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Abstract
Objective: The unfavorable effects of electromagnetic radiation (EMR) emitted by the cell phone on reproduction 
health are controversial. Metalloproteinases play a vital role in ovarian follicle development. This study was designed 
to investigate the effects of exposure to the cell phone on the gelatinolytic activity of in vitro cultured mouse pre-antral 
follicle.  
Materials and Methods: In this experimental study, pre-antral follicles were isolated from ovaries of immature mice 
(n=16) and cultured with or without exposure to the cell phone in talking mode for 60 minutes. The gelatinolytic activity 
was evaluated through the zymography method, as well as the gene expression of matrix metalloproteinases (MMPs) 
namely MMP-2 and -9 and tissue inhibitors of metalloproteinases (TIMPs) namely, TIMP-1 and -2 by the real-time 
polymerase chain reaction (PCR) method. Also, in parallel, the development of pre-antral follicles was assessed.            
Results: The maturation parameters of the cell phone-exposed pre-antral follicles were significantly lower compared 
with the control group (P<0.05). The gelatinolytic activity was significantly decreased in the cell phone-exposed pre-
antral follicles compared with the control group (P<0.05). The relative mRNA expression of the MMP-2 gene was 
significantly (P<0.05) increased in the cell phone-exposed pre-antral follicles whereas the expression rate of the MMP-9 
gene was considerably (P<0.05) reduced when compared with the control group. Conversely, the relative expression 
of the TIMP-1 was markedly (P<0.05) increased in the cell phone-exposed pre-antral follicles while the expression of 
the TIMP-2 was (P<0.05) significantly diminished in comparison with the control group.                     
Conclusion: Exposure to the cell phone alters the growth and maturation rate of murine ovarian follicle through the changing 
in the expression of the MMP-2 and -9 genes, as well as the gelatinolytic activity. 
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Introduction

Nowadays, the usage of mobile phone and exposure to 
its electromagnetic radiation (EMR) raised some concerns 
about the dangerous effects on health. EMR affect the cells 
and organs through thermal and non-thermal mechanisms 
(1). However, there are some controversial reports, 
indicating EMR may increase the free radical production, 
mitochondrial dysfunction, heat shock proteins, apoptosis, 
and DNA damage (2-5). Besides, EMR may target the 
plasma membrane and disturb various enzymatic activities 
and the receptor functions (6). It is also shown that 
exposure to EMR increases the NADH oxidase activity 
of the plasma membrane which subsequently changes 
the activation of matrix metalloproteinase (MMPs) (7)
b¿. The interaction of  MMPs and tissue inhibitor of 
metalloproteinases (TIMPs) regulates the extracellular 
matrix (ECM) remodeling in many physiological 
processes (8) which could subsequently maintain cellular 
homeostasis (9). 

The development of ovarian follicle is accompanied 

by immense cellular turnover and remodeling of ovarian 
tissue. The essential part of this remodeling is the 
modification of the ECM constituents and provision 
of the structural support for the follicle formation and 
maturation. Among MMPs, gelatinase A (MMP-2) and 
B (MMP-9) play significant roles in follicle development 
and ovulation (10). Furthermore, TIMP-1 and TIMP-2 
bind to MMP-9 and MMP-2, respectively, and regulate 
their activations. TIMP-1 regulates the rate of proteolysis 
within the granulosa cells through the ovulatory process. 
By contrast, TIMP-2, in the thecal cells, promotes the 
proteolysis process via the localization of pro-gelatinase 
A on the cell surface which may be used as biomarkers of 
the normal follicle development (10, 11).

There is limited information about the effect of EMR, 
emitted from the cell phone on female reproductive 
tissue. However, no report is available about the effect of 
EMR on different aspects of folliculogenesis. The present 
study aimed to investigate whether exposure to cell phone 
radiation affects the gelatinolytic activity of MMP-2 and 
MMP-9, as well as the mRNA expression of MMP-2 and 
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-9 along with their inhibitors TIMP-1 and -2 in mouse 
pre-antral follicles during in vitro culture.

Materials and Methods
Reagents

Unless otherwise specified, all reagents and chemical 
were obtained from Sigma Aldrich (UK). Water 
used for the preparation of the culture medium was 
purified by the Milli-Q system.

Animals
In this experimental study, all experiments were 

conducted using female Naval Medical Research 
Institute (NMRI) mice which were obtained from the 
Razi Vaccine and Serum Research Institute. Female 
offspring with age range of 14-16 days was used for 
all experiments. Animal experiments were performed 
based on the ethical principles of the Declaration of 
Helsinki as revised in Tokyo 2004 and was approved 
by the Ethics Committee of Damghan University. 
The animals were kept and bred under the standard 
conditions with a circadian rhythm of 12 hours 
of light/12 hours of darkness and at an ambient 
temperature of 22 ± 2˚C with adequate food and water. 

Experimental design 
Mice were sacrificed through cervical dislocation, 

and their ovarian tissues were aseptically removed 
using scissors and forceps and put into 100 µl of 
the alpha-minimum essential medium (α-MEM) 
containing 25 mM HEPES,  70 µg/mL streptomycin, 
100 IU/ml penicillin, 10%  fetal bovine serum (FBS, 
Gibco, UK), and 2.2 g/l sodium bicarbonate. The pre-
antral follicles with the diameter of 140-160 μm were 
mechanically isolated and selected based on the 
previously described criteria (intact with at least two 
to three granulosa cell layers and a centrally located 
oocyte) (12). The pre-antral follicles were randomly 
grouped into control (n=240) and cell phone-exposed 
groups (n=240). Exposed pre-antral follicles were kept 
in close to the commercial cell phone (Sony Ericsson 
K800) in the talking mode at 5 cm distance for 60 
minutes. After that, the cell phone was removed, and 
pre-antral follicles were cultured for up to 12 days. 
The same protocols were applied for the control group 
except they were not exposed to the cell phone radiation. 
Some of the cultured pre-antral follicles were used for 
the assessment of the growth rate, and the remained 
cells were used for the molecular analyses.

In vitro maturation of pre-antral follicles

Cultivation of pre-antral follicles were performed 
in which the cells were covered with embryo-tested 
mineral oil in 25-µL drops of the α-MEM medium 
containing 100 mU/ml recombinant human follicle 
stimulating hormone (rhFSH), 5% FBS, 20 ng/ml 

recombinant epidermal growth factor (rEGF), and 1% 
insulin-transferring-selenium (ITS), in an incubator at 
37˚C in 5% CO2 for 10 days, as previously described 
(12). The fresh maturation medium was replaced every 
two days. During the cultivation period, pre-antral 
follicles diameter was calculated under an inverted 
microscope at ×400 magnification by calculating the 
average of two perpendicular diameters with a pre-
calibrated ocular micrometer in 2nd and 4th days of 
the culture period. The antrum cavity was defined 
as every lucent area between the granulosa cells and 
degenerated pre-antral follicles were detected with the 
darkness surrounding the cumulus cells and follicles 
without oocytes or denuded oocytes. In the 10th days 
of the cultivation period, ovulation was induced by the 
addition of 1.5 IU/ml human chorionic gonadotropin 
(hCG, Choriomon, IBSA, Switzerland). After 24-
48 hours, oocytes were categorized based on the 
maturation status [germinal vesicle (GV), germinal 
vesicle breakdown (GVBD), and metaphase II oocytes 
(MII)]. 

Gelatin zymography

The gelatinase activity of MMP-2 and -9 was 
assessed using zymography on polyacrylamide gels 
containing gelatin, as described previously with 
some modifications (13). An equal amount of the 
culture medium was harvested during the culture 
period (days of 2, 4, 6, 8, 10, and 12). The medium 
was mixed and homogenized with an equal volume of 
non-reducing buffer containing 2% sodium dodecyl 
sulfate (SDS); Tris-HCl, (125 mM, pH=6.8), glycerol 
(10% v/v), and bromophenol blue (0.001% v/v). 
Afterward, the mixture was electrophoresed in 10% 
SDS page supplemented with gelatin (0.05% w/v). 
The gel was then washed twice in  Triton X-100 (2%) 
for 20 minutes at room temperature and incubated 
in digestion buffer supplemented with Tris-HCl (50 
mM),  CaCl2 (2.5 mM,) NaCl (200 mM), and ZnCl2 (1 
mM) in pH=7.4 at 37˚C overnight. Finally, the gel was 
stained with 0.5% Coomassie Brilliant Blue (Bio-Rad, 
Canada), and the destaining process was performed in 
glacial acetic acid (10% v/v) and methanol (30% v/v) 
dissolved in H2O for five hours at room temperate. 
The gelatinase activity was characterized based on 
unstained bands, and the quantification was performed 
using a computerized image analysis program (Image 
J) which, in turn, quantified the intensity and surface 
of unstained bands. 

Reverse transcription-quantitative polymerase chain 
reaction 

Real-time polymerase chain reaction (PCR) was 
performed to evaluate the relative mRNA expressions of 
the MMP-2 and -9 genes, as well as the TIMP-1 and -2 
genes in pre-antral follicles during the cultivation period 
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at the initial time and days of 6 and 12. 

RNA extraction
Total RNA extraction was carried out, as described 

previously on the basis of using acid guanidinium 
thiocyanate-phenol-chloroform (14, 15). In brief, 
pre-antral follicles (n=15 for each replicate) were 
placed in a 500 µl solution consisted of guanidine 
thiocyanate (4 M), sodium citrate (25 mM, pH=7.0), 
N-lauroylsarcosine (0.5% w/v), and 2-Mercaptoethanol 
(3.6 µl), and it was homogenized at room temperature. 
The homogenate was mixed with sodium acetate 
(50 µl), phenol (500 µl), and chloroform (200 µl) 
at 4˚C and centrifuged at 12,000 g at 4˚C for 20 
minutes. Cold isopropanol was added to the resultant 
supernatants and placed at -20˚C for 20 minutes and 
centrifuged (12,000 g) for 20 minutes. The resultant 
pellet was rinsed with 75% ethanol and diluted in 
RNase-free water. DNase was used to remove any 
DNA contamination. The RNA quality and quantity 
were evaluated using a density ratio of 28S to 18S 
rRNA bands and the measurement of its absorbance at 
A260 nm with the spectrophotometer. An A260 of 1.0 
was considered 40 µg/mL of the extracted RNA. Also, 
the ratio of A260 to A280 nm was measured, and the 
samples with an A260 to A280 ratio of 1.8 to 2.0 were 
acceptable and used for reverse transcription.

Real-time polymerase chain reaction
The gene-specific primer sets were designed to 

span introns or cross exon/exon junctions, using the 
Oligo software version 7 (DBA Oligo, Inc., USA). 
All primer pairs were specific for the corresponding 
mRNAs and were tested for no amplification of 
genomic DNA. The contamination of genomic DNA 

in the sample was evaluated by performing a control 
reaction possessing no reverse transcribed RNA. Real-
time PCR primer sequences and the thermal conditions 
are shown in Table 1, based on the MIQE (Minimum 
Information for Publication of Quantitative Real-Time 
RT-PCR Experiments) (16). The process of reverse 
transcription was accomplished by the synthesis of the  
first-strand cDNA using 1 μg of total RNA, Random 
Hexamer Primers (Fermentas, USA), Ribolock RNase 
Inhibitor, dNTP mix (Fermentas, USA), RevertAid 
M-Mul V reverse transcriptase (Fermentas, USA), 5X 
reaction buffer (Fermentas, USA), and RNase-free 
water according to the manufacturer’s instructions. 
The reaction was run in a thermocycler (Eppendorf, 
USA) with a thermal profile of 65˚C for 5 minutes 
and one cycle of 42˚C for 1 hour. Real-time RT-qPCR 
was performed on an ABI Step One machine (Applied 
Biosystems, ABI, USA) using the RT-PCR Kit (SYBR 
Green, Amplicon, Denmark).

The thermal profile was adjusted to denaturation at 95˚C 
for 15 minutes, followed by 40 cycles of denaturation at 
95˚C for 60 seconds, annealing and extension at 60˚C for 
60 seconds. The relative expression of the target genes 
was normalized against GAPDH. The 2–ΔΔCt method was 
used to assess the relative gene expression for each gene. 
The specificity of real-time PCR was assessed through the 
melting curve analysis.

Statistical analysis 
The SPSS software (version 24, Chicago, IL, USA) 

was used for the analysis of the data. Experiments were 
repeated at least four times. All data were expressed as 
the mean ± SD.  Independent samples t test was applied 
for the determination of differences between groups. A 
P<0.05 was considered statistically significant.

Table 1: Oligonucleotide primer sequences for real time polymerase chain reaction

Gene Primer sequence (5ˊ-3ˊ) Length (bp) Product size

MMP9 F: CTGTCCAGACCAAGGGTACAG 20 247

R: CATAGTGGGAGGTGCTGTCG 21

MMP2 F: GAGAAGGACAAGTGGTCCGC 20 265

R: CTGTTGTAGGAGGTGCCCTG 20

TIMP1 F: GGGTGTGCACAGTGTTTCCC 22 202

R: TTCAGTTTTTCCTGGGGGAAGG 20

TIMP2 F: GCAGACGTAGTGATCAGAGCC 20 281

R: TCCCAGGGCACAATGAAGTC 21

GAPDH F: TGACATCAAGAAGGTGGTGAAGC 22 203

R: CCCTGTTGCTGTAGCCGTATTC 23
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Results

Effect of electromagnetic radiation on the maturation 
parameters of pre-antral follicles

Pre-antral follicles were monitored and evaluated 
morphologically every other day during the in vitro 
culture period. On the first day of the culture, there 
was no significant difference between the diameter of 
pre-antral follicles in the control group and the cell 
phone-exposed group (P>0.05, Fig.1). Whereas, at 
day 2 and 4 of the culture period, the diameter of the 
cultured pre-antral follicle in the cell phone-exposed 
group was significantly decreased compared with the 
control group (P<0.05, Fig.1).

Additionally, the results revealed that the survival 
rate of follicles was significantly higher in the control 
group compared with the cell phone-exposed group 
(P<0.05, Fig.2). The antral formation rate of cultured 
pre-antral follicles in the cell phone-exposed group 
was significantly decreased compared with the control 
group (P<0.05, Fig.2). After 12 days of the culture 
period and induction of ovulation, the rate of ovulation 
in pre-antral follicle exposed to the cell phone was 
statistically decreased in comparison with the control 
group (P<0.05, Fig.2). Also, the rates of MII and 
GVBD oocytes were significantly lower in the cell 
phone-exposed group than the control group (P<0.05, 
Fig.3), while, the GV rate of the cell phone-exposed 
group was increased significantly compared with the 
control group (P<0.05, Fig.3). 

Fig.1: The diameter of pre-antral follicles at the initial time, days 2 and 4 of 
culturing. Data are expressed as the mean ± SD. *; Indicates a significant 
difference compared with the control (P<0.05). 

Fig.2: The rate of developmental parameters of pre-antral follicles. Data 
are expressed as the mean ± SD.  *; Indicates a significant difference 
compared with the control (P<0.05). 

Fig.3: The rates of the oocyte maturation. Data are expressed as the 
mean ± SD. *; Indicates a significant difference compared with control 
(P<0.05), GV; Germinal vesicle, GVBD; Germinal vesicle breakdown, and 
MII; Metaphase II oocytes.

Effect of electromagnetic radiation on the gelatinase 
activity of pre-antral follicles 

The gelatinase activity of both MMP-2 and -9 was evaluated 
in cultured pre-antral follicles through gelatin zymography. 
The gelatin activity of both MMP-2 and -9 was decreased 
during the culture period in pre-antral follicles of the control 
and cell phone-exposed groups, whereas in the 12th days of the 
culture period, the activity was increased upon the addition of 
human chorion gonadotrophin (hCG) to the culture medium 
(P<0.05, Fig.4). Additionally, as shown in Figure 5, it was 
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found that the MMP-2 activity in the pre-antral follicles 
of the cell phone-exposed group was significantly lower 
in comparison with the control group (P<0.05). Similar 
conditions were found for the MMP-9 activity, and thus, the 
activity of MMP-9 in pre-antral follicles of the cell phone-
exposed was significantly lower than the control group during 
culture period (P< 0.05, Fig.4).

Effect of electromagnetic radiation on the gene 
expression of MMP-2 and -9, as well as TIMP-1 and -2 

The expression of the MMP-2 and -9, as well as the 
TIMP-1 and -2 genes are shown in Figure 5. The results 
show that the gene expression of the MMP-2 gene was 

significantly increased in pre-antral follicles of the cell phone-
exposed group compared with the control group during 
in vitro culture (P<0.05). Inversely, the gene expression of 
the MMP-9 gene was markedly decreased in pre-antral 
follicles of the cell phone-exposed group compared with the 
control group during in vitro culture. Furthermore, the gene 
expression of TIMP-1 showed a significant increase in pre-
antral follicles of the cell phone-exposed group compared 
with the corresponding values in the control group during 
culture period (P<0.05), whereas, the TIMP-2 expression 
in pre-antral follicles of the cell phone-exposed group was 
significantly reduced during the culture period compared 
with the control groups (P<0.05).

Fig.4: MMP-2 and-9 activities of in vitro cultured pre-antral follicles with or without cell phone exposure determined by zymography as described in 
the text. A. Gelatin zymography of the control group, B. Gelatin zymography of cell phone-exposed group, C. Relative optical density of MMP-2, and D. 
Relative optical density of MMP-9. Data are expressed as the mean ± SD. *; Indicates significant a difference compared with control (P<0.05). 

A

B

C D
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Fig.5: The mRNA expression levels of MMP-2, MMP-9, TIMP-1, and TIMP-2 in pre-antral follicles during in vitro culture with or without (control) cell phone 
exposure. A. The mRNA expression levels of MMP-2, B. The mRNA expression levels of MMP-9, C. The mRNA expression levels of TIMP1, and D. The mRNA 
expression levels of TIMP2. Data are expressed as the mean ± SD. *; Indicate a significant difference compared with control (P<0.05).  

Discussion
To date, there are a lot of conflicting reports on the 

adverse effects of mobile phones on human health. These 
contradictory reports have been attributed to the difference 
in exposure time, variable frequencies, types of tissue, 
etc. (17-19). The mechanism of EMR, emitted by mobile 
phone has not been well understood. Nevertheless, it has 
been shown that EMR cause changes in the cell membrane 
integrity and activity of different enzymes (17, 18).

In the present study, we showed that exposure to the 
mobile phone could damage the development of pre-
antral follicles, decrease the number of ovulated oocytes, 
and increase the number of arrested GV oocytes. The 

regulated interplay between different cells, hormones, 
and various macromolecules are necessary for ovarian 
folliculogenesis (20). In the present study, incomplete 
oocyte nuclear maturation, at least to some extent, could 
be explained by EMR-induced apoptosis in somatic cells 
of pre-antral follicles, particularly the granulosa cells and 
reduced proliferation as shown previously (21). Although 
the precise mechanism of EMR is unknown, another 
explanation might be the inhibition of cell growth, protein 
misfolding, and detrimental effects on cellular signaling 
(18). Furthermore, in the in vivo condition, mobile phone 
radiation could induce oxidative stress (OS) via an 
increase in the reactive oxygen species (ROS) production 
and a reduction in antioxidant activity of enzymes (22). 

A B

C D
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In this regard, Mao et al. (23) showed that EMR increases 
ROS production and decreases the activity of enzymatic 
antioxidants. Also, Agarwal et al. (24) indicated that cell 
phone radiation increases the generation of ROS and 
MDA, while, it can decrease the antioxidant enzyme 
activity in semen plasma, suggesting that exposure to 
the cell phone has unfavorable effects on the fertility 
potential of spermatozoa (6). It has also been shown that 
cell phone radiation induces apoptosis and OS and it is 
capable of reducing the total antioxidants capacity in 
follicular granulosa cells (25) which, in turn, led to the 
reduced number of ovarian pre-antral follicles (26).  

It has been also demonstrated that the induction of 
oxidative stress, as a result of the mobile phone exposure 
may damage the ECM (27). The results of the current study 
showed that exposure to mobile phone altered the MMPs 
activity and their inhibitors in cultured pre-antral follicles. 
The activity of MMPs in the ovarian cycle is pre-requisite 
for the ECM remodeling and follicular development. 
MMPs and TIMPs have critical roles in this process such 
as theca cells differentiation, proliferation/differentiation 
of the granulosa cells, antrum formation, the formation of 
the basement membrane, and ovulation (28). Thus, any 
change in the normal ECM remodeling and the activity 
of MMPs could interrupt the process of folliculogenesis. 
This confirms the results of the present study because the 
gelatinase activity and expression levels of MMP-2 and -9 
and their tissue inhibitors changed upon exposure to cell 
phone radiation which, in turn, led to the impairment in 
the development of cultured pre-antral follicles.

Gelatinase (MMP-2 and 9) plays a crucial role in the 
membrane destruction in the ovulation process, which 
separates granulosa and thecal layers and it can hydrolyze 
collagen fibers. Hence, dysregulation in gelatinase 
function leads to the perturbations in the folliculogenesis 
and ovulation processes. This finding is in agreement with 
our results, wherein changes in the expression of MMP-
2 and -9, as well as the gelatinase activity significantly 
reduced the follicle development and ovulation. It has 
been suggested that MMPs play a significant role in 
follicular atresia; so, increased activities of MMP-2 and 
-9 in the follicular fluid is associated with the induction of 
atresia (10). These observations confirm the findings of the 
present study indicating that a higher degeneration rate in 
cell phone-exposed pre-antral follicles is associated with 
increased activity of both MMP-2 and -9. The results of 
the present study demonstrated that the activity of MMP-
2 and -9 is increased in day 12 of the cultivation period 
followed by the administration of hCG in both cell phone-
exposed and untreated pre-antral follicles. This change 
appears to be due to the addition of hCG to the culture 
medium that causes the induction of ovulation. In the in 
vivo condition, ovulation is a dynamic process initiated 
with the luteinizing hormone (LH) surge, follicular wall 
rupture, and oocyte release (20). Pre-ovulatory LH surge 
is an endocrine signal for ovulation. The LH surge along 
with biochemical events involved in the synthesis and 
secretion of prostaglandins, progesterone, cytokines, 

and growth factors is closely related to proteolytic 
enzyme activities, such as MMPs. Evidence suggests 
that proteolytic destruction of the ECM at the apex of 
pre-ovulatory follicles before the ovulation process is 
the essential stage in the onset of the LH surge, whereas 
the synthesis of MMP inhibitors inhibit the ovulation 
process (29). Therefore, LH-induced proteolysis activity 
plays a vital role in the ovulation process. In this regard, 
the activity of gelatinase A in ovine follicles is increased 
followed by the LH surge (30). This situation was also 
found in rats (31), which was similar to the results of 
our study. The supplemented culture medium with hCG 
increased the activities of MMP-2 and -9. The activity 
of TIMPs was also concomitantly regulated with MMPs. 
Therefore, the activity of TIMPs is negatively correlated 
with the activity of MMPs.

Conclusion
The results of the present study demonstrated that cell 

phone radiation changes gelatinolytic activity linked 
to MMP-2 and -9, leading to decreased developmental 
competence of mouse pre-antral follicles. However, in 
the in vivo condition, ovarian tissue and cell phone are 
separated by several tissue layers; therefore, further 
studies are warranted to mimic the in vivo condition for 
cultured pre-antral follicles to evaluate the effect of cell 
phone radiation.
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