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ABSTRACT
The daily use by people of wireless communication devices has increased exponentially in the last
decade, begetting concerns regarding its potential health hazards. Drosophila melanogaster four
days-old adult female flies were exposed for 30 min to radiation emitted by a commercial mobile
phone at a SAR of 0.15 W/kg and a SAE of 270 J/kg. ROS levels and apoptotic follicles were assayed
in parallel with a genome-wide microarrays analysis. ROS cellular contents were found to increase
by 1.6-fold (x), immediately after the end of exposure, in follicles of pre-choriogenic stages
(germarium - stage 10), while sporadically generated apoptotic follicles (germarium 2b and stages
7–9) presented with an averaged 2x upregulation in their sub-population mass, 4 h after fly’s
irradiation with mobile device. Microarray analysis revealed 168 genes being differentially
expressed, 2 h post-exposure, in response to radiofrequency (RF) electromagnetic field-radiation
exposure (�1.25x, P < 0.05) and associated with multiple and critical biological processes, such as
basic metabolism and cellular subroutines related to stress response and apoptotic death. Exposure
of adult flies to mobile-phone radiation for 30 min has an immediate impact on ROS production in
animal’s ovary, which seems to cause a global, systemic and non-targeted transcriptional
reprogramming of gene expression, 2 h post-exposure, being finally followed by induction of
apoptosis 4 h after the end of exposure. Conclusively, this unique type of pulsed radiation, mainly
being derived from daily used mobile phones, seems capable of mobilizing critical cytopathic
mechanisms, and altering fundamental genetic programs and networks in D. melanogaster.
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Introduction

The rapidly increasing use of cellular phones, all around
the world, over the past decades has aroused public
concerns and fears regarding the potential health risks
of non-ionizing electromagnetic radiation and fields. In
response to these concerns, a recent review provides
strong evidence regarding the oxidizing capacity of
radiofrequencies (RFs), as 93% of the gathered experi-
mental studies presented oxidative effects on a variety
of biological systems (reviewed by Yakymenko et al.1).
In mammalian cells, the major source of Reactive Oxy-
gen Species (ROS) is the mitochondria. In vitro

experiments have shown that, under normal condi-
tions, approximately 1–3% of the oxygen used by the
mitochondria is converted to hydrogen peroxide
(H2O2).

2 This percentage increases by various stimuli,
such as low ATPase content or decreased mitochon-
drial ATP production.3 On the other hand, another cel-
lular source of ROS are the NADH (Nicotinamide
Adenine Dinucleotide) oxidases, which are membrane-
associated enzymes that catalyze one-electron reduction
of oxygen into superoxide radical using NADH as a
donor of electron, thus producing powerful ROS spe-
cies.4 Moreover, a positive feed-forward cycle between
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the aforementioned sources has been suggested.5 Both
mitochondria and membrane NADH oxidases have
been found to be critical sources of ROS generation
under radiofrequency-radiation (RFR) exposure.6-8

Despite their origin, ROS, as they depend on effective
concentration, may have a signal-transduction media-
tor role in cellular processes of survival or death.4

This dual ROS-dependent survival or death regulation
in mammals, according to di Meo et al.,5 can be
implemented either by transcription factors, or by
activation of Mitogen Activated Protein Kinase
(MAPK) cascades. Besides ROS content measure-
ments,6 detection of apoptosis activation,9 individual
gene expression modification10 and genome-wide
transcriptional reprogramming have been previously
reported in response to radiation emitted by mobile
phones in various model systems in vitro and in vivo,
albeit providing diverse conclusions.11-15

Hitherto, the diverse genetic backgrounds of model
animal systems used, in combination with the various
carrier frequencies, modulation schemes and field
intensities, render the investigation of biological
mechanisms that govern the molecular interactions of
radiofrequencies (RFs) with living tissues and cells, a
rather complicated and difficult task. Toward this
direction, in the year 2001, it was proposed that prote-
omics and transcriptomics, together with other high-
throughput screening platforms, could be successfully
used to identify critical molecular targets of mobile-
phone radiation and to address important biological
questions that would be unfeasible to be answered by
conventional technologies.16 Studies focusing on the
potential impact of RF electromagnetic fields on gene
expression profiling have been thoroughly evaluated,
in the year 2011, by the International Agency for
Research on Cancer (IARC), and they (RF fields) have
been classified in the category of possible carcinogenic
agents (group 2B).17,18

The biological model organism Drosophila mela-
nogaster and, more specifically, the developmental
process of oogenesis represent versatile, powerful and,
in general, ideal experimental systems for studying in
vivo a wide range of cellular processes, by molecular,
genetic and morphological means, while they also
appear to allow manifestations of unique behaviors,
responses and sensitivities toward various environ-
mental stress stimuli.19 Pioneering previous work on
Drosophila melanogaster has demonstrated that short-
term exposure to Extremely Low Frequency (ELF)

Magnetic Fields (MFs) led to alterations in transcrip-
tion activity of salivary gland cells.20-22 A more recent
study, using transcriptomic analysis, revealed 439
upregulated genes and 874 downregulated genes fol-
lowing short-term exposure of male flies to ELFs,
including genes involved in apoptosis, stress response
and reproduction. In the same study, reproduction
capacity was reduced by ELFs.23 Fecundity was also
shown to be affected by RFs.24,25 As we have previ-
ously shown, exposure of adult flies to RF radiation
apart from reduction of animal’s fecundity also results
in induction of apoptosis in the ovary and increase of
ROS whole-body content.26-28 Thus, in an effort to
unravel the complicated network that controls the
interaction between non-ionizing radiation and ovar-
ian cell sub-populations, we examined the critical cyto-
pathic subroutines of oxidative stress and apoptotic
death, in correlation with gene expression reprogram-
ming, during early and middle oogenesis, after expo-
sure of adult female flies to mobile-phone radiation.

Results

Experimental design

To study the potentially harmful effects of RF radia-
tion on Drosophila ovarian tissue, 4 days-old adult
female flies were irradiated with a GSM-1,800 MHz
Talk mode mobile phone for 30 min. ROS-content
upregulation and cell death induction were both
examined in parallel with global-profiling patterns of
gene transcription. ROS levels were measured imme-
diately after the end of exposure, adapting a protocol
of our earlier studies28 while apoptosis was detected
4 h later. Since previous time-course experiments have
identified apoptosis to be activated 4 h post-expo-
sure,29 it is this time-point of 4 h that was finally cho-
sen for the present study. Based on our ROS- and
apoptosis-related obtained data, a 2-h post-exposure,
intermediate, time-point was chosen as the most suit-
able and informative one for the genome-wide gene-
microarray analysis (Supplementary Fig. 1).

Mobile-phone radiation promotes ROS-content
elevation and apoptosis induction, during early and
middle Drosophila oogenesis

A 30-min mobile-phone exposure led to increased ROS
levels in the nurse-cell cluster of developing follicles
(Fig. 1A). A statistically significant upregulation of
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Figure 1. Mobile-phone radiation causes elevation of ROS cellular contents and activation of sporadic cell death, during early and mid-
dle oogenesis in Drosophila melanogaster. (A) Confocal laser scanning microscopy (CLSM) images illustrating representative ovarian fol-
licles of stage 10, as they are stained with the general ROS-detector CM-H2DCFDA. Positively reagent-reacted nurse cells were detected
only in ovaries of the exposed (EXP) flies (oocyte’s green -spotty- signal emanates from auto-fluorescence of yolk granules). (B) Bar-
graphs presenting ROS cellular levels § SEM, as they are measured by suitably used fluorimetric assays, in control (SE: Sham Exposed)
and truly exposed (EXP) follicles of all developmental stages from germarium (2b) up to stage 10. (C) Fluorescence microscopy images
showing ovarian follicles from sham-exposed (SE) and truly exposed (EXP) flies, as they (follicles) are stained with the acridine orange
apoptotic reagent. (D) The ratio of sporadically generated apoptotic follicles was estimated using the number of positively stained, with
acridine orange, follicles, of early (germarium 2b) and middle (stages 7–9) oogenesis, against the total number of ovarian follicles of the
same developmental stages § SEM. Scale bars: 50 mm. N D 3, n D 3. SEM: Standard Error Mean. N: number of biological samples; n:
number of biological experiments. �: P < 0.05.
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1.6-fold (x) averaged value was detected in the pre-
choriogenic stages of germarium (2b) up to stage 10
(Fig. 1B), whereas the choriogenic stages 11–14 presented
with practically unalterable ROS levels (data not shown).
Interestingly, RF radiation proved capable to induce a
2x increase in the number of follicles with fragmented
DNA in the RF radiation-exposed group, as compared
with the sham one, specifically at the two major devel-
opmental checkpoints of fly oogenesis, namely the
germarium (2b) and stages 7–9 (Fig. 1C and D).

Genome-wide transcriptional alterations in
Drosophila ovary after exposure to mobile-phone
radiation

Thorough statistical analysis between the exposed and
sham-exposed samples revealed that 168 genes altered
their transcriptional expression patterns at a notable
and biologically important level (�1.25x, P < 0.05)
(Supplementary Table 1). More specifically, 153 genes
were shown to be significantly activated in the exposed
group, whereas 15 ones were found to be notably
repressed under the same treatment conditions
(Fig. 2). Among the upregulated genes, 35 ones pre-
sented with more than 1.5x increase value; whereas 4
genes reduced their expression levels less than 0.66x
in the exposed group, compared with the sham one
(Fig. 3A). It seems that the majority of ovarian genes
identified herein were upregulated after RF-radiation
exposure, while only a small number of them were
downregulated, therefore suggesting that the primary
genome-wide response of fly ovary to mobile-phone
radiation is the global gene activation.

Nine genes were selected for further verification of
the microarray-platform analysis applied. Selection
criteria were mainly based on gene’s annotation bioin-
formatics data, to cover a variety of biological pro-
cesses. In particular, FBgn0036398 (UpSET) and
FBgn0040765 (Luna) were related to oogenesis,
FBgn0013948 (Ecdysone-induced protein 93F –
Eip93F), FBgn0000247 (Claret) and FBgn0260742
(Anon87A) to cell death, FBgn0017549 (Ras-related
protein interacting with calmodulin – RIC) and
FBgn0058178 (CG40178) to stress response, and
FBgn0010381 (Drosomycin – Drs) to innate immune
response, while the protein product of CG (Tetraspa-
nin – Tsp42Ei) was previously identified as a plasma
membrane component. RT-qPCR used protocols
undoubtedly confirmed the microarray-derived

expression profiling for all the 9 examined genes
(Fig. 3B). RIC and Luna presented with more than 2x
transcriptional induction in response to RF radiation,
while UpSET, Annon87Ab, Claret and Eip93F fol-
lowed a close to 2x upregulation of their gene-expres-
sion capacities under the same stress conditions. On
the contrary, Tsp42E1 and Drs were both character-
ized by a significant RF radiation-directed reduction
of their respective transcriptional activities, with Drs
gene being strongly downregulated at an approximate
level of 4x, therefore suggesting the plausible mobile-
phone radiation-induced compromise of immune
proficiency in fly ovary.

RF radiation-driven perturbation of transcriptional
integrity was further analyzed through Gene Ontology
(GO), DAVID and PANTHER bioinformatics resour-
ces, and the differentially expressed genes (DEGs),
identified herein, were classified and reassembled into
networks, according to the molecular function, cellular
topology and biological process of their respective cog-
nate products. By using the DAVID platform, its
“Functional Annotation” subroutine and “Cellular
Compartmentalization” category, revealed that only 3
proteins were recognized as “Extracellular Matrix”
(Fold Enrichment 0.42) elements, whereas, regarding
the “Intracellular Region” 7 proteins were identified in
the “Cytosol” (Fold Enrichment 1.16) and 26 proteins
were categorized as “Plasma Membrane” components
(Fold Enrichment 0.74). Surprisingly, the majority of
our DEGs (in response to RF radiation) encoded pro-
teins that were tightly associated with organelles’ struc-
ture and function (52 proteins, Fold Enrichment 1.12),
while 31 of them were embraced under the description
of “Nuclear proteins” (Fold Enrichment 1.27). Interest-
ingly, there were also gene products recognized to be
involved either in secretory and trafficking interrelated
networks, such as the “Endosome,” the “Golgi Appara-
tus” and the “Endoplasmic Reticulum” or in organelles
involved in translation and metabolism namely ribo-
some and mitochondria (Fig. 4A). All five DEGs
encoding “Ribosomal Proteins” were downregulated in
response to RF radiation (Supplementary Fig. 2A)

RF radiation-specific DEGs also presented with
certain features that clearly engage them (DEGs) in
diverse biological processes, such as “Metabolism”
(74 proteins), “Adhesion” (1 protein), “Apoptosis”
(3 proteins), “Reproduction” (4 proteins), “Develop-
ment” (6 proteins) and “Immunity” (8 proteins)
(Fig. 4B), as well as in multiple signal transduction
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pathways, with “Ubiquitin/Proteasome” (3 proteins),
“Wnt” (3 proteins) and “Cadherin” (3 proteins)
being the most pronounced ones among all
(Fig. 4C). According to GO annotations, the group
“Cellular Process” (comprises proteins involved in

“Vesicle-mediated Transport” (16), “Membrane
Organization”/“Invagination” (14), “Endocytosis”
(13), “Phagocytosis” (10) and “Engulfment” (9),
while the category “Metabolic Process” mainly refers
to catabolic pathways targeting protein degradation,

Table 1. Stress-related DEGs upon mobile-phone radiation. Stress-related genes, transcriptionally modified by mobile-phone radiation
in Drosophila melanogaster ovarian tissue (>1.25x, P < 0.05). Gene transcription upregulation, or downregulation, is shown (fold and
arrows) for the exposed vs. Sham-exposed (control) fly groups.

Gene Title
Official Gene

Symbol
Flybase
Clone ID

Molecular Function (GO,
INTERPRO, Flybase, DAVID)

Fold
(x)

Transcriptional Regulation
Response P value

Glutamate-cysteine
ligase modifier
subunit

Gclm FBgn0046114 Cellular response to DNA
damage stimulus

1.8 0.026

CG40178 FBgn0058178 Cell redox homeostasis 1.78 0.038

Ras-related protein
interacting with
calmodulin

Ric FBgn0017549 Response to oxidative stress 1.74 0.030

Methuselah-like 4 Mthl4 FBgn0034219 Response to stress 1.57 0.015

Timeout Timeout FBgn0038118 DNA damage checkpoint 1.54 0.029

Subdued CG16718 FBgn0038721 Detection of temperature
stimulus involved in
sensory perception of
pain

1.52 0.042

TNF-receptor-
associated factor 6

Traf6 FBgn0026318 Stress-activated protein
kinase signaling cascade

1.39 0.015

Hormone receptor-
like in 96

Hr96 FBgn0015240 Response to starvation 1.38 0.013

Spf45 CG17540 FBgn0086683 Response to DNA damage
stimulus

1.35 0.018

CG6227 FBgn0030631 DNA repair 1.35 0.045

Scamp Scamp FBgn0040285 Response to stress, Response
to heat

1.34 0.034

DNApol-iota DNApol-iota FBgn0037554 Cellular response to stress,
Damaged DNA binding

1.29 0.006

CG5001 FBgn0031322 Unfolded protein binding,
Response to heat,
Chaperonin

1.27 0.038

CG33276 FBgn0053276 Positive regulation of
oxidative stress

0.68 0.041

Cryptochrome Cry FBgn0025680 Negative regulation of DNA
repair

0.67 0.028
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Figure 2. Mobile-phone radiation alters gene-expression profiling mainly through a transcriptional activation process: a genome-wide
approach in fly ovary. Heat-map showing normalized expression levels of 168 identified DEGs (�1.25 fold, P < 0.05), after application of
a microarray-based technology, with their (DEGs) vast majority following an upregulated pattern of expression (compared with control
conditions), in response to RF-radiation exposure. Gene-clustering was performed using Euclidean distance and average linkage-analysis
software. Light-blue color indicates genes with upregulated levels of expression (153), while gray color specifies genes with downregu-
lated levels of expression (15). SE: Sham Exposed. EXP: Exposed (truly). N D 2, n D 2. N: number of biological samples; n: number of
biological experiments. �: P < 0.05.
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such as “Proteolysis” (22), and “Modification-depen-
dent Protein Catabolism” subroutines (12) (data not
shown). KEGG pathway analysis revealed 5 out of
13 proteins having been identified by DAVID to
critically contribute to “Endocytic Network” func-
tions (Supplementary Fig. 2B).

Next, we classified our DEGs via the “Molecular
Function” filter and two pivotal groups, namely the
“Binding Interactions” and “Catalytic Activities,” could
be reliably recognized. “Binding Interactions” included,
among others, “Protein Binding” (81), “DNA Binding”
(19), “RNABinding” (15), “Zinc-ion Binding” (28), “Cal-
cium-ion Binding” (8) and “ATP Binding” (15) protein

members (Fig. 5A). “Catalytic Activities,” interestingly,
embraced 38 gene products with “Hydrolase” (e.g. “Pep-
tidase,” “Lipase,” “Phosphatase,” “Oxidoreductase” and
“Lyase”) activity, 15 with “Transferase Activity” and 8
with “Transporter Activity.” Notably, 14 “Transcription
Factors” and 7 “Receptors” were identified to be likely
implicated in the cellular responses of fly ovary to
mobile-phone radiation-induced stress (Fig. 5B).

Taken together, our data strongly support the notion
that RF-radiation exposure critically modulates the tran-
scriptional capacity and expression of a diverse group of
genes that orchestrate essential cellular functions and
processes in Drosophila ovary. However, the majority of

Figure 3. Mobile-phone radiation notably reprograms gene-expression activity in Drosophila melanogaster ovary. (A) Heat-map of DEGs
being featured by prominent transcriptional perturbation (�1.5x, P < 0.05), after RF radiation-induced stress in fly ovary. Gene-cluster-
ing was performed using 1.5x cut off, Euclidean distance and average linkage-analysis subroutine. Light-blue color indicates genes with
upregulated levels of expression (35), while gray color specifies genes with downregulated levels of expression (4). SE: Sham Exposed.
EXP: Exposed (truly). N D 2; n D 2. (B) Validation of gene-microarray data by suitably used RT-qPCR (real time-quantitative polymerase
chain reaction) protocols. Bar graph presenting normalized mRNA levels § SEM. N D 2; n D 3. SEM: Standard Error Mean. N: number of
biological samples; n: number of biological experiments. �: P < 0.05.
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Figure 4. Gene Ontology (GO) and cluster classification analysis of DEGs. Drosophila-ovary genes that have proved to be differentially
regulated and expressed by mobile-phone radiation were analyzed using the DAVID-GO bioinformatics subroutine, and they were
sequentially categorized according to: (A) “Cellular Compartmentalization” and (B) “General Biological Processes.” (C) Using PANTHER
bioinformatics platform, DEG transcripts were also grouped in multiple and diverse “Signaling Pathways.” The number of genes that
could be classified in each different category is indicated in parenthesis.
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RF radiation-specific DEG products seem to be prefer-
entially targeted and localized onto sub-cellular organ-
elles. This likely indicates a novel, but still elusive,
cardinal role of “organelome” (the assembly of all func-
tional organelles in a cell) in ovarian cell-cluster tran-
scriptome dynamics, and vice versa, during certain (e.g.,
mobile-phone radiation) stress conditions.

Functional categorization of RF radiation-specific
DEGs into stress-related and apoptotic death-
promoting groups

The operation of an RF radiation-driven cytotoxic net-
work critically orchestrated by ROS and apoptotic

determinants prompted us to further analyze our
DEGs with regard to their contribution to stress
response and cell death processes, by suitably using
the powerful bioinformatics platforms of GO catego-
ries in Flybase, DAVID and FlyAtlas (http://flyatlas.
org) interfaces. Fifteen genes were identified to be
involved in cellular responses to stress, with special
emphasis on genotoxic (DNA damage) and oxidative
stress (Table 1). Surprisingly, Cryptochrome, whose
protein product negatively regulates nucleic acid
metabolism and DNA repair, and CG33276 gene,
whose thiocarboxylated protein form is an oxidative-
stress promoter, were both proved to be transcription-
ally downregulated in response to RF radiation, thus

Figure 5. Molecular categorization of DEGs through specific functional annotation. Fly-ovary genes shown to be differentially controlled
and expressed in response to mobile-phone radiation exposure were processed through engagement of DAVID-GO bioinformatics tool
and they were further classified according to their: (A) “Specific Binding Interactions” and (B) “Specific Catalytic Activities.” The number
of genes that could be embraced by each different category is indicated in parenthesis.
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suggesting the activation of counteractive mechanisms
engaged in cellular detoxification from mobile-phone
radiation-induced harms.

In parallel with the stress-related genes described in
Table 1, there were also DEGs strongly associated
with programmed cell death. Table 2 presents 10
genes being transcriptionally upregulated after
mobile-phone radiation exposure, and also critically
implicated in apoptotic and/or autophagic death.
Interestingly, among them, besides the apoptotic ones,
4 genes were identified to promote autophagy, there-
fore suggesting the ability of apoptosis and autophagy
to synergistically compel RF radiation-exposed fly-
ovary cells to death. Altogether, these findings demon-
strate that transcriptional expression of stress-, apo-
ptosis- and autophagy-related genes can be notably
increased upon exposure to mobile-phone radiation,
and they can likely contribute to its damaging power
in Drosophila ovary.

Identification and molecular wiring of DEG human
orthologs into functional networks

Through employment of PANTHER bioinformatics
tool, we were able to identify 3 Drosophila DEGs
whose human counterparts are strongly related to
baneful diseases. In particular, the human orthologs of
Frizzled and CG16718 Drosophila genes have been
previously shown to critically control Alzheimer’s dis-
ease,30,31 while Calpain B has been tightly linked to
Huntington’s disease.32,33 Hence, we performed a
more detailed and thorough analysis based on human
orthologs that, in general, are better characterized and
more completely annotated. Human orthologs were
identified via Mouse Genome Database (MGD; MGI
5th version; http://www.informatics.jax.org) platform34

From the list of RF radiation-modulated genes, 124
ones presented with a human ortholog each and,
among them, 113 were transcriptionally upregulated,
while only 11 genes followed a downregulation expres-
sion pattern in response to the applied stress. By using
the Ingenuity Pathway Analysis (IPA) tool, it proved
that these genes could be reliably categorized in
diverse networks of cellular patho-physiology. p38-
MAPK-dependent signaling (Supplementary Fig. 3A)
and Glutathione biosynthesis (Supplementary
Fig. 3B), known to essentially orchestrate stress
responses, were among the principally altered path-
ways. Similar gene-product wiring protocols allowed

the molecular reconstruction of 8 functional networks,
mainly implicated in “EIF2 Signaling” and “Protein
Ubiquitination” (Fig. 6A and B), in “Cell Cycle” and
“Signal Transduction” (Fig. 6B and C), in “Cell Death”
and “Cell Survival” (Fig. 6C), in “DNA Replication,”
“DNA Recombination” and “DNA Repair” (Fig. 6D),
and in “Embryonic Development” (Fig. 6E) processes,
therefore unveiling the non-targeted, multifaceted and
versatile detrimental power of mobile phone-emitting
radiation over fly ovary and, in general, other critical
(mitotically active) organs of living organisms of
different evolutionary levels, including humans.

Discussion

The last few decades there is a constantly increasing
concern for the adverse effects of non-ionizing radia-
tion on human health. The aim of the present study
was to systemically characterize cell-cytopathy and
gene-expression responses following exposure of Dro-
sophila melanogaster to short-term mobile-phone radi-
ation. Nearly a 2x ROS-content elevation proved as an
immediate cellular response of fly’s ovary, and specifi-
cally its pre-choriogenic developing follicles, to 30-min,
in vivo, exposure of adult flies to a commercial mobile
phone emitting a GSM-Talk signal. Next, 4 h post-
exposure, a notable increase in sporadic apoptotic cell
death was detected during early (germarium 2b) and
middle (stages 7–9) oogenesis. These findings not only
reinforce our previous conclusions regarding the sensi-
tivity of Drosophila ovarian tissue to RF radiation,27

but are also consistent with earlier studies which have
reported ROS-level upregulation and apoptosis activa-
tion in the germ-line cells of male rats, after their in
vivo exposure to an RF field of 900 MHz.35,36

Following a molecular-system and time-dependent
specific rationale, we, next, investigated the transcrip-
tional responses of ovarian cell sub-populations to RF
radiation 2 h after the end of exposure, by a genome-
wide gene-expression profiling analysis and suitable
correlations of the obtained data with available data-
bases. Microarray-platform results indicated that in
vivo exposure of young-adult flies, for just 30 min, to
radiation being emitted by a mobile phone of GSM
1,800 MHz, at a low, 6 min-average specific absorption
rate (SAR) value of 0.15 W/kg, well below the permissi-
ble human-head exposure (1.8 W/kg), is able to induce
critical alterations in the transcriptional dynamics and
gene-expression activities of early- and middle-stage
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follicles during Drosophila oogenesis, under the specific
exposure set up and conditions. One hundred and sixty
eight genes (168) were differentially expressed after RF
radiation-induced stress and they could be classified in
diverse biological-process reassembled networks, thus
suggesting that RF radiation operates as a non-targeted
and multifaceted cytotoxic agent that can simulta-
neously deregulate various cellular functions, ultimately
inducing ovary’s systemic pathology not only in flies
but likely in humans, as well. Similarly, Remondini
et al., via employment of human cell lines and primary
cells, have previously reported that RF radiation is capa-
ble to promote a variety of alterations in gene expression
programs.37 Interestingly, our DEG products presented

with a strong localization preference onto sub-cellular
organelles, therefore suggesting thatmobile-phone radi-
ationmay not target specificmolecules but rathermulti-
protein systems, such as the trafficking machinery and
its organelles, critically controlling ovary’s nutritional,
biosynthetic, metabolic, energetic and signaling require-
ments during Drosophila gametogenesis, embryogene-
sis, post-embryonic development and aging. Whether
the organelle-specific DEGs orchestrate the RF radia-
tion-induced cytopathic subroutines, or direct a coun-
teractive -defense- network that detoxifies cells from
molecular “radio-hazards” is an open and challenging
issue that definitely deserves to be pursued and success-
fully resolved (paper in preparation).

Table 2. Cell-death-related DEGs upon mobile-phone radiation. Programmed cell death-related genes, transcriptionally activated by
mobile-phone radiation in Drosophila melanogaster ovarian tissue (>1.25x, P < 0.05). Gene transcription upregulation is denoted, for
the exposed vs. control fly groups, in the form of fold and arrows.

Gene Title
Official

Gene Symbol
Flybase
Code

Molecular Function
(GO, INTERPRO, Flybase, DAVID) Fold (x)

Transcriptional
Regulation Response P value

Anon 87Ab CG12213 FBgn0260742 Positive regulation of JAK/STAT 1.75 <0.001

Claret Ca FBgn0000247 Regulation of autophagy 1.64 0.015

Ecdysone-induced
protein 93F

Eip93F FBgn0013948 Activation of caspase activity,
Autophagic cell death

1.57 0.015

TNF-receptor-
associated factor 6

Traf6 FBgn0026318 Cell death, Positive regulation of
autophagy

1.39 0.015

HTRA2-related serine
protease

HtrA2 FBgn0038233 Regulation of programmed cell
death

1.37 0.046

Bendless Ben FBgn0000173 Positive regulation of cell death,
Positive regulation of JNK
cascade

1.34 0.020

Abstract Abs FBgn0015331 Apoptosis, Programmed cell
death

1.32 0.031

Draper Drpr FBgn0027594 Apoptotic cell clearance 1.31 0.023

Mediator complex
subunit 24

MED24 FBgn0035851 Positive regulation of
programmed cell death

1.31 0.033

Vacuolar protein
sorting 4

Vps4 FBgn0027605 Autophagic vacuole fusion 1.27 0.012

CG5001 FBgn0031322 Cell death, Apoptosis 1.27 0.038
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Figure 6. (For figure legend, see page 87.)
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Among our identified DEGs and their cognate pro-
tein products, »9% (15 genes) were characterized as
stress-related and »6% (10 genes) as death-related
determinants. Notably, certain components of stress-
associated critical pathways, like the p38-MAPK and
GSH (Glutathione) biosynthetic ones, proved to fol-
low an RF radiation-dependent upregulation in their
gene expression activities. These data, together with
the induction of oxidative (ROS-level increase) and
apoptotic cytotoxicity, observed in the pre-choriogenic
ovarian follicles, strongly indicate that mobile-phone
radiation represents a hazardous stress factor, with an
intrinsic apoptotic capacity that can seriously harm
Drosophila oogenesis. Indeed, bioinformatics analysis
revealed annotations including “cellular response to
stress,” “response to DNA damage stimulus,” “DNA
repair,” “proteolysis,” “positive regulation of caspase
activity” and “JNK cascade.” Similar observations
were reported 2 h post-exposure of Drosophila larvae
to 4,000R of X-rays ionizing radiation, although the
recorded value was above 2x.38

The RIC fly homolog of mammalian Rit/Rin, with a
conserved role as regulator of p38-MAPK response to
oxidative stress39 and the CG40178 gene, likely
implicated in cell redox homeostasis, as foreseen via
bioinformatics-mediated annotation, were both upre-
gulated, in a statistically significant manner, in the
exposed female-fly, as compared with the control,
group. Mobile-phone radiation could also stimulate
the transcriptional activity of Bendless (Ben) gene,
whose cognate protein functions as an E2 ubiquitin-
conjugating enzyme for dTRAF2, while it (Ben) posi-
tively regulates JNK signaling-dependent tumor
growth and invasion, cell death, oxidative-stress resis-
tance, and longevity in flies.40 These findings are con-
sistent with previous observations of Lee et al.,41 who
reported ROS-content elevation and JNK activation in
Drosophila upon exposure to mobile-phone radiation.

Remarkably, 4 of our RF radiation-induced gene
products were classified in “Autophagy,” while »6% (10

genes) of all identified DEGs and their cognate proteins
were recognized as “Phagocytosis”-related components.
Upregulation of autophagic-related genes was also
observed in brain regions of mice exposed to 835 MHz
RF at a SAR of 4.0 W/kg for 5 h/day for 12 weeks.42

Both cellular subroutines of autophagy and phagocytosis
have been previously reported to operate during pro-
grammed cell death in Drosophila ovary.43,44 Claret
(Rab32) gene that encodes a protein essentially regulat-
ing lipid storage and autophagy45 and Eip93F, whose
product also controls autophagic cell death in Drosoph-
ila,46 where both, herein, presented with notable upregu-
lation in response to the applied stress. Moreover, the
cognate gene of Draper (Drpr) protein that is required
for follicle-cell engulfment and JNK-pathway activa-
tion47 was also shown with a transcriptional activation
profiling in the exposed, vs. control, fly group. Taken
together, our data indicate that the RF radiation-induced
cell death in fly ovary, besides apoptosis, may also be
critically mediated by inducible autophagy, as well, with
both processes operating in a likely synergistic fashion.

In addition to cell death subroutines, bioinformatics
data analysis revealed that RF radiation-specific DEGs
could be categorized in multiple cellular processes reg-
ulating fly oogenesis, such as “Vesicle-mediated Trans-
port,” “Membrane Organization”/“Invagination” and
“Endocytosis,” which have proved to play major roles
in follicle development, as they serve for yolk protein
accumulation in the developing oocyte.48-50 Yolk pro-
teins are the sole nutritional and energetic sources for
embryogenesis in Drosophila, and any disruption of
their trafficking integrity and metabolic homeostasis
may result in severe impairment of embryonic and
post-embryonic fly development. Among others, it
may be this mobile-phone radiation-directed malfunc-
tion of yolk-protein metabolism that likely results in
the observed reduction of Drosophila offspring-pro-
duction efficiency, upon exposure to the particular
stress, as it has been previously reported by our
group.27 Similarly, perturbation of embryonic

Figure 6. (see previous page) Cataloguing and functional clustering of DEG human orthologs through engagement of Ingenuity Pathway
Analysis (IPA) tool. (A) Bar-graphs denoting fly-ovary DEGs with statistically significant (P < 0.05) homologies to human counterparts
and their cognate reconstructed protein pathways. Ratio is referred to the number of genes from our DEG list [comparison of their tran-
scriptional activities between SE (sham exposed) and EXP (truly exposed) fly groups] divided by the total number of genes involved in
each specific pathway that has been notably affected by flies’ exposure to mobile-phone radiation. Threshold is determined at P value
0.05 [-log (0.05) D 1.30]. To the same direction, RF-radiation exposure proved able to differentially perturb the transcriptional-expres-
sion profiling of several genes (DEG human orthologs) being critically implicated in: (B) “Cell Cycle” - “Cell Signaling,” (C) “Cell Death” -
“Cell Survival,” (D) “DNA Replication” - “DNA Recombination” - “DNA Repair” and (E) “Embryonic Development,” as clearly revealed
through suitable application of IPA bioinformatics tool. Red color indicates the upregulated gene products, while green color specifies
the downregulated ones. Figures were automatically produced via IPA-software protocols.
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development and increased mortality were observed
after radiation exposure of chicken embryos to a
mobile phone, intermittently 3 h per day during the
incubation period.51

Tight regulation of oxidative stress represents an
essential process for survival and growth of the
affected cells. Production or detoxification of ROS,
and their downstream transducing signals, and in gen-
eral redox balance and homeostasis, seem to implicate
several transcription factors in humans, with AP-1,
FOXOs (3/4), HIF-1a, NRF2, p53 and NF-kB (REL)
being the most critical ones.52-56 Tohidi et al.57 showed
RF-dependent upregulation of p53 and p21genes,
underlying that RF radiation can control the expres-
sion levels of principle transcription factors. Through
application of bioinformatics tool, several fly-ovary
DEGs proved to carry putative binding sites of the
aforementioned transcription factors in their cognate
proximal [-1 to ¡500 bp from TSS (transcription start
site)] promoters (Table 3), therefore indicating the
decisive contribution of ROS engagement to specific
(e.g., NRF2) transcription factor-dependent genome-
wide reprogramming of ovarian-gene expression,
upon Drosophila exposure to mobile-phone radiation.
For example, among others, it may be the redox
imbalance that triggers the AP-1- and NRF2-mediated
upregulation of Mkrn1 gene expression (Figs. 2 and 3,
and Table 3), after mobile-phone radiation-induced
stress in fly ovary. Each DEG’s transcriptional
response to RF-radiation cytotoxic power likely results
(without excluding alternative mechanisms) from a
distinct combination of ROS-dependent (regulated at
the post-translational level) transcription factors (e.g.,
AP-1/NRF2 or FOXOs/NF-kB), which all together
may be capable to successfully orchestrate the ensuing
sporadic apoptotic death of Drosophila-ovary cellular
compartments observed upon mobile-phone radiation
exposure (Fig. 1). In an effort to unravel the mecha-
nism between ROS origin and ROS-dependent tran-
scriptional regulation following mobile-phone
radiation exposure, plants might be an alternative
model system to examine. Given that mitochondria
are not the primary source of ROS production outside
the animal kingdom,58 three studies conducted in
plants showed ROS increase by RF exposure,59-61

therefore opening new mechanistic windows for the
inter-relations among ROS, RF and gene activity.

Conclusively, our data strongly suggest that, in the
ovarian developing follicles of D. melanogaster model

system, pulsed, non-ionizing radiation, being emitted
by commercially available mobile-phone devices, trig-
gers genome-wide and non-targeted transcriptional
perturbation of gene-expression profiling, likely
through ROS-dependent and oxidative stress-medi-
ated mechanisms, which, all together, can subse-
quently compel sensitive ovarian-cell sub-populations
to sporadic apoptotic death. We expect that similar
RF radiation-specific pathology could be likely
observed in other critical fly organs, such as the brain,
heart and intestine (paper in preparation), while com-
plete or partial failure of sensitive organic systems
(e.g., ones with strong mitotic and/or metabolic activi-
ties) in humans could be also associated or attributed
(even to some extent) to mobile-phone wrong man-
agement, bad practice and/or overuse.

Materials and methods

Fly culture

The wild type Oregon R strain of Drosophila mela-
nogaster was maintained at 24�C, as described previ-
ously.27 To start the experiment, newly emerged (2–
4 h old after pupal eclosion) female flies (10 individu-
als per vial) were randomly collected and subsequently
incubated in new vials with fresh medium at 24�C.
Flies were maintained in opened, plastic vials, covered
with cotton and fed on standard diet.

Exposure conditions

Four days-old, adult and synchronized female flies
were exposed to a commercial cell phone GSM-Talk
1,800 MHz signal, for 30 min as described before.27

Flies were kept at 2 cm distance from the cell-phone.
Sham-exposed (control) flies of the same age as the
exposed ones were placed close to the same but
switched off mobile phone for 30 min, which (phone)
in this case was switched off. Cell phone was operating
like a normal call with voice activation. Averaged E-
field intensity value was measured at 10 V/m for
6 min, in accordance with guidelines and limits speci-
fied by the International Commission on Non-Ioniz-
ing Radiation Protection (ICNIRP).62 NARDA
SRM3000 (Narda Safety Test Solutions, German) and
Rohde & Swartz FSL/6 (Rohde & Schwarz GmbH &
Co KG, German) spectrum analyzers were used via
utilization of near-field probes. Power density was cal-
culated at a level of 0.27 W/m2.
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The conductivity value s for fruit fly, according to
Wang et al.,63 should be about 1.5 S/m at 1,800 MHz,
which at 20�C results in a Specific Absorption Energy

(SAE) of 270 J/kg at E D 10 V/m, density (r) D
1,000 kg/m3, and time (t) D 1,800 sec, according to
the formula; SAE D (s¢E_RMŜ2)/r t J/kg. SAR was

Table 3. DEGs with putative binding sites of ROS-dependent transcription factors. Catalog of fly-ovary DEGs being characterized by the
in silico presence (P< 10¡4) of the, herein, denoted transcription-factor (AP-1, FOXO3, FOXO4, HIF-1a, NRF2, p53 and REL/NFkB) binding
sites in their (DEGs) (semi-)proximal -respective- promoter regions [-1 to ¡500 bp, upstream (50) from the transcription start site
(TSS: C1)]. Each one of the, herein, examined transcription factors has been previously reported to critically control redox homeostasis
under certain cellular settings and stress conditions [41–45]. Identification of binding sites was performed with FIMO algorithm from
MEME suite (http://meme-suite.org/) [46] with default settings, using the motifs identified from JASPAR database (http://jaspar.gen
ereg.net), a high-quality transcription factor-binding profile database. The number of times (x) a binding site is recognized in an
examined-gene (DEG) promoter is described in its respective parenthesis (e.g., 2x or 3x), when required to be given.

AP-1[41] FOXO3[42] FOXO4[42] HIF-1a[43, 44] NRF2[43, 44] p53[42, 44] REL (NFkB)[43–45]

CG1732 C (2x) C C C
CG7726 (RpL11) C C C (2x) C
CG8389 C (2x) C C (2x)
CG3815 C C C
CG5170 (Dp1) C (2x)
CG18468 (Lhr) C (2x)
CG10107 C
CG14513 (Yema) C (3x)
CG32019(Bt) C C C
CG2092 (Scra) C
CG17697(Fz) C
CG7184 (Mkrn1) C C
CG6536 (Mthl4) C
CG6401 C
CG6190 (Ube3a) C
CG30466 C
CG17540 (Spf45) C
CG14411 C
CG1093(Plx) C
CG10738 C
CG5276 C C C
CG5871 C C C (2x)
CG8320 C
CG6791 C (2x)
CG32627 (NnaD) C
CG11783 (Hr96) C
CG2641 C C C
CG9485 C C
CG7465 C C
CG6977 (Cad87A) C C
CG6958 (Nup133) C (2x) C (2x)
CG6072 (Sra) C C
CG5976 C C
CG3870 (Chrw) C C
CG32155 C C
CG2186 C C
CG17596 (S6kII) C C
CG17370 C (3x) C (3x)
CG14516 C C
CG13350 C C
CG10961 (Traf6) C C
CG10959 C C
CG10653 (Hk) C C
CG12214 C C C
CG8332 (RpS15) C C
CG7685 C C
CG3194 C C
CG1866 (Moca-cyp) C C
CG17261 C C
CG10265 C C
CG5742 C
CG9007 C
CG6718 (IPLA2-VIA) C
CG32315 (Dlt) C
CG7162 (MED1) C
CG6148 (Past1) C
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calculated to be equal to 0.15 W/kg, according to the
formula SAR D (s¢E_RMŜ2)/rW/kg.

A recent publication by Zhang et al.64 concluded that
thermal stress weakened the physiologic function and
promoted the HSR (Heat Shock Response) andOS (Oxi-
dative Stress) of flies. ELF-EMF aggravated damages and
enhanced thermal stress-induced HSP and OS
responses. Therefore, thermal stress and ELF-EMF eli-
cited a synergistic effect. Thus, temperature was
monitored during the whole time of exposure and no
increase was observed during irradiation. Three repli-
cates per experimental condition (30 female flies, in
total) and three independent biological experiments
were performed.

ROS detection

Female flies were anaesthetized and their ovaries were
manually dissected in Phosphate-Buffered Saline
(PBS) solution. Ovarian follicles were carefully col-
lected and subsequently separated into two distinct
groups. The first group contained follicles from all
developmental stages up to stage 10, while the second
one embraced follicles from stage 11 to 14. ROS cellu-
lar levels in the examined follicles were quantified via
employment of a fluorimetric assay, using the CM-
H2DCFDA (Life Technologies, USA) general ROS-
species detector,65 as previously described.28 ROS
imaging was performed after the incubation of Sham-
exposed (control) and mobile phone-treated follicles
with 1 mM of CM-H2DCFDA reagent, for 30 min, in
the dark. CM-H2DCFDA ester was, next, removed
and follicles were treated with PBS, for 20 min, in the
dark, under shaking conditions. Finally, ovarian fol-
licles were extensively washed three times, carefully
placed on a vidal slide and thoroughly visualized
under a Nikon Eclipse TE-2000U fluorescent micro-
scope equipped with confocal laser compartments
(Nikon Instruments, Japan).

Apoptotic assay: Acridine orange staining

Apoptotic ovarian follicles were detected as previously
described,26 via employment of a staining protocol
based on the acridine orange reagent (Life Technolo-
gies), which represents a specific dye widely used in
Drosophila research as a reliable and valid indicator of
apoptosis.66-68 Briefly, follicles were stained with
1.6 mM acridine orange dye (Invitrogen) in Ringer’s

solution for 5 min in the dark with constant shake.
After recovery incubation for 5 min with Ringer’ s
solution and three quick washes follicles were placed
on a vidal slide and observed under a Nikon Eclipse
TE-2000U fluorescent microscope. Percentage of spo-
radic dying follicles was calculated as the ratio of fol-
licles, from germarium up to stage 10, presenting
positive acridine orange staining signal (DNA frag-
mentation) to the total number of same-stage follicles.

RNA extraction, amplification and hybridization

Total RNA was isolated 2 h post-exposure. Sham-
exposed (control) and mobile-phone radiation-
exposed flies were subjected to light anesthesia
(with ether) and ovaries were rapidly, but care-
fully, dissected in 1x Ringer’s solution. Separated
ovarian follicles of all developmental stages, up to
stage 12, were collected and homogenized in Tri-
zol reagent, and finally stored at ¡80�C, waiting
for the gene-microarray protocol to be applied. To
ensure repeatability and reduced background (tran-
scriptional noise) levels, a large number of ovaries
(180 per sample, for each experimental condition)
were purified and used, while three independent
experiments were performed, each time, to exclude
random variations for all used protocols. Likewise,
gene-microarray transcriptional assays were inde-
pendently performed twice, to ensure the reliability
and validity of the applied method itself. Follicles
from three independent experiments per condition
were pooled together, to form a single, unified
and large sample containing approximately 11,500
follicles. Two sham-exposed and two authentically
exposed samples were, next, processed for RNA
extraction and subsequent gene-microarray analy-
sis. RNA was isolated via chloroform treatment
and was further purified following standard proce-
dures (Nucleospin RNA isolation kit; Macherey-
Nagel, Germany). RNA concentration and purity
were determined on a NanoDrop 2,000 Spectro-
photometer (NanoDrop Technologies, USA), while
each preparation’s integrity was assessed using
Agilent 2,100 Bioanalyzer (Agilent Technologies,
USA). Two hundred nanograms of total RNA
were prepared for gene expression-profiling analy-
sis with GeneChip� 30 IVT Plus Reagent kit (Affy-
metrix, USA). Briefly, complementary RNA
(cRNA) was generated by amplification and
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biotin-labeling of poly-[AC] RNA, according to
Affymetrix recommended protocol. Twelve micro-
grams of purified cRNA were fragmented after
incubation with 30 Fragmentation Buffer (Affyme-
trix, USA), for 35 min, at 94�C and they were
finally used to hybridize Affymetrix Drosophila
Genome 2.0 Array Chip, according to manufac-
turer’s instructions. The chip comprised 18,880
probe sets and was designed to analyze over
18,500 unique transcripts.

Microarray-data processing, normalization and
statistical analysis

Microarray analysis was performed with the R statisti-
cal-environment version 2.13, using the Bioconductor
package. MAS5.0 algorithm was applied for back-
ground correction, followed by array median normali-
zation, and probes were log2 transformed. Presence/
absence calls from MAS5.0 algorithm were used to
classify probes/genes as expressed or non-expressed
transcriptional entities. To discard probes represent-
ing the same RNA transcript, we selected ones with
the highest average intensity value across all samples.
Student’s two-tailed t-test was used to identify differ-
entially expressed genes with a cut-off value of P<0.05
and fold-change cut-off value of 1.25. Clustering of
the differentially expressed genes was performed with
Euclidean distance metric and average linkage in MeV
(MultiExperiment Viewer) software. The microarray
data (GSEXXXX) were submitted to GEO.

Functional annotation and pathway analysis

Gene ontology analysis was performed on all the dif-
ferentially expressed genes using Drosophila Gene
Ontology (GO) (http://www.geneontology.org) and
Flybase (http://flybase.org). Additionally, DAVID
(Database for Annotation, Visualization and Inte-
grated Discovery) bioinformatics resources 6.7,
NIAID/NIH (http://david.abcc.ncifcrf.gov),69,70 Kyoto
Encyclopedia of Genes and Genomes (KEGG) path-
way maps (http://www.genome.jp/kegg/pathway.html
),71,72 Protein ANalysis THrough Evolutionary Rela-
tionships (PANTHER) classification system (http://
www.pantherdb.org)73,74 and Ingenuity Pathway
Analysis (IPA) (http://www.ingenuity.com) functional
annotation online analysis tools were used for genes’
classification with default settings. All bioinformatics
analyses were performed with the list of 168

differentially expressed genes (DEGs), i.e. with both
the upregulated and the downregulated ones, using
the default settings of bioinformatics databases.

Real-time quantitative PCR

To confirm gene microarray-based transcriptional-
profiling data, an aliquot of each RNA sample, previ-
ously having been analyzed by its respective microar-
ray reaction, was used for further validation of the
results, via a RT-qPCR (real time-quantitative poly-
merase chain reaction) approach. Next, DNA was
digested, for 1 h, at 37�C, using HaeIII and DNase I
(New England Biolabs, USA). Reverse transcription
was performed on 8 mg of total RNA, using RevertAid
H Minus Reverse Transcriptase (Fermentas, USA),
following manufacturer’s instructions. Real-time
qPCR was performed with the use of gene-specific pri-
mers (Supplementary Table 2) and Maxima SYBR
Green/ROX qPCR Master Mix (Thermo Fisher Scien-
tific Inc., USA), on a Bio-Rad CFX 96 real-time system
(Bio-Rad, USA). Relative mRNA expression levels
were normalized to Actin5C gene of reference. Sam-
ples were duplicated (n D 2) and real-time qPCR was
repeated 3 times for every gene (N D 3). Statistical
analysis was performed by independent t-test, using
the Welch approach.

Statistical analysis

Each experiment was performed three independent
times (n: number of biological experiments) and
each time samples were duplicated (N: number of
biological samples), unless stated otherwise. Results
are presented as Averaged Mean § Standard Error
Mean (SEM). Data were analyzed through IBM SPSS
(Statistical Package for Social Sciences, v22) and pre-
sented a normal distribution as it was determined via
Shapirov-Wilk test. Statistical significance between
exposed and sham exposed groups was evaluated
through Independent T-test, unless stated otherwise.
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