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Abstract Environmental exposure to electromagnetic
radiation (EMR) has been increasing with the increasing
demand for communication devices. The aim of the study
was to discuss the mechanisms and risk factors of EMR
changes on reproductive functions and membrane oxida-
tive biology in females and males. It was reported that even
chronic exposure to EMR did not increase the risk of
reproductive functions such as increased levels of neoan-
tigens abort. However, the results of some studies indicate
that EMR induced endometriosis and inflammation and
decreased the number of follicles in the ovarium or uterus
of rats. In studies with male rats, exposure caused degen-
eration in the seminiferous tubules, reduction in the number
of Leydig cells and testosterone production as well as
increases in luteinizing hormone levels and apoptotic cells.
In some cases of male and female infertility, increased
levels of oxidative stress and lipid peroxidation and
decreased values of antioxidants such as melatonin, vita-
min E and glutathione peroxidase were reported in animals
exposed to EMR. In conclusion, the results of current
studies indicate that oxidative stress from exposure to Wi-
Fi and mobile phone-induced EMR is a significant mech-
anism affecting female and male reproductive systems.
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However, there is no evidence to this date to support an
increased risk of female and male infertility related to
EMR exposure.
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Abbreviation
EMR Electromagnetic radiation

GSH Glutathione
GSH-Px Glutathione peroxidase
PUFAs  Polyunsaturated fatty acids

RF Radiofrequency

ROS Reactive oxygen species
SAR Specific absorption rate
SOD Superoxide dismutase

Wi-Fi Wireless fidelity

WLAN  Wireless local area networks
Introduction

Wireless local area networks (WLANSs) are an increasing
alternative to wired data networks in workplaces, homes
and public places. Nevertheless, as previously reported for
other electromagnetic radiation (EMR) sources, the rapid
increase in WLANS in our daily environment, especially in
private, academic and clinical surroundings, has caused
great public concern about the possible effects on human
health. This concerning situation requires further investi-
gation of the possible biological effects of exposure to
WLAN signals, requiring new experiments both in vivo
and in vitro (Mailankot et al. 2009).
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Reproduction is a critical function of the organism and
involves two systems: the male and female genital organs.
Recent evidences indicate that both ionizing and non-ion-
izing radiation induce oxidative stress in reproductive tis-
sues (Gul et al. 2009; Esmekaya et al. 2011). However,
there is limited knowledge on the involvement of EMR-
induced free radicals in female infertility. In addition, near
the time of ovulation, an increase in various substances in
the follicle can physiologically induce oxidative stress and
reactive oxygen species (ROS) production. Follicles may
be vulnerable to oxidative stress induced by oocytes and
become exposed to ROS continuously generated via the
autooxidation of polyunsaturated fatty acids (PUFAs) of
the follicles (Ozkaya and Naziroglu, 2010; Tola et al.
2013). It is believed that oxidative stress may be a cause of
poor oocyte quality. In addition, it has been suggested that
oxidative stress might play a role in endometriosis devel-
opment and endometriosis-associated infertility (Guney
et al. 2007). The role of EMR-induced ROS in relation to
female reproductive function has been a subject of recent
interest (La Vignera et al. 2012).

One of the most relevant aspects of dosimeter studies is
the measurement of biological parameters, i.e., growth of
mice. The induced dose, i.e., specific absorption rate
(SAR), and its maintenance throughout the exposure period
have to be accurately investigated, due to the fast changes
in body mass and size the animals undergo during their first
weeks of life (Pinto et al. 2010).

EMR exposure by mobile phone and wireless fidelity
(Wi-Fi) technology has increased in real life, and it has
some degenerative effects on the reproductive cellular
system. For example, the use of mobile phones has been
connected to several genetic defects (Tice et al. 2002).
More recently, exposure to radiofrequency and EMR has
also increased concerns regarding the influence of wireless
communication in general on health. Questions on the
possible adverse influence of EMR on children and
embryos/fetuses during pregnancy have been recurrent
(Otto and von Miihlendahl 2007).

The increase in exposure to Wi-Fi communication sig-
nals has also raised public health concerns, especially about
infertility and pregnancy. Despite ongoing public discus-
sions on the consequences of the increased use of wireless
communication devices, there is still considerable need of
studies on this subject (Leszczynski and Xu 2010). Animal
studies investigating the effects of early life and prenatal
exposure to this source of EMR, in the radiofrequency
range, with special emphasis on development and behavior,
have been considered as high-priority research needs by the
World Health Organization (Poulletier de Gannes et al.
2012).

ROS occur during physiological cellular functions such
as mitochondrial respiration and phagocyte immune

@ Springer

defense pathways (Naziroglu 2007). It has been proposed
that the increasing use of electric power may be responsible
for the increased incidence of male and female infertility in
industrialized countries, and an oxidative stress hypothesis
has been postulated that EMR-dependent suppression of
antioxidant synthesis may be responsible for the stronger
increase in infertility (La Vignera et al. 2012). However,
some conflicting reports have indicated that overproduction
of ROS though Wi-Fi- and mobile phone-induced EMR
exposure have no effects on fertility in human and exper-
imental animal studies (Poulletier de Gannes et al. 2012;
Guney et al. 2007).

In this review, we discuss the results from recent reports
on chronic EMR exposure-induced infertility in females
and males and correlate them with findings on EMR-
induced oxidative stress.

EMR and Female Fertility

Female reproductive organs have critical functions in the
organism. As a result of reproductive tissue damage,
abnormal embryo development may occur. More recently,
there has been increasing concern about EMR-induced
abnormal development of the fetus (Table 1). Exposure to
non-ionizing EMR through Wi-Fi and mobile phones has
been suggested as a potential risk factor for infertility
(Poulletier de Gannes et al. 2012). However, some reports
indicate that there are no degenerative effects of EMR on
gestational development in animals. For example, it was
recently reported that 2.14-GHz exposure for 20 h/day
during gestation and lactation periods did not have any
adverse influences on pregnancy or development of rats
(Takahashi et al. 2010). Effects of long-term exposure to
EMR on the reproductive system were also investigated,
and surprisingly, no developmental or reproductive effects
of 1,966 MHz fields were observed in four different gen-
erations of mice (Sommer et al. 2009).

Code division multiple access is a channel access
method used by various radio communication technologies.
When applying the code division multiple access signal to
mice within the gestational period with an exposure time of
45 min twice per day, 15-min intervals in between and final
examination 18 days later, no significant adverse influence
on mouse fetuses was observed (Lee et al. 2009).

Neoantigens are presented by antibody molecules on the
surface of tumor cells. Effects of Wi-Fi frequency on
neoantigens were investigated by Ait-Aissa et al. (2012).
For this aim, the authors exposed rats to radiation of
2.45 GHz (2 h/day, 5 days weekly for a period of 30 days;
whole body of rats in uterus and postnatal). The 2.45-GHz
signal at SAR levels up to 4 W/kg for the dams and tran-
siently up to 9 W/kg for the pups had no influence on the
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Table 1 Effects of mobile phone and Wi-Fi frequencies on female reproductive system and molecular pathways in animals

Frequency (MHz) Effects Exposure time Molecular pathways Reference

and animal (daily/weekly/total)

900 and rat Negative 30 min/7 days/30 days Endometrial inflammation Poulletier de Gannes
and oxidative stress et al. (2012)

900 and rat Negative 11 h/21 days Ovarian follicles Guney et al. (2007)

2,140 and rat No 20 h/7 days/10 weeks Gestation and lactation periods Gul et al. (2009)

900 and rat No 45 min/7 days/18 days Gestation period Takahashi et al. (2010)

900 and mouse No 45 min/7 days/18 days Teratogenicity Lee et al. (2009)

2,450 and rat No 2 h/5 days/30 days Selected neoantigens Ait-Afssa et al. (2012)

2,450 and mouse No 6 h/7 days/5 and 9 days Visceral and skeletal changes, brain Nawrot et al. (1985)
cholinesterase activity and histology

2,450 and mouse Increased 6 h/5 days of pregnancy Embryo lethality Nawrot et al. (1985)

production of selected neoantigens. The authors concluded
that the neoantigens are not connected to pathological
processes or gestational outcome (Ait-Aissa et al. 2012).

Poulletier de Gannes et al. (2012) found that non-ion-
izing EMR exposure at 2.45 GHz and whole-body specific
absorption rates of 0.008 and 4 W/kg had no effect on
lethality, abnormalities and clinical signs of rats (1 h/day
for 5-6 weeks, short exposure).

Wi-Fi and Mobile Phone EMR-Induced Oxidative
Stress in Reproductive Tissues

Oxidative stress and ROS formation occur during physio-
logical processes including phagocytic and mitochondrial
activities. If ROS formation is not controlled by antioxi-
dants, it will cause oxidative degenerations on lipids,
nucleic acids and proteins of reproductive cells (Lavranos
et al. 2012; Naziroglu et al. 2013). During EMR exposure,
concentrations of ROS are kept under strict control by the
activity of a complex defense system including enzymatic
and nonenzymatic antioxidants such as vitamin C and
vitamin E (Chen et al. 2012; Naziroglu et al. 2012a).
Enzymatic antioxidants include superoxide dismutase
(SOD), catalase and glutathione peroxidase (GSH-Px).
SOD enzyme induces dismutation of superoxide radicals to
hydrogen peroxide, whereas catalase and GSH-Px detoxify
hydrogen peroxide to water (Kovacic and Somanathan
2008). Vitamin E, a-tocopherol, is the most important
antioxidant in the lipid phase of cells. Vitamin E acts to
protect cells against the effects of EMR-induced free rad-
icals, which are potentially damaging by-products of the
body’s metabolism (Kovacic and Somanathan 2008).
Vitamin C, as well as being a free radical scavenger,
recycles oxidized vitamin E to its active reduced form.
Antioxidants are also essential for inhibition of EMR-
related ROS production (Fig. 1) (Chen et al. 2012).

It is well known that EMR-induced injury leads to
increased production of ROS. When water, which is a main
constituent of cells, is exposed to EMR, ROS occurs
through a variety of mechanisms (La Vignera et al. 2012).
Although all respiring cells are equipped with protective
enzymatic and nonenzymatic antioxidants, increased oxi-
dative stress in cells stemming from EMR may overwhelm
the protective systems and cause oxidative depletion of
these antioxidants, leading to cell injury and apoptosis
(Merhi 2012; Kesari et al. 2013). The resulting ROS for-
mation is usually scavenged by the enzymatic and nonen-
zymatic antioxidants (Kovacic and Somanathan 2008;
Merhi 2012; Kesari et al. 2013).

There are few reports on oxidative stress, EMR and
female fertility, although there are numerous studies on the
subject of oxidative stress related to radiofrequency. The
scarce data on the subject are also conflicting (Kesari et al.
2010).

It was reported that vitamins C and E in combination
modulated GSM-900-induced oxidative stress and inflam-
mation in the endometrium of rats (Guney et al. 2007). In
the study, the vitamin C and E combination increased SOD,
catalase and GSH-Px values and decreased lipid peroxi-
dation and nitric oxide values in the endometrium of GSM-
900-exposed rats. It was also reported that exposure of
female rats to microwaves of mobile phones decreased the
number of follicles (Gul et al. 2009).

Recently, Oksay et al. (2012) investigated the protective
effects of melatonin on Wi-Fi (60 min/day for a period of
30 days)-induced oxidative stress and antioxidant systems
in testis of rats. They observed that Wi-Fi-induced EMR
caused oxidative damage in testis by increasing the levels
of lipid peroxidation and decreasing the concentrations of
vitamins A and E. However, melatonin supplementation
for 30 days prevented oxidative damage induced by EMR
and supported the antioxidant redox system in the testis
(Oksay et al. 2012).
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Fig. 1 A molecular pathway
describing the mechanism of
Wi-Fi and mobile phone
frequency-induced
electromagnetic radiation
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Avendafio et al. (2012) investigated the effects of Wi-Fi
on human spermatozoa. They observed that Wi-Fi induced
a decrease in progressive sperm motility and an increase in
DNA fragmentation in human sperm. In another study, it
was reported that sperm caspase and creatine kinase values
increased by exposure to 2.45-GHz EMR for 2 h/day for a
period of 60 days and that at the same time serum testos-
terone and melatonin values were decreased by the expo-
sure (Avendaiio et al. 2012).

In two recent studies, rats were exposed to commercial
cell phones kept in standby mode for 2 h/day for 35 days
(0.9 W/kg), and the results suggest that an increase in
protein kinase activity may be related to overproduction of
ROS under microwave field exposure; it was concluded
that radiofrequency EMR from commercially available cell
phones might negatively affect the fertilizing potential of
spermatozoa (Kesari et al. 2010, 2011). The role of mobile
phone frequency on glutathione levels was investigated in
male rats, and the radiofrequency emitted from EMR
exposure from GSM (0.9/18 GHz) mobile phones (1 h/day
for 28 days) in male rats induced a high lipid peroxidation
level and low glutathione concentrations (Mailankot et al.
2009). Related to this subject, Atasoy et al. (2013) inves-
tigated the effects of 2.45-GHz EMR on antioxidant and
oxidant values in the sperm of rats. They observed that
2.45-GHz EMR induced an increase in lipid peroxidation
and pathological degeneration as well as a decrease in
catalase and GSH-Px antioxidant enzymes in the testis of
rats. Similarly, Esmekaya et al. (2011) reported that
900-MHz EMR (1.20 W/kg and 20 min/day for 3 weeks)
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induced oxidative injury in testis by increasing nitric oxide
levels and suppressing antioxidant defense mechanisms.

In a recent study, four groups of rabbits (pregnant and
nonpregnant rabbits and their corresponding EMR-exposed
littermates) were exposed to 1,800-MHz EMR for 15 min/
day for a period of 7 days (Kismali et al. 2012). They
observed no changes in levels of lipid peroxidation, cho-
lesterol, total protein, albumin, uric acid, creatinine, crea-
tine kinase and creatine kinase-myocardial band isoenzyme
in the blood samples. Hence, they concluded that there
were no effects of 1,800 MHz on oxidative stress toxicity
in pregnant rabbit blood cells (Kismali et al. 2012).

EMR and Male Fertility

Recent results have indicated that male reproductive tissues
are also affected by EMR, although some results have been
conflicting (Table 2). For example, the weight of repro-
ductive organs (testes, epididymides, seminal vesicles and
prostate) of male rats differed as a result of exposure to
1,950-MHz EMR for 5 h/7 days and a period of 5 weeks
(Imai et al. 2011). Short (2 h/5 days for 2 weeks) exposure
of male rats to 1,800-MHz EMR did not induce differences
in the morphology of testes, epididymides and prostate
(Forgacs et al. 2006). Related to this subject, Dasdag et al.
(2003, 2005) observed no significant effects of short
(20 min/day for 1 month) and long (2 h/7 days for
10 months) periods of mobile phone exposure on the
apoptotic cell number in the testes. Aitken et al. (2005)
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Table 2 Effects of mobile phone and Wi-Fi frequencies (MHz) on male reproductive system and molecular pathways in rats and rabbits

Frequency (MHz) Effects Time (daily/weekly/total) Pathways Reference
2,450 Negative 2 h/60 days Serum testosterone and melatonin, Kumar et al. (2011)
sperm caspase and creatine kinase
2,450 Negative 4h Sperm motility and DNA fragmentation Avendaiio et al. (2012)
1,950 Negative 5 h/7 days/5 weeks Testis weight Imai et al. (2011)
1,800 No 2 h/5 days/2 weeks Male organ morphology Forgacs et al. (2006)
900 No 20 min/7 days/1 months Testis apoptosis Dasdag et al. (2008)
900 No 2 h/7 days/10 months Testis apoptosis Dasdag et al. (2003)
900 No 12 h/7 days Sperm number and morphology Aitken et al. (2005)
800 No 8 h/12 weeks (Rabbit) Male organ morphology Salama et al. (2010)
900 No 2 h/7 days/1 months Male organ morphology Dasdag et al. (1999)
900 Negative 2 h/7 days/35 days Fertilization of spermatozoa Kesari et al. (2011)
900-1,800 Negative 1 h/7 days/28 days Sperm motility Mailankot et al. (2009)
2,450 No 16 h/7 days/30 days Sperm count and morphology Ono et al. (2004)
2,450 No 60 min/7 days/28 days Diameter of seminiferous tubules Saygin et al. (2011)
and pyknotic, karyolectic and
karyotic cell diameters
2,450 Negative 60 min/7 days/28 days Leydig cells Saygin et al. (2011)
2,450 Positive 60 min/7 days/28 days Testicular apoptosis Kismali et al. (2012)

reported that sperm number, morphology and vitality from
mice exposed to 900-MHz EMR in a wave guide at 90
mW/kg 12 h/day for 7 days did not show significant dif-
ferences. EMR-induced changes were also investigated in
seminiferous tubular diameters of rat testes, and EMR-
mobile phone exposure in rats for 2 h/day for 1 month
(0.14 W/kg whole body) caused decreases in seminiferous
tubular diameters when compared to the sham group. No
difference in the study was found in sperm morphology
(Dasdag et al. 1999). Similarly, Saygin et al. (2011) did not
observe any significant effect of Wi-Fi (2.45 GHz and
3.21 W/kg) on the diameter of seminiferous tubules, pyk-
notic and karyolectic cells and caspase values of testis in
rats. However, they observed a significant decrease in the
number of Leydig cells and a significant increase in tes-
ticular apoptotic cell count in EMR-exposed rats. In a study
conducted by Ono et al. (2004), mouse testis was exposed
to 2.45-GHz EMR for 16 h/day for 30 days. They observed
no significant differences in sperm count and sperm
morphology.

In more recent studies Wi-Fi- and mobile phone-induced
hormonal changes were investigated in experimental ani-
mals. One of these studies exposed rabbits to 800-MHz
EMR from mobile phones in standby position for 8 h/day
for 12 weeks, and hormonal assays indicated no significant
differences between the study groups (Salama et al. 2010).
Pinto et al. (2010) reported that the whole-body averaged
Wi-Fi (2.45 GHz) SAR drastically changed during the
exposure period according to the size and weight of the
newborn mice. Thus, to expose newborn animals to defined

and constant SAR levels, dosimetric issues need to be
carefully investigated with daily assessments.

Conclusions

It should be noted that EMR exposure from Wi-Fi and mobile
phones is related to oxidative stress and overproduction of
free oxygen radicals in female and male infertility. Use of
mobile phones and wireless devices has been increasing day
by day. There are very scarce data on Wi-Fi-induced repro-
ductive dysfunction in female and male individuals. How-
ever, carcinogenic and proliferative effects of mobile phones
(Kim et al. 2010) and Wi-Fi (Kumar et al. 2011; Kesari et al.
2011; Naziroglu et al. 2012b) have been reported in animals
and cell culture systems, although there is no report on Wi-
Fi- or mobile phone-induced cancer in reproductive tissues
of female and male individuals. In the future, the role of EMR
from mobile phones and wireless devices in female and male
fertility should be investigated.
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