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ARTICLE INFO ABSTRACT

Keywords: Exposure to radiofrequency fields (RF) has been reported to induce adverse effects on testosterone production
Testosterone and its daily rhythm. However, the mechanisms underneath this effect remain unknown. In this study, male mice
Radiofrequency fields were exposed to 1800 MHz radiofrequency fields (RF, 40 pW/cm? power intensity and 0.0553 W/Kg SAR) 2h
S:xﬁ/RORa per day for 32 days. The data suggested that RF exposure: (i) significantly reduced testosterone levels, (ii) altered

the expression of genes involved in its synthesis (Star, P450scc, P450c17 and 33-Hsd) in testicular tissue, (iii)
significantly reduced regulatory protein CaMKI/RORa. Similar observations were also made in cultured primary
Leydig cells exposed in vitro to RF. However, all of these observations were blocked by CaMK inhibitor, KN-93,
and ionomycin reversed the down-regulation effects on intracellular [Ca2™]i and CaMKI/RORa expression in-
duced by RF exposure. Thus, the data provided the evidence that RF-induced inhibition of testosterone synthesis
might be mediated through CaMKI/RORa signaling pathway.

Intracellular Ca®*

Capsule: CaMKI/RORa signaling pathway was involved in the inhibition of testosterone synthesis induced by

RF exposure.

1. Introduction

Exposure to some environmental agents as well as life style has been
known to affect male reproduction in humans [1-3]. Among the en-
vironmental risk factors, exposure to radiofrequency fields (RF) emitted
from mobile phones has become a major concern because of their ex-
tensive use during the last few decades [4,5]. RF at frequencies between
400-900 MHz in analog system, and 1800-2200 MHz (digital system)
are widely applied for mobile communication devices [6,7]. In humans,
male reproductive organ (testis) has been regarded as one of the major
organs for RF exposure since usually carry mobile phones in trousers
pockets or in waist-bands. The observations made in our earlier studies
in rats indicated ‘potentially’ adverse effect of RF exposure on male
reproductive functions which included alterations in circadian rhythm
and male hormone testosterone [8,9].

Circadian rhythm is regulated by clock genes through a series of
clock gene proteins among which BMAL1 is regarded as an essential
component of the circadian pacemaker in mammals that regulates the
rate-limiting step of steroidogenesis by enhancing the transcription of
steroid acute regulatory protein (StAR) gene [10]. Other critical

* Corresponding authors.

members of the core clock gene machinery are the retinoid-related re-
ceptor alpha, RORa and the clock gene Bmall promoter which contains
ROR response element (RORE) [11].

Exposure to various frequencies of RF were reported to evoke a
number of alterations at cellular level, including increased Ca®* efflux
or Ca®* influx [12,13]. Both Ca®" and cyclic-AMP-dependent pathways
are shown to be involved in maximum steroidogenesis induced by Lu-
teinizing hormone (LH) [14,15]. At sub-maximal rates of testosterone
production, ionized calcium (Ca®") is the second messenger acting as a
mediator for Ca2™ sensing protein calmodulin (CaM). When the in-
tracellular Ca®* levels are increased by the release from intracellular
storage sites, opening of Ca®>* -permeable receptors or voltage gated
channels, CaM is shown to be activated and stimulated Ca®*/CaM-
dependent kinases (CaMK) [16]. Among the members of the CaMK fa-
mily, Ca®*/CaM-dependent protein kinase I and IV (CaMK I and IV)
activates the transcription of clock gene Rora and, Ca®*/CaM-in-
dependent CaMKIla may inactivate RORa transcription to repress its
constitutive activity [17].

Thus far, there have been no reports on the role played by RORa
associated calcium signaling pathways in response to RF exposure
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emitted from mobile phones. In this study, mice were exposed to RF and
its effect was investigated in testis, synthesis of testosterone by Leydig
cells and, the role of CaMKI/RORa signaling pathway to elucidate
underlying molecular mechanisms in reproductive health.

2. Materials and methods
2.1. In vivo experiments

2.1.1. Animal handling

Six week old C57BL/6J male mice were obtained from Soochow
University’s Laboratory Animal Centre, Suzhou, PR China. All experi-
ments were conducted according to the guidelines of IACUC
(Institutional Animal Care and Use Committee), Soochow University,
China. They were housed under conventional conditions with 12:12h
light (7:00 a.m. to 19:00 p.m.) and dark cycles. The temperature and
the relative humidity in the laboratory were kept at 25 + 2°C and
50 * 5%, respectively. The diet and water were provided ad libitum.
After acclimatization for 4 weeks, mice (26 *+ 2g) and showing cir-
cadian rhythmicity in locomotor activity were randomly divided into
four groups of six animals each [18]: unexposed controls, 1800 MHz RF
exposure at 40 pw/cm? power intensity for 1 h/day or for 2 h/day for
32 days (starting at 7:00 AM) and sham-exposed (SH, without RF
transmission). After the last exposure, all mice were killed by decap-
itation. From each mouse, testes were collected and stored at —80 °C.
One testicle was homogenized in normal saline (0.9% sodium chloride),
centrifuged and the concentration of testosterone was determined in the
supernatant. Another testicular tissue was used to extract RNA for Real-
time PCR or Western blotting analyses.

2.1.2. RF exposure and dosimetry

The RF exposure system consisted of a GTEM chamber, signal
generator and power amplifier (Fig. 1 a). Continuous wave 1800 MHz
RF signal was generated, amplified and transmitted into the GTEM
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Fig. 1. (a) Schematic diagram of radiofrequency field exposure system; (b)
Phantom male mouse and its SAR distribute exposure to 1800 MHz RF in on the
top slice.
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chamber through an antenna (Southeast University, Nanjing, China). A
PMM field strength meter (Cisano sul Neva, Savona, Italy) was used to
measure the 40 pyw/cm? power intensity in the GTEM chamber where
the animals will be kept for RF or SH exposure. A computer logging
system ensured the uniformity of power density by controlling and
monitoring the field strength data. The specific absorption rate (SAR)
was calculated using a 3D male mouse model and SPEAG Sim4life V3.0
electromagnetic simulation software (IT’IS Foundation, Ziirich, Swit-
zerland). At the input power intensity of 0.001327 W/m?, the IEEE/
IEC62704-1 average specific absorption rate (SAR) distribution on the
top view of slice was obtained by the FDTD analysis (Fig. 1b). As a
result of the input power differences, the calculation was corrected to
re-calculate the real mass-averaged SAR value according to the Eq. (1)
as shown following [19].

SARg _ By W

SAR, B~ W )

While SARs is the mass-averaged SAR calculated by simulation in
Sim4life, Ps represents the input power density and Ws stands for the
weight all for the 3D mouse model. SAR; shows mouse’s mass-averaged
SAR value in the experiment, while Wi and Pg represents the mean
weight of mouse exposed to RF and input power density, respectively.
As calculated by Eq. (1), the approximate SAR; was 0.0553 W/Kg.

2.2. In vitro experiments

2.2.1. Isolation, purification and culturing of mouse Leydig cells

The primary Leydig cells were collected from an adult C57BL/6 J
mouse which showed circadian rhythmicity in locomotor activity.
Briefly, the testes were collected, minced and digested with collagenase
(0.5mg/ml in PBS) under 100 times/min agitation for 15 min at 37 °C
until seminiferous tubules resulted were isolated but not broken. Then,
the solution was passed through medium size mesh filters and cen-
trifuged (800 X g) for 10 min at 4 °C. The supernatant was discarded and
cells were resuspended in DMEM/F12 medium and centrifuged again
and centrifuged for 45min at 25,000 x g at 4 °C. The cell pellet con-
taining Leydig cells was purified by separation through 50% Percoll
solution (Sigma-Aldrich, Shanghai, China; density: 1.069-1.074 g/ml).
The enriched Leydig cells washed and counted by a hemocytometer.
The purity of Leydig cells in the preparation was determined by the 3b-
hydroxysteroid dehydrogenase (3b-HSD) staining method [20] and
found to be 96%. Separate cultures were set up in petri dishes each
having approximately 1 x 10° Leydig cells in 2ml of DMEM/F-12
medium containing horse serum (5%) and fetal bovine serum (5%). The
cells were cultured in an incubator (Thermal Forma, Rockford, USA)
maintaining 37 = 0.5°C, 5% CO5 and 95% O,.

2.2.2. RF exposure and dosimetry

The cells at 45-55% confluency were pre-treated with 20 mIU/ml
LH [21] for 30 min, and then exposed to 1800 MHz RF exposure at 40
uW/cm? power density with or without the CaMK inhibitor, KN-93
(30 uM) or without the Ca®* ionophore ionomycin (1 uM) for 2h per
day for three days. The calculated averaged SAR distribution inside the
culture medium was 0.046 W/kg (Fig. 2).

2.2.3. Testosterone measurement

The concentrations of testosterone in the homogenate of testicular
tissue as well as in primary Leydig cell culture medium were de-
termined by the Spectra Testosterone Radioimmunoassay (RIA) kit with
sensitivity of 0.1 nmol/L (Orion Diagnostica, Espoo, Finland) after
diethyl ether extraction. The procedure was carried out according to the
manufacturer’s protocols. Duplicate samples were used for each assay
and repeated three times.

2.2.4. Real-time PCR
The total RNA from testis and Leydig cells was extracted using RNA



F. Qin et al.

Fig. 2. SAR distribution inside the culture medium hosted in a 35-mm standard
Petri dish exposed to 1800 MHz RF.

Table 1
Sequences of primers for Real-time PCR.

Genes Sequences of primers
CamkI Sense: 5- TTGCTGGTCCATAGGAGTCATTG -3’
Antisense: 5’- GTCGTCCCAATAAGGAGAGTCAA -3’
Rora Sense:5’- TCCCACCTGGAAACCTGCCAGT -3’
Antisense: 5- CCACGAGCGATCCGCTGACA -3’
Star Sense: 5-AAAGCCAGCAGGAGAACGGGGA-3’
Antisense: 5’-GCCTCCATGCGGTCCACAAGTT-3’
P450scc Sense: 5- CTGCCTGGGATGTGATTTTCA-3’
Antisense: 5’- GTAATGTTGGCCTGGATGTTCT-3’
3B-Hsd Sense: 5’-GCGGCTGCTGCACAGGAATA-3’
Antisense: 5-GACGCATGCCTGCTTCGTGA-3’
P450c17 Sense: 5- GATCGGTTTATGCCTGAGCG -3’
Antisense: 5’- TCCGAAGGGCAAATAACTGG -3’
B-Actin Sense: 5-TGGAATCCTGTGGCATCCATGAAAC-3’

Antisense: 5-TAAAACGCAGCTCAGTAACAGTCCG-3’

extraction kit (Hoffmann-La Roche Ltd, Basel, Switzerland) and the
quality was determined using BioPhotometer (Analytik Jena AG, Jena,
Germany). From each sample, 1 g RNA was reversely transcripted
using the Invitrogen reverse transcriptase Kit M-MLV (Life
Technologies, Carlsbad, USA). The ¢cDNA sample thus obtained was
mixed with FastStart SYBR Green Master (Hoffmann-La Roche Ltd.,
Basel, Switzerland) to which 10 pmol/] primers were added to prepare
the mixture for RT-PCR (7500 Applied Biosystems, Carlsbad, USA).
Primers were designed and synthetized by Invitrogen (Life
Technologies Corporation, Shanghai, China) and the forward and re-
verse sequences are presented in Table 1. All values were normalized to
B-actin (a mice housekeeping gene). The fold change in mRNA was
calculated by the AACt method (fold = 224", All samples were tested
in duplicates.

2.2.5. Western blotting

Proteins from testicular tissue and primary Leydig cells were ex-
tracted utilizing Protein Extraction Kit (Merck KGaA, Darmstadt,
Germany) which contained a protease inhibitor [22]. The following
primary antibodies were used: monoclonal antibody actin of rabbit
(MilliporeSigma, Darmstadt, Germany, Catalog# 1501) (1:1000),
monoclonal antibody CaMKI of rabbit (Epitomics, Burlingame, USA,
Catalog# 2331-1) (dilution, 1:800), polyclonal antibody RARa of rabbit
(Santa Cruz Biotech, Santa Cruz, USA, Catalog# sc-551) (dilution,
1:200), monoclonal antibody P450c17 of rabbit (Abcam, Cambridge,
UK) (dilution, 1:1000), monoclonal antibody StAR of rabbit (Cell Sig-
naling, Boston, USA, Catalog #8449) (dilution, 1:600), polyclonal
P450scc antibody of rabbit (Santa Cruz Biotech, Santa Cruz, USA,
Catalog # sc-292456) (dilution, 1:200), or monoclonal antibody 3p-
HSD1 of Rabbit (Epitomics, Burlingame, USA, Catalog# 7029-1)
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(dilution, 1:800), secondary antibody conjugated with peroxidase
(Jackson ImmunoResearch, West Grove, USA, Catalog#115-035-003)
(1:2000 goat anti-rabbit IgG). AlphaEase FC software (Cell Biosciences,
USA) was used to collect the Western blot scan images, and the target
protein expression was normalized and presented as relative gray ratio
to the beta-actin. All samples were tested in duplicates.

2.2.6. Cytosolic calcium measurement

The calcium sensitive fluorescent dye, Fluo-8/AM (AAT Bioquest,
Sunnyvale, USA) was used to determine the intracellular calcium con-
centration ([Ca2+ ]i) in Leydig cells [23]. Cells were harvested after
LH/RF or the Ca?" ionophore ionomycin (1 uM) treatment, washed
twice with phosphate-buffered saline (PBS), and then incubated with
5 uM Fluo-8/AM in culture medium at 37 °C in the dark. After 45 min,
the cells were washed twice to remove excess dye and re suspended in
PBS. In each sample, the fluorescence intensity of the dye in cells was
measured using a flow cytometer (BD FACSCalibur, Franklin Lakes,
USA) at excitation wavelength, 490nm and emission wavelength,
514 nm. Three independent experiments were conducted.

2.2.7. Statistical analysis

One-way analysis of variance (ANOVA) was used to ascertain dif-
ferences between control/SH-/RF-exposed mice and Leydig /cells.
When appropriate, least square significant difference (LSD) test was
carried out. A statistical p value of < 0.05 between 2 groups was in-
dicative of significant difference. The data presented are mean # SD.

3. Results
3.1. In vivo experiments

The testosterone levels in controls, Sham- and RF-exposed mice are
presented in Fig. 3. The data showed a significant decrease (19.25%) in
mice exposed to RF compared with Sham-exposed mice (p < 0.05).
There was a further reduction (34.79%) in testosterone levels in mice
exposed to RF for 2 h (p < 0.01). There was no difference between
unexposed controls and Sham-exposed mice (p > 0.05).

The expressions of Star, P450scc, 3fB-Hsd and P450c17 genes in-
volved in testosterone synthesis in control, Sham- and RF-exposed mice
from Real-time PCR detection and Western blotting analyses is shown
in Fig. 4a—f, respectively. The levels of them were significantly lower in
RF-exposed mice (1 h and 2h) compared with Sham-exposed animals
(p < 0.01). The decreases were more pronounced after 2 h RF
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Fig. 3. The levels of testosterone in testis homogenate of mice after 1h or 2h
RF exposure. The results of RF groups significantly differ with that of the Sham
group. Each data point stands for the mean value + SD of 6 mice for each
group. * p < 0.05, ** p < 0.01.
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Fig. 4. The expression levels of StAR, P450scc, 33-HSD, and P45cc 17 in mice testis after 1 h or 2 h RF exposure as from Real-time PCR (a, b, ¢, d) and Western blot (e,

f). The results of RF groups significantly differ with that of the Sham group. Each data point stands for the mean value

exposure (91.43% vs 47.80%; 83.34% vs 71.12%; 84.76 vs 62.11; 66.07
vs 41.40%). There was a positive correlation between mRNA expression
levels and protein levels of all these genes.

The mRNA expressions of CamkI and Rora decreased significantly in
RF-exposed mice compared with Sham-exposed animals (Fig. 5 a, b)
(p < 0.01). There was no difference in mRNA expression between the
Sham-exposed and controls. The variations in protein expression are
similar to those in gene expression (Fig. 5 c, d).

3.2. In vitro experiments

The observations made in cultured primary Leydig cells exposed to
RF were essentially similar to those made in vivo exposure experiments
in mice.

We explored a potential role for CaMKI-associated changes in the
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SD of 6 mice for each group. **p < 0.01.

testosterone synthesis induced by RF exposure using primary Leydig
cells. There was a significant decrease in testosterone concentration in
Leydig cells exposed to RF for 2h (Fig. 6) (p < 0.01). Treatment with
CaMK inhibitor, 30 uM KN-93, was able to reverse the decreasing effect
(KN-93 +RF vs. RF: p < 0.01).

The mRNA expression of Camkl and Rora in cells exposed to RF for
2 h was significantly lower as compared to those in Sham-exposed cells
indicating their downregulation (p < 0.01) (Fig. 7). Treatment with 30
uM KN-93 or the Ca®* ionophore ionomycin (1 uM) reversed the effect
and the levels returned to those in Sham-exposed cells (KN-93 or io-
nomycin + RF2h vs. RF: p < 0.01 for CamkI and p < 0.05 or
p < 0.01 for Rora, respectively). Similar changes were also observed
on protein levels of CaMKI and RORa which were positively correlated
with the changes in gene expression.

The [Ca2+]i concentration in control and Sham-exposed Leydig
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Fig. 6. Testosterone levels in primary Leydig cells medium following 2h RF
exposure, and restoration of levels after treatment with KN-93 (CaMK inhibitor,
30 uM). Each data point stand for the mean value + SD of three alone ex-
periments. The results of RF groups significantly differ with that of the Sham
group, ** p < 0.01; as was the KN-93 + RF group compared with the RF group,
## p < 0.01.

cells were dramatically increased after treatment with LH (p < 0.01).
Decreased effect was observed even in cells exposed to RF for 2 h and
the ionomycin (1uM) reversed this change (p < 0.01) (Fig. 8).

4. Discussion

Testosterone plays a significant role in maintaining structural and
functional integrity of male reproductive organs [24]. As for the effects
of RF exposure on male sex hormone testosterone, some studies re-
ported decreased levels in rabbits and rats [25,26] while others claimed
an increase in mice and humans [27,28]. The observations made in our
previous investigation indicated a decreased daily average level of
testosterone as well as alteration in its daily rhythmicity [8].
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SD of 6 mice for each group. ** p < 0.01.

In mammals, a few clock genes in mouse Leydig cells are reported to
be involved in testosterone synthesis. For example, testosterone levels
in the serum were found to be decreased in null mice for Bmall or Per2
or double mutant with Perl/Per2 [29]. At the cellular level, the reg-
ulation of the circadian clock is accomplished by the transcriptional and
translational feedback loop. In the feedback loop, Bmall can directly
enhance the transcription of the steroidogenic acute regulatory protein
(StAR) which regulates the pivotal rate-limiting step in testosterone
synthesis [30]. StAR protein is responsible for the transport of choles-
terol from outside to the inside of mitochondrial membrane where the
first enzymatic reaction occurs in steroidogenesis [31]. On the other
hand, circulating levels of cytochrome P450 (CYP) genes, P450scc and
P450c17, are also reportedly involved in the circadian steroidogenesis
[32]. It has been known for many years that biological clock regulates
the expression of cytochrome P450 gene family members [33] in which
Cypllfamily including P450scc is closely correlated with 3p-HSD
protein level [34]. Testosterone levels can be changed by clock gene by
regulating the genes in testosterone synthesis, such as Star, P450scc, 33-
Hsd and P450c17, as observed in the present study.

Inside the core clock machinery, RORa has been reported to reg-
ulate the lipid and glucose metabolism. ROR response elements
(ROREs) have been identified in several clock genes and these include
Bmall, Clock, and Cry1 [35-37]. The Bmall gene contains two ROREs in
its promoter region and mutations in ROREs can abolish the circadian
rhythmicity of the Bmall promoter activation, indicating that ROREs
are essential for rhythmic transcriptional regulation of Bmall [38]. The
results obtained in this study suggested that the clock gene Rora, to-
gether with some steroidogenic genes, viz., Star, P450scc, 3B-hsd and
P450c17, were all down-regulated in mice and cultured primary Leydig
cells exposed to 1800 MHz RF exposure. All these data pointed towards
the RF-induced inhibitory effect on testosterone biosynthesis mediated
by the RORa- StAR-P450 Pathway.

Thus far, there have been no reports showing a link between RF
exposure and RORa pathway. Phosphorylation is the key in the reg-
ulation of nuclear receptor clock protein RORa activity. As an
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Fig. 8. RF 2 h exposure weakened the increase of Ca®>* concentration caused by
LH treatment, and ionomycin reversed the effect of RF 2h on Ca®* con-
centration. Each data point stands for the Fluorescence of three independent
experiments expressed as mean value * SD. The Control and Sham groups
significantly differ with respect to the Blank group (** p < 0.01); the results of
RF 2 h group was significantly lower than that of the Sham group (*# p < 0.01);
Tonomycin + RF 2h group increased compared to the RF 2h group (**
p < 0.01).

important member of CaMK family, CaMKI has been shown to phos-
phorylate protein kinase and thus, plays a role in the circadian clock as
a link between the core master clock and the peripheral circadian
rhythm [39]. CaMK family members can also modulate the center clock
genes by phosphorylating the circadian clock protein and then, reset the
circadian clock [40-42]). The mammalian CaMKI has been implicated
in the steroid hormone synthesis which include the transcriptional ac-
tivation of genes coding for steroidogenic enzymes [43,44]. In this
study, the results obtained in RF-exposed mice showed a significant
decrease in CamkI gene expression and protein with a concomitant
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the other hand, Ca® ™ /calmodulin kinase I (CaMKI) has been reported to
be essential for maximal hormone responsiveness in testosterone bio-
synthesis [51,52]. CaMKI family was reported to be fully activated by
both calcium/calmodulin and phosphorylation by the Ca®* /calmodulin
kinase kinase (CaMKK) [53]. Increased intracellular Ca®>* concentra-
tion can activate CaMKK, which in turn leads to activation of CaMKI
[54]. In the present study, 1800 MHz RF exposure markedly decreased
the intracellular [Ca2+]i and down-regulated CaMKI expression in
Leydig cells. The Ca*>* ionophore ionomycin, the activator of the CaMK
pathway can reverse the decrease. This reducing effect was positively
correlated that of RORa-StAR-P450 Pathway. Together, these results
provided a tentative hypothesis that the RF-induced inhibition of tes-
tosterone biosynthesis was brought about via the Ca*>*/CaMKI/ RORa
pathway, as presented in Fig. 9.

It is important to note that the results from RF-exposed mice in vivo
and RF-exposed Leydig cell in vitro cannot be compared directly since
the SAR values were different (in vivo, 0.0553 W/Kg; in vitro, 0.046 W/
Kg). However, both SARs are lower than the exposure limits re-
commended by the International Commission for Non-Ionizing
Radiation Protection ICNIRP (the general public, 0.08 W/kg; occupa-
tional exposure, 0.4 W/kg) [55-57]. Therefore, the results obtained in
the study can be considered as non-thermal effect of RF exposure.
Meanwhile, the results from this study present the public with pre-
caution - no keeping connected wireless devices in close proximity of
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Fig. 9. Proposed hypothesis of CaMKI/RORa pathway in the regulation of
testosterone production by RF exposure.

male gonads.
5. Conclusion

In conclusion, our study provided some evidence that 1800 MHz RF
exposure may first disturb Ca®?*/CaMKI turnover in Leydig cells and
then, inactivate the clock gene RORa which in turn, down-regulates its
target genes involved in testosterone synthesis, including Star, P450scc,
3p-Hsd and P450c17. All these changes might have resulted in reduced
testosterone production.
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