
were used in this study. All procedures were approved by local
ethical committee and were performed based on animal wel-
fare issues recommended by National Institute of Health
(NIH). Animals were housed in standard transparent polycar-
bonate cage of 42 cm × 26.5 cm × 15 cm, without any metallic
fittings under a 12-h light cycle (lights on at 7:00 AM) with an
ambient temperature of 22 ± 2 °C, and 50% relative humidity
and were removed from their cages every 3 days for cleaning
the cages and renewing their food and water supply. After a 3-
day acclimation period, rats were allocated randomly into four
equal independent groups. These included one sham-exposed
(without RF-EMF), and three exposure groups, based on the

time of exposure to RF-EMF (1, 2, and 4 h) as short, moderate,
and long-time exposure and simulation of total answering/
calling time of cell phone use in human.

EMF system and exposure

Exposure at frequency of 900 MHz with the average power
density of 86 mW/cm2 (22.8–146.8 mW/cm2) and an average
whole body specific absorption rate (SAR) of 0.19–1.22W/kg
was experienced by freely moving animals for 30 consecutive
days. The animals were awake during the exposure which was
produced through an RF-EMF generating system that mim-
icked cell phone signals. These SAR values are only rough
estimates and cannot be stressed exactly. The cage diameters
were 26.5 cm × 42 cm. The RF-EMF generator antenna was
placed near the cage and rats could move freely in a cage.
Therefore, the shortest and longest distances from the antenna
were 20 and 51 cm, respectively. The sham-exposed group
was kept in a separate room with similar temperature, light,
and ventilation conditions except RF-EMF signal generator.
The RF-EMF exposure was started at 8 AM on each day. The
use of any RF-EMF-emitting devices, such as an extracellular
phone, centrifuge, and computers, was not permitted in the
rooms housing experimental animals. In addition, any metal
objects include cage roof and metal water container was re-
placed by plastic ones. Therefore, metal could not interfere
with RF-EMF exposure. As an additional environmental con-
trol, the temperature was monitored in each cage during the
exposure using a conventional white-backed mercury ther-
mometer unperturbed by RF-EMF. Temperature readings
were taken at 5-min intervals. The temperature of air of each
experimental cage was maintained at 23 ± 1 °C using an air-
cooling system.

Sampling and protein extraction

At the end of the experimental period, all rats in four groups
were euthanized under deep anesthesia with ether as inhala-
tion route, and the testes were removed from the body by non-
traumatic surgery. In this method, whole testes without any
damage or extra bleeding were removed. Briefly, abdominal
cavity was dissected at the umbilical base, followed by a mid-
line incision to the diaphragm, and then, both testes were
removed, frozen, and stored in liquid nitrogen, until use. As
soon as possible, 0.3 g of testicular tissue was placed in a
crucible on ice, thoroughly minced with surgical scissors,
and was then ground manually under liquid nitrogen. After
that, 6 vol of a solution of 0.05 M Tris-HCl, 10% sucrose,
pH 6.8, was added, and the homogenates were centrifuged at
14,000 rpm for 15 min at 4 °C to remove tissue, and cellular
debris and supernatants were used as the source of protein
(Sepehrimanesh et al. 2014b).
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Acetone precipitation and Laemmli-SDS-polyacrylamide
gel electrophoresis analysis

Acetone precipitation for removal of high abundant proteins
and concentrating of sample was performed according to the
methods which was described previously (Fattahi et al. 2014).
SDS-PAGE was performed on a Mini Protein cell (Bio-Rad)
using a 12% T gel with 0.1% SDS according to the instruc-
tions of the manufacturer. Prior to analysis, samples were
boiled for 5 min in SDS sample buffer containing 0.1 M
DTT, then cooled down, and applied directly to the gel, using
established methods of preparation and analysis.

Two-dimensional electrophoresis

Two-dimensional proteomic map of whole testicular tissue
was produced according to our previously reported procedure
that relies on accepted protocols (Sepehrimanesh et al. 2014b).
All preparations were made at the same time, by using one
expert laboratory technician and same laboratory apparatus.
An approximately high number of replicates are necessary to
lessen technical and biological variability when using
two-dimensional gels. Thus, three independent protein

preparations were prepared from each testes of each rat in
different groups. Then, each prepared sample was analyzed
by 2-DE. Briefly, after dissolving of protein samples in 165 μl
of gel rehydration solution at 20 °C, linear pH range 4–7 IPG
strips (7 cm length) were rehydrated under passive conditions
at 20 °C for 17 h in the protein IEF cell (Bio-Rad, USA). After
IEF, the SDS-PAGE followed by silver nitrate staining (SNS)
was performed. More than 85% of visible protein spots were
in the pH range of 4–7. The IEFwas carried out in six steps: (I)
0–50 V for 15 min, linear; (II) 50–100 V for 15 min, gradient;
(III) 100–150 V for 15 min, gradient; (IV) 150–250 V for
15 min, gradient; (V) a linear voltage ramping step for 2 h at
4000 V; and (VI) the maximum voltage of the ramp step was
maintained at up to 24,000 Vh. After IEF, the strips with
focused proteins were stored overnight at −70 °C, and then
equilibration with two buffers, DTT and idoacetamide. SDS-
PAGE of proteins in IEF strips was done at 30 V for 15 min
followed by approximately 60 min at 140 V using 12% acryl-
amide gels at 4 °C. Resolved proteins were visualized with
modified SNS. The SNS modification omitted glutaraldehyde
fixation to permit processing of extracted protein spots by
mass spectroscopy.

Fig. 1 Comparison of volume of seven differential expressed protein
spots on the two-dimensional electrophoresis (2-DE) gels. The data are
reproduced from three individual 2-DE gels in each experimental group.
Statistically significant differences in volume of each spots between
groups are identified by superscript letters. SE sham exposed, STE short
time exposure, MTE moderate time exposure, LTE long time exposure

Fig. 2 Comparison of intensity of seven differential expressed protein
spots on the two-dimensional electrophoresis (2-DE) gels. The data are
reproduced from three individual 2-DE gels in each experimental group.
Statistically significant differences in spot intensity between groups are
identified by superscript letters. SE sham exposed, STE short time
exposure, MTE moderate time exposure, LTE long time exposure
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Image analysis, spot extraction, and MALDI-TOF/TOF

Stained gels were scanned on Image Scanner (Amersham
Bio-sciences). Images of scanned gels were analyzed
using Melanie software, version 6.0.2.0 (Geneva
Bioinformatics (GenBio), Switzerland). The proteins of
interest were manually excised from the two-dimensional
gels and allowed to dry at 4 °C in a cool and clean
air shed. Peptides were analyzed using a MALDI-TOF/
TOF-MS in reflection mode with delayed extraction. For
protein identification, the mass spectra were saved in
the Mascot generic file (.mgf) format, submitted to
the Mascot database search engine, and the Swiss-
Prot (us.expasy.org) and NCBInr (www.ncbi.nlm.nih.
gov) databases were searched as reported previously
(Kazemipour et al. 2016). The search parameters
for Mascot-searching included NCBInr database;
Metazoa (Animals) taxonomy; trypsin as enzyme;
carbamidomethyl (C) as fixed modifications and oxidation
(M) as variable modifications; monoisotopic mass values;
unrestricted protein mass; ±100 ppm peptide mass toler-
ance; ±0.5 Da fragment mass tolerance; maximum missed
cleavages of 1 and instrument type of MALDI-TOF-
TOF (Kazemipour et al. 2015).

Statistical analysis

Values are expressed as the mean ± SD. Differences between
the RF-EMF exposure and sham-exposed groups were de-
termined by analysis of variance (ANOVA), followed by
Tukey method for all pair wise multiple comparisons.
P value <0.05 was considered statistically significant.

Results

After comparing the 2-DE map of testicular proteome of all
groups, significant differences in expression of seven protein
spots were detected in both intensity (Fig. 1) and volume
(Fig. 2) percentages. Among them, our analysis has revealed
four protein spots which were differentially expressed
(P < 0.05) in aspects of both intensity and volume with induc-
tion factors above 1.7 that indicated the RF-EMF response
(Fig. 3). Expression of the two of the proteins (spot nos. 1
and 7) was found to be up-regulated in all three exposed
groups and two of the proteins (spot nos. 3 and 5) up-
regulated only in LTE rats by the cell phone radiation expo-
sure (Fig. 4). Further analysis of these protein spots by
MALDI/TOF-TOF demonstrated that two of them did not

Fig. 3 Partial comparison of patterns of four differential expressed
protein spots on the two-dimensional electrophoresis (2-DE) gels
between different experimental groups. Statistically significant

differences in volume of each spots between groups are identified by
superscript letters. SE sham exposed, STE short time exposure, MTE
moderate time exposure, LTE long time exposure
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match with any protein in all searched databases (spot nos. 1
and 7). However, two other proteins (spot nos. 3 and 5) were
identified as ATP synthase beta subunit (ASBS) and hypoxia
up-regulated protein 1 precursor (HYOU1), respectively.
Properties of all four proteins are presented in Table 1.

Discussion

This study compared the down- and up-regulated proteins in
whole proteome of rat testicular tissue in response to RF-EMF
exposure in vivo. The average protein spot numbers in the

Fig. 4 Histograms show the relative intensity (white square) and volume
(black square) of four differential expressed protein spots on the two-
dimensional electrophoresis (2-DE) gels and compared between experi-
mental groups. The data are represented as mean ± SD from three indi-
vidual 2-DE gels in each experimental group. Statistically significant

differences in intensity and volume of each spots between each group
are identified by uppercase and lowercase superscript letters, respectively.
SE sham exposed, STE short time exposure, MTE moderate time
exposure, LTE long time exposure

Table 1 Identification of
differential protein species by
MALDI-TOF/TOF-MS

Classification Spot
no.

Protein name AAs
residue

Mw
(Da)a

pIa NCBIID

Up-regulated in all exposed
groups

1 Unnamed UK 50,000 6.80 ND

7 Unnamed UK 22,000 5.50 ND

Up-regulated justly in LTE

3 ATP synthase beta
subunit

529 51,171 4.92 gi|1374715

5 HYOU1 998 111,379 5.11 gi|77404375

UK unknown, ND not determined, LTE long time exposure, HYOU1 hypoxia up-regulated protein 1 precursor
aMw and pI of the protein spots 1 and 7 are rough estimated from the two-dimensional electrophoresis map using
20 other spots with known Mw and pI
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sham-exposed, short, moderate, and long-time exposure rats
were 439, 382, 393, and 365, respectively. Among them, we
found four spots that up- or down-expressed in response to RF-
EMF. These include two acidic (approximate pI < 6) and two
neutral (approximate pI 6 to 7) proteins with Mw ranging from
22 to 112 KDa. Two of them were not matched with any other
proteins in Mascot and NCBI protein databases. However, an-
other two proteins have regulatory roles and include ASBS and
HYOU1. These two proteins, ASBS and HYOU1, have pivotal
roles in energy providing across electron transport complexes
of the respiratory chain and cytoprotective cellular mechanisms
triggered by oxygen deprivation.

Several epidemiologic and in vivo and in vitro experiments
have evaluated and highlighted the role of cell phone exposure
on sperm motility and morphology (Agarwal et al. 2008;
Agarwal et al. 2009; Fejes et al. 2005) reproductive endocrine
(Black and Heynick 2003; Sepehrimanesh et al. 2014c) and
reproductive histopathology (Celik et al. 2012; Forgacs et al.
2004) and found evidence for a substantial reduction in male
fertilization potential. However, the mechanism of these ef-
fects is not known.

In previous research, we found that the 4-h exposure to
900 MHz RF-EMF affected the expression of proteins involved
in regulation of oxidative stress, HSP, protein folding, cytoskel-
eton, and pentose phosphate pathway (Sepehrimanesh et al.
2014b). HSP also known as stress proteins are highly conserved
and present in all organisms. These include several families
which are named according to their molecular weight. HYOU1
is a protein that rat is encoded by the Hyou1 gene and contains
998 amino acids and belongs to HSP70 family (Meunier et al.
2002). HYOU1 has a pivotal role in cytoprotective cellular
mechanisms triggered by oxygen deprivation that are critical to
the testicular endoplasmic reticulum. Also, HYOU1 may play a
role as a molecular chaperone and participate in protein folding
(Meunier et al. 2002). We and others have reported that free
radical induction due to RF-EMF exposure can cause biological
effects such as oxidative stress (Sepehrimanesh et al. 2014b).
HSPs are able to inhibit the release of free radicals and protect
cells against destructive effects (Gordon et al. 1997).

Another protein which induced in this study in response to
RF-EMF exposure was ASBS. This is a mitochondrial mem-
brane protein that produces ATP from ADP in the presence of a
proton gradient across the membrane which is generated by
electron transport complexes of the respiratory chain (Boulet
et al. 1989; Meyer et al. 2007). ATP synthase is a co-chaperone
of HSP 90 which is known as ATPase and hydrolyzes ATP to
stabilize substrates (Roe et al. 1999). Mitochondrial DNA is
sensitive to damage bymutagens and predisposes mitochondria
to injury on exposure of cells to genotoxic agents or oxidative
stress. Damage to the mitochondrial genome can cause muta-
tions or loss of mitochondrial gene products, or damage to some
nuclear genes encoding mitochondrial membrane proteins
(Bandy and Davison 1990). There are no studies about the

relationship between alteration of ASBS expression and RF-
EMF exposure in human and animals. Hojlund and collabora-
tors reported that ATP synthase β-subunit was down-regulated
in type 2 diabetes mellitus due to phosphorylation (Højlund
et al. 2003). On the other hand, dephosphorylation of some
proteins and enzymes, especially regulatory protein, in response
to oxidative stress were reported (Cicchillitti et al. 2003; Davis
et al. 1997; Perry et al. 1999; Zambrano et al. 2004). It seems
that 900-MHz RF-EMF exposure of rat testes at 4 h for 30
consecutive days has some capacity to induce changes in
phosphorylation/dephosphorylation status of ASBS and there-
fore induce up-expression.

Another possible mechanism that can account for these
impacts may involve weakening of cell membranes. This
can alter the response of the cells to environment and exert
changes in protein expression as off/on and up/down regula-
tion. For instance, Sirav and Sihan in 2009 reported that ex-
posure to 900 and 1800 MHz could increase the permeability
of blood-brain barrier (Sirav and Seyhan 2009). However,
such breakdown pathways andmechanismsmust be evaluated
in future in vitro and in vivo studies.

Finally, it must be presented that our study has two limita-
tions. First, the absence of control group in addition to sham-
exposed group which does not allow getting control-sham
comparison to estimate natural variability of the results.
Second, the low number of animals per each group. Despite
of these limitations, our study provides the first report show-
ing the induction of two regulatory proteins, ATP synthase
beta subunit and precursor in response to 4-h exposure to
900MHz RF-EMF. Both the up-regulated proteins found here
are co-chaperones or HSPs, a family of molecules that arise in
response to abnormal conformations. HSPs prevent non-
specific aggregation and support repair and maintenance of
functional structure (Frydman 2001). This work is a prelimi-
nary report, and further, complementary studies should be
pursued using other methods such as Western blot, immuno-
histochemistry, and/or real-time PCR. Also, complete se-
quencing of the two unnamed proteins we have noted and
other complementary analysis for identifying these proteins
is in order.
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