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Melatonin protects rat thymus against oxidative stress caused
by exposure to microwaves and modulates proliferation/apoptosis

of thymocytes
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Abstract. The aim of the study was to evaluate the effect of melatonin on oxidative stress, DNA
fragmentation, apoptsis and proliferation in thymus tissue of rats exposed to microwaves. Wistar
rats were divided in four groups: I - treated with saline; IT - treated with melatonin; ITI - microwaves
exposed; IV — microwaves exposed and melatonin treated. Melatonin (2 mg/kgi.p.) was administered
daily. Animals were sacrificed after 20, 40 and 60 days. A significant increase in malondialdehyde
and carbonyl group content, as well as decrease in catalase and increase in xanthine oxidase activity
were registered under microwave exposure. Melatonin prevented the increase in malondialdehyde
and carbonyl group content, and reversed the effect on catalase and xanthine oxidase activity.
Both, alkaline and acid DNase activity were increased due to microwave exposure. Furthermore,
microwaves caused increase in apoptosis rate (detected using Annexin V-FITC/PI kit) and reduced
proliferative capacity of thymocytes (induced by ConA). However, melatonin caused decrease in
alkaline and acid DNase activity, decrease in apoptotic rate and increase in proliferation rate of thy-
mocytes. Melatonin exerts protective effects on rat thymocytes by modulating processes of apoptosis
and proliferation, and causes decrease in DNA fragmentation and oxidative stress intensity under

exposure to microwaves.
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Introduction

Use of appliances with sources of microwave (MW) radiation
such as TV sets, mobile phones, PC monitors etc. has been,
for several decades, an integral part of everyday modern
life. International Agency for Research on Cancer (IARC)
has recently classified radio frequent- electromagnetic fields
(RF-EMFs) as a “possible human carcinogen” (Class 2B)
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(Baan et al. 2011). Electromagnetic fields effects in a wide
frequency range from electromagnetic fields to MW have
been considered in the frames of the same physical models
(Matronchik et al. 1996; Chiabrera et al. 2000; Panagopou-
los et al. 2002; Matronchik and Belyaev 2008). It has been
known for long time that weak electromagnetic fields and
non-thermal MW result to similar effects with significant
overplaying of molecular biological pathways for their
appearance (Adey 1981; Blank and Goodman 2009; Dav-
anipour and Sobel 2009). Peak electromagnetic fields at the
front sides of 5 commercial GSM phones were assessed and
a maximum of 22.4 uT was reported (Perentos et al. 2008).
Electromagnetic fields of about 50-500 nT were shown to
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produce biological effects (St-Pierre et al. 2008). In past few
years we are faced with growing public concerns about the
effects of chronic exposure to microwave radiation (0.3 to
300 GHz), especially when it comes to it’s potentially harmful
effect on the immune system.

Immune system plays a crucial role in body defense sys-
tem and even smallest change of its functionality can lead
to cancer or autoimmunity. Thymus is a central organ of the
immune system and it undergoes, with time, a complex re-
modeling through series of compensatory mechanisms, such
as slight reduction of mitoses associated with an increased
number of apoptosis among different cell populations in
a setting of progressive involution (Quaglino et al. 1998).
Thymus plays an important role in the immune system
development (Matsui et al. 2011) which can be modulated
by numerous environmental factors, including MWs (Qua-
glino etal. 2000). Since the mobile phone is often carried on
the neck strap (usually by children), it is therefore in close
contact with chest and underneath laying organs including
thymus. MWs from high power electric lines, TV towers
and mobile phone base stations has already been linked to
cancer, especially childhood leukemia and T cell non Hodgin
lymphoma (Draper et al. 2005; Lowenthal et al. 2007; Myung
et al. 2009). However, some studies showed opposite results
regarding this matter (Merzenich et al. 2008; Cooke et al.
2010).

Oxidative stress has been implicated in thymus disor-
ders (Yan et al. 2008). Free radicals, commonly known
as reactive oxygen species (ROS), are able to induce cell
injury. On the other hand, antioxidative enzymes such
as superoxide dismutase (SOD), catalase (CAT) and glu-
tathione peroxidase (GPx) protect the cell from oxidative
stress-induced injury. SOD converts O,°" into H,0O,,
CAT detoxifies H,O, and GPx catalyses the breakdown
of H,O; and lipid hydroperoxides to non-toxic products.
Xanthine oxidase (XO), however, is traditionaly considered
to be pro-oxidative enzyme which plays an important role
in the purines catabolism. Increased XO activity causes
increase in production of ROS molecules and therefore
cell injury.

Series of studies demonstrated the change in oxidative
stress intensity and in antioxidative enzyme activities in
various organs after MW exposure (Irmak et al. 2002; Ilhan
et al. 2004; Oktem et al. 2005; Meral et al. 2007; Ozguner et
al. 2005a,b; Sokolovic et al. 2008). It was reported recently
that exposure to electromagnetic fields causes an increase
in oxidative stress intensity in thymus tissue of rats as well
(Aydin and Akar 2011). MWs cause disbalans in cell defence
mechanisms by changing the level of ROS and antioxidant
enzyme activity (Belyaev 2010; Georgiou 2010). Lipid per-
oxidation and oxidative modification of protein molecules
are the most important mechanisms of oxidative damage in
tissues. Chemical reaction between biomoleculs (proteins,

DNA and phospholipids) and peroxidation secondary prod-
ucts (malondialdehyde, MDA) causes covalent modification
of those biomolecules and leads to consequent cell mem-
brane injury and intracellular macromolecules alteration
(Mukai and Goldstein 1976). Microwave-induced inhibition
of DNA damage repair in different cell types including lym-
phocytes and stem cells was linked carcinogenesis (Belyaev
et al. 2010). The exposure to non-thermal microwave elec-
tromagnetic fields generated by mobile phones also affects
the expression of many proteins. This effect on transcription
and protein stability is mediated by ERK cascade (Friedman
et al. 2007).

It is indicated that MW cause time and dose-dependent
cytogenetic damage in human lymphocytes assessed trough
micronuclei count (Zotti-Martelli et al. 2000). Furthermore,
an increased apoptosis rate in thymus tissue exposed to MWs
was also reported (Quaglino et al. 2000). Yet, no changes
in apoptosis rate of T lymphocytes exposed to MWs were
reported as well (Belyaev et al. 2005).

In addition to this, Cleary et al. (1996) observed a signif-
icant reduction in proliferation of T cells exposed to MWs.
However, no changes have also been reported regarding
T cell proliferation under MW exposure (Huang et al. 2008).
Therefore, literature data still remain inconclusive. However,
comparison between different studies should be done with
care because of different physical and biological variable that
should be taken into account (Belyaev 2010).

Melatonin (N-acetyl-5-methoxytryptamine) is neuro-
hormon primarly synthetised and released from pineal
gland. In human body, it binds two subtypes of melatonin
membrane receptors - MT1 and MT2 (von Gall et al. 2002)
and orphan nuclear retinoid receptors of the ROR/RZR
subfamily (Smirnov 2001). Melatonin receptor mRNA is
expressed in all lymphocyte subpopulations studied from
the rat thymus (Pozo et al. 1997).

Melatonin is an immunostimulant (Baydas et al. 2002)
and a powerfull antioxidant. It neutralizes directly a number
of free radicals, such as superoxside anion, hydrogen per-
oxide, hydroxyl radical, singlet oxygen, peroxinitite anion,
nitric oxide and hypochlorous acid (Reiter et al. 2000).
Melatonin shows potential to neutralize hydroxyl radi-
cals in even higher rates than reduced glutathione (GSH)
(Poeggeler et al. 1993) . Melatonin also stimulates various
antioxidant enzymes, such as SOD, GPx and CAT, either by
increasing their activity or by stimulating mRNA synthesis
(Antolin et al. 1996; Reiter et al. 2000). It is also proved that
melatonin prevents oxidative injury of DNA molecules (Jou
et al. 2007) and inhibits apoptosis in immune cells (Sainz
et al. 2003).

The aim of the present study was to evaluate the effect of
melatonin on (1) oxidative stress parametars (such as MDA,
protein carbonyls formation, CAT and XO activity) and
DNA fragmentation (alkaline and acid DNase activity) in
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thymus tissue of rats after 20, 40 and 60 days long exposure
to MWs, as well as on (2) apoptosis and (3) proliferation
rate of tymocytes.

Matherials and Methods

Chemicals

Reagents were of the highest commercial grade available.
Chemicals used for the purpose of this experiment were of
analytical grade. Drug solutions were prepared on the day
of experiment.

Culture medium (CM) was prepared using RPMI 1640
(Sigma, St Louis, Mo., USA), in accordance with the manu-
facturer instructions. CM contained 25 mM HEPES, 2 mM
glutamine, penicillin (100 U/ml), streptomycin (100 pg/ml),
and 10% fetal calf serum (FCS).

Concanavalin A (Con A) was purchased from Sigma
(Munich, Germany). Con A was dissolved in CM at con-
centration of 5 pg/ml. Anti-proliferating cell nuclear antigen
(Anti-PCNA) and anti-rat monoclonal antibodies were
purchased from Immunotech (Marseille, France). Annexin
V-FITC/Propidium iodide (PI) apoptosis detection kit was
purchased from Immunotech (Marseille, France).

Animal model

Animals used for the procedure were treated in strict accord-
ance with the NIH Guide for Care and Use of Laboratory
Animals (1985).

Experiments were performed on 84 adult Wistar albino
rats (male, 6-8 weeks old, 150-180 g), bred in the Vivarium
of the Biomedical Research Institute, at Medical faculty, Nis,
under conventional laboratory conditions. Control and ex-
perimental group animals were collectively housed in plastic
cages 30 x 40 x 40 cm (w x | x h) and had ad libitum access
to standard laboratory food and water. The housing room
was maintained at 24°C with 42 + 5% relative humidity and
had 12/12-h light/dark cycle (exposure to light from 06:00
a.m. to 06:00 p.m.).

All experiments on animals had been approved by the
Animal Ethics Board of the Medical Faculty in Nis and were
performed according to these guidelines.

Experimental design

Animals were divided in 4 experimental groups with
21 animals in each group: group I (control) - rats treated
with 0.9% saline, group II (Mel) - rats treated with melatonin
(2 mg/kg body weight, i.p.), group III (MWs) - MW exposed
rats, group IV (MWs + Mel) - MW exposed rats treated with
melatonin (2 mg/kg body weight, i.p.)

Animals in all experimental groups (groups III and IV)
were exposed to microwave radiation for 4 hours every day
and then moved to rooms with no sources of electromag-
netic field. During exposition, the cages with animals were
placed on absorbing material made of rubber with wooden
isolation surface, with no electroconductors or metal objects
nearby. Chronic exposure to microwave radiation lasted for
60 days.

Melatonin was administered intraperitoneally (i.p.) every
morning at 08.00 a.m., at a single dose of 2 mg/kg body
weight as proposed by Drago et al. (2001). In control rats,
isotonic saline solution (equal to the volume of melatonin)
was given intraperitoneally everyday during the follow up.
Melatonin used for the purpose of this experiment, was of
pro analysi purity (ICN Galenika, Belgrade).

Seven animals from each group were sacrificed after 20,
40 and 60 days. Rats were anesthetized by ketamine HCI
(50 mg/kg, i.p.). Before sacrificing thymus was surgically
removed from the chest cavity.

After the surgical removal, each thymus was divided in
two halves which were later used either for biochemical
analysis or for proliferation and apoptosis assay.

Microwave exposure

Animals were exposed to MWs for 20, 40 and 60 days (4 h/
day during light period). MWs were produced by a mobile
test phone (model NOKIA 3110; Nokia Mobile Phones Ltd.)
connected to a Communication Test Set PCDK with PC and
appropriate software module. The mobile phone was placed
in a special protective compartment made of plastic with the
antenna positioned downwards. During MW exposure seven
rats were able to move freely in a pure (i.e. lacking any metal-
lic fittings) plastic cage. MW exposure was performed in the
same room where all animals were housed. The two mobile
test phones and PC module were situated at the wooden desk
with rubber surface. The desk was placed at distant part of the
room, 5 meters from housed rats. Every four hours during
the light period, two cages (MWs and MWs + Mel group)
were transfered to the desk. Moble test phone, as a source
of MW radiation, was put in each cage. Mobile phone was
put in small perforated polycarbonated box in the center of
the cage in order to prevent damage that could be caused by
rats. Two false mobile phones (turned off) were put in the
control and Mel group cages in the same time. After four
hours of MWs exposure, the same procedure was applied
to the next two cages of investigated groups.

An electromagnetic continuous wave near-field signal
for 2G-GSM (Global System for Mobile communication)
at 900 MHz was used for the purpose of this experiment.
Mobile phone has been operating in test mode control-
led by PC (TX mode) during the exposition (transmition
mode, TX power level 5, Operation mode - Burst, TX data
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type — Cont 0, Cont Mode Channel - 60, 902 MHz, AGC
Absolute value - 512, AGC 85 dB). Cage floor surface was
divided in 9 quadrants, and electromagnetic field parameters
were measured in each compartment several times during
experimental exposure.

Electrical field intensity was estimated to be in the range
from E =9.88 to 18.356 V/m and magnetic flux density from
B = 4.68 to 8.69 uT (Aaronia Spectran HF6080 EM field
meter). Electrical field parameters in cages of sham-exposed
animals were E = 0.3-0.7 V and B = 0.18- 0.35 puT, respec-
tively. The whole-body specific energy absorption (SAR) rate
in irradiated animals was estimated to 0.043-0.135 W/kg
using data for a rotating ellipsoidal rat model.

Preparation of thymocytes; detection of proliferation and
apoptosis

Thymocytes were isolated from the first half of extirpated thy-
mus tissue in accordance with methods previously described
by Vermes et al. (1995) and Koopman et al. (1994). In brief,
after the surgical removal each thymus was placed in cold
CM containing 10% FCS. Thymocytes were released from
the thymus tissue by sliding the tissue along a steel-mesh.
Cell suspensions were filtered through a sterile nylon-filter in
order to remove stroma and afterwards two times washed with
cold CM containing 10% FCS. Thymocytes were counted and
adjusted to a density of 1 x 107 cells/ml. Cells were cultured in
96-well flat-bottom plates (Sarsedt, Newton, USA), contain-
ing 100 pl of cell suspension (1 x 10° cells) in each well. All
cultures were done in triplicates. Thymocytes were cultured for
72 h in the incubator (Assab, Sweden) at 37°C in an atmoshere
containing 95% oxygen and 5% carbon dioxide. In addition,
thymocytes used for proliferative activity evaluation, were
treated with optimal concentration (5 pl/ml) of ConA.

Proliferation assay

Flow cytometric analysis was used in order to measure
lymphocyte proliferation. We measured expression of pro-
liferating cell nuclear antigen (PCNA), an auxiliary cyclin
protein necessary for DNA polymerase activity, maximally
expressed in mid S-phase as previously proposed by Kithn
etal. (1995). Proliferative activity was evaluated after 72 h of
incubation, using anti-PCNA monoclonal antibody. In brief,
thymocytes were collected at the end of the culture period,
and washed twice in PBS containing 5% FCS. Afterwards,
the cells were fixed in 70% methanol, for 30 min, at -20°C
and then washed again two times with PBS containing
5% FCS in order to remove methanol. The cells were than
incubated in the dark for 1 h at room temperature, with
anti-PCNA monoclonal antibody containing solution (5
pg/ml). After incubation, cells were washed twice and
than incubated again with PE-conjugated anti-rat IgG

monoclonal antibody containing solutions 45 minutes at
room temperature. Non-specific binding was monitored
and detected in control cells which were incubated with
the secondary antibody (PE-conjugated anti-rat IgG) alone.
Labeled cells were fixed in 4% formalin and analyzed (5000
analyzed cells/per sample) using flow cytometer (Coulter
XL-MCL, Krefeld, Germany).

Detection of apoptosis

Annexien V-FITC/PI apoptosis detection kit (Immu-
notech, Marseille, France) was used for apoptosis estima-
tion as previously proposed by Koopman et al. (1994). The
staining was made in strict accordance with the producer’s
manual. Five thousand cells per sample were analyzed using
an Epics XL flow cytometer (Coulter, Krefeld, Germany).
Thymocytes that were stained positive for Annexin V-FITC
and negative for PI were considered to be in early stage of
apoptosis, additionally cells that stained positive for both
Annexin V-FITC and PI were considered to be in the late
stage of apoptosis. Cells that are stained negative for both
Annexin V-FITC and PI were considered to be alive and
well, whereas only PI positive cells were considered to be
necrotic (Koopman et al. 1994; Vermes et al. 1995).

Tissue sampling

The second half of the extirpated thymus tissue was pre-
pared as 10% homogenates. In order to assess oxidative
stress parameters and DNA fragmentation, thymus tissue
was cut in small pieces and homogenized in ice-cold water
using homogenizer (IKA Works de Brasil Ltda Taquara, R]
22713-00). Homogenates (10% w/v) were centrifuged at 1500
x g for 10 min at 4°C.

Biochemical analysis

Determination of MDA

MDA in the thymus tissue was spectrophotometrically
determined, based on the chemical reaction between thio-
barbituric (TBA) acid and MDA as described by Ohkawa
et al. (1979). Homogenate absorption was read at 532 nm.
MDA (lipid peroxidation end product) concentration was
expressed as nmol per mg of protein, using the MDA mo-
lecular absorbance coefficient (1.56 x 10 mol/cm).

Determination of protein oxidation

Carbonyl group content, used as a quantification of oxida-
tive modified proteins, was determined spectrophotometri-
cally (Levine et al. 1994) using 2.4 dinitrophenylhydrazine
(DPNH), a traditional carbonyl reagent. Reactive carbonyl
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derivatives were calculated by using dinitrophenylhydrazine
(DPNH) molar extinction coefficient at 370 nm (22 x 103
1/mol/cm) and expressed as umol/g of protein.

Determination of CAT activity

Catalase activity was measured spectrophotometrically at
405 nm as described by Géth (1991). According to this
method serum or homogenate was incubated in H,O,
substrate and the enzymatic reaction was stopped by
adding ammonium molybdate. Activity was expressed as
micromoles per mg (umol/mg) protein.

Determination of XO activity

Xanthine oxidase activity in thymus homogenate was es-
timated by the amount of uric acid produced for fixed time
interval. In brief, reaction mixture containing 0.1 ml thymus
homogenate and 0.1 M Tris/HCI buffer, pH 7.4, in a final
volume of 2.5 ml was pre-incubated for 15 min at 37°C. The
reaction was started by adding of 0.5 ml of 0.6 mM xanthine.
The oxygen-dependent XO activity was estimated by the
increase of the uric acid content as a result of incubation of
this reaction mixture for 30 min at 37°C. The uric acid con-
tent was calculated by the increase in absorbency at 293 nm
against blank, which was run parallel with the reaction mixture
without xanthine. Molar extinction coefficient of 7.6 x 10~
mol/cm was used for this purpose (Hashimoto 1974). XO
activity was also expressed as U/mg tissue protein in thymus
homogenate.

Determination of alkaline-DNase I and acid-DNase 1I activity

Alkaline and acid DNase activity were determined as
described by Bartholeyns et al. (1975). According to this
method, DNA was used as substrate. Alkaline DNase activity
was determined at optimum pH 7.4 using Tris-HCI buffer,
with the addition of Mg?" ions as activator and the acid
DNase activity, using acetate buffer at optimum pH 5.0.

Determination of proteins

Protein content in thymus was determined according to
Lowry’s method (Lowry et al. 1951), using bovine serum
albumin as standard.

Statistical analysis

Results were presented as means + SD. Data were analyzed
using the one way ANOVA, preformed by means of commer-
cially available statistics software package (SPSS  Statistics
for Windows, v. 20.0.0, IBM, New York, USA). Statistical
significance was set to p < 0.05.

Results

MDA levels in thymus tissue of rats exposed to MWs were
significantly higher in comparison to control group after
20 days, 40 days and 60 days since the start of the experiment
(p <0.001). Reduction of lipid peroxidation was found in
thymus tissue of animals both irradiated and treated with me-
latonin in comparison to animals that were irradiated but did
not receive melatonin premedication, after 20 days (p < 0.05),
40 days (p < 0.001) and 60 days (p < 0.001) (Fig. 1).

Protein carbonyls content in the thymus tissue of rats
exposed to MWs was significantly higher when compared
to controls after 20, 40 and 60 days (p < 0.001) of exposure.
Melatonin administration to MW's exposed rats in the ex-
periment which lasted 60 days (MWs + Mel group) caused
significant decrease in protein carbonyls content (p <0.001)
when compared to MWs group (Fig. 2).

Catalase activity was found to be significantly lower in
thymus tissue of rats exposed to MWs in comparison to
controls after 20 days, 40 days and 60 days (p < 0.001) of
experiment. Melatonin administartion caused a statistically
significant increase in CAT activity in experiments that lasted
for 20, 40 and 60 days (p < 0.001) (Fig. 3).

As shown in Fig. 4, exposure to mobile phone induced
a significant increase in thymus tissue XO activity after 20,
40 and 60 days (p < 0.001) of experiment when compared
to control. The increase in XO activity was successfully
prevented by melatonin application after 20 (p < 0.01), 40
and 60 days (p < 0.001) when compared to MWs group
(Fig. 4).

Alkaline-DNase activity was found to be increased in
thymus tissue of rats exposed to MWs in comparison to
controls after 20 days, 40 days and 60 days (p < 0.001) of
experiment (Fig. 5). Melatonin administration led to sig-

L]
L
LF |

|
- o
1 * o e
o coritral
; ] sl
w EWYs
& m MW Mal
3
8
mn 40 &0

exposure duralion |days)

MD& {nmolimg)
= -

ki

Figure 1. The effect of melatonin (Mel) on lipid peroxidation
(MDA level) in the thymus of rats exposed to microwave radiation
(MWs). ™" p < 0.001 vs. control, * p < 0.05 vs. MWs, ™ p < 0.001
vs. MWs.
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Figure 2. The effect of melatonin (Mel) on protein carbonyls in the
thymus of rats exposed to microwave radiation (MWs); ~ p < 0.001
vs. control and Mel, *** p < 0.001 vs. MWs.

nificant dicrease in alkaline-DNase activity in the thymus
tissue of MW exposed animals in experiments that lasted 20
days (p < 0.01), 40 days (p < 0.001) and 60 days (p < 0.001),
as shown in Fig. 5.

An increased acid-DNase activity was found in thymus
tissue of rats exposed to MWs in comparison to controls
after 20, 40 and 60 days of exposure (p < 0.001). Melatonin
administration to irradiated animals (MWs + Mel group)
led to statistically significant decrease in acid-DNase activ-
ity in thymus tissue after 20, 40 and 60 days (p < 0.001) of
exposure (Fig. 6).

Melatonin effects on apoptosis in thymus tissue, deter-
mined by using Annexin V-FITC/PI detection kit, were
estimated in thymocites obtained from animals that were
irradiated for 20, 40 and 60 days. Both, apoptosis (total) and
necrosis rate of thymocytes, obtained from animals that were
irradiated 20 days, were significantly increased (p < 0.01),
when compared to control. Melatonin administration caused
a decrease in the apoptosis intensity (late and total, but not
the early stage) and necrosis reduction (p < 0.05), in com-
parison to irradiated animals not treated with melatonin
(Table 1). Apoptosis (late and total, but not the early stage)
and necrosis rate of thymocytes obtained from animals that
were irradiated 40 days, were also significantly increased
(p <0.001; p <0.01; p < 0.05, respectively), when compared
to control. Melatonin pretreatment caused significant de-
crease of the apoptosis intensity (total and late stage) and
necrosis of thymocytes (p < 0.05), when compared to the
animals that were exposed to radiation but were not treated
with melatonin (Table 2). Finally, apoptosis (total and late
stage, p < 0.001 ) and necrosis (p < 0.01) rate of thymocytes,
obtained from animals that were irradiated 60 days, were
significantly elevated, when compared to control. Melatonin
administration caused decrease in the apoptosis intensity
(total and late stage, p < 0.01) in comparison to the animals
that were exposed to radiation but did not received mela-

tonin treatment but had no significant effect on the necrosis
of thymocytes (Table 3).

As shown in Figure 8, proliferative capacity of thy-
mocytes (triggered by Con A) was significantly reduced
due to exposure to MWs (after 20, 40 and 60 days), when
compared to control (p < 0.001). Melatonin administra-
tion led to significant increase in proliferative capacity in
thymocytes obtained from animals that were irradiated
20 days, 40 days (p <0.05) and 60 days (p < 0.01), in com-
parison to animals that were irradiated but did not received
melatonin (Fig. 7).

Discussion

Biological effects of low-intensive MW such as reactive
oxygen species overproduction may change apoptosis and
proliferation rates therefore causing disruption of the im-
mune system (Quaglino et al. 2000).

Microwave radiation and oxidative stress in thymus tissue

Electromagnetic fields are found to affect chemical reactions
in biological systems that involve free radicals as interme-
diates, and has been observed to increase the level of some
types of free radicals (Balci et al. 2009). Although many in
vitro and in vivo studies allready reported oxidative damage
to different organs caused by exposure to MWs, only Aydin
and Akar (2011) showed oxidative stress-induced injury
regarding immune organs.

In the present study oxidative stress intensity was assessed
trough lipid peroxidation and proteine oxidation indica-
tors. During the radiation exposure, significant increase
of the lipid peroxidation, quantified as MDA level in the
thymus tissue, was noted after 20 days since the begining
of the experiment (Fig. 1). These results are in accordance
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Figure 3. The effect of melatonin (Mel) on catalase in the thymus tis-
sue of rats exposed to microwave radiation (MWs).~ p <0.001vs.
control and Mel, *** p < 0.001 vs. MWs.
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Figure 4. The effect of melatonin (Mel) on xanthine oxidase activity
in the thymus tissue of rats exposed to microwave radiation (MWs).
p < 0.001vs. control and Mel, *** p < 0.001 vs. MWs.

with those obtained by Aydin and Akar (2011) who re-
ported significantly increased lipid peroxidation level in all
lymphoid organs, including thymus. Increased MDA level,
after exposure to 900 MHz MWs, was previously shown in
different tissues, such as brain of rats and guinea pigs (Ilhan
et al. 2004; Koylii et al. 2006; Meral et al. 2007; Sokolovic et
al. 2008), rat retina and rat renal tissue (Oktem et al. 2005;
Ozguner et al. 2006).

Reactions between protein molecules and ROS often lead
to modification of the certain amino acid residues forming
carbonyl derivatives (Yan and Sohal 2002). Our previous
study (Sokolovic et al. 2008) proved increased protein car-
bonyls content in rat brain after MW exposure. However,
to the best knowledge of the autors there are no reported
studies in the literature considering protein carbonyls con-
tent in the thymus tissue in response to MW exposure. The
increase in protein carbonyls content in thymus tissue, as
shown in the present study, occures after 20 days of expo-
sure to MWs (Fig. 2), following the initial increase of ROS
molecules and MDA.

CAT is considered to be an antioxidative enzyme. Its
activity, similar to the other antioxidative enzymes, is
sometimes diminished under the conditions of intensive
oxidative stress (Reiter et al. 2000). Decreased CAT activ-
ity, due to MW-induced injury, was previously reported in
retina (Ozguner et al. 2006) and brain tissue (Sokolovic et
al. 2008). Our results showed that exposure to MW lead
to significant decrease of CAT activity in thymus (Fig. 3),
indicating the high degree of oxidative stress due to H,O,
increase. The decrease in CAT activity is probably caused
by oxidative modification of enzyme molecules. Aydin
and Akar (2011) also showed significant decrease in CAT
activity in all lymphoid organs of rats suggesting that MW's
cause impairment of antioxidant mechanisms, i.e. decrease
in antioxidant enzyme levels, which can be interpreted as

their indirect inhibition caused by binding to oxidative
molecules.

Pro-oxidative XO activity is considered to be an im-
portant mechanism in pathogenesys of oxidative stress
related diseases such as gout, cardiovascular diseases,
diabetes and radiation damage (Desco et al. 2002; Biagi
and Abate 2005; George and Struthers 2009). Previously,
we showed increased XO activity in the brain tissue after
prolonged exposure, i.e. 40 and 60 days (Sokolovic et al.
2008). However, the present study demonstrated that XO
activity in thymus tissue increases after only 20 days of
exposure to MWs (Fig. 4). Increased XO activity observed
in the present study is probably partially responsible for
increase of ROS.

Microwave radiation and oxidative stress — protective role of
melatonin

In many studies melatonine has been found to protect against
lipid peroxidation due to exposure to MWs. Melatonin
has been considered as a potent anti-oxidant and efficient
endogenous free radical scavenger. Melatonin molecules
are capable of catching *OH and thus can be categorized as
the first line of antioxidative defense (Sokolovic et al. 2008).
Melatonin has its antioxidant effect in its first contact with
the cell membrane, by attaching to the external surface of the
phospholipid layer, reacting with radicals, and detoxifying
them before the membrane does - protecting the membrane
in such way (Col et al. 2010).

In the present study, premedication with melatonin has
reduced lipid peroxidation level after 20 days of exposure to
MWs. Similar effects were reported in studies by Ozguner
et al. (2005b) and Koyl et al. (2006), which showed that
melatonine treatment significantly decreases MDA level.
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Figure 5. The effect of melatonin (Mel) on DNase I (alkaline)
activity in the thymus tissue of rats exposed to microwave radia-
tion (MWs). ™ p <0.001vs. control and Mel, ** p < 0.01 vs. MW,
T+ p <0.001 vs. MWs.
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Fig. 6. The efect of melatonin (Mel) on DNase II (acid) activity in
the thymus tissue of rats exposed to microwave radiation (MWs).
" p <0.001 vs. control and Mel, ¥+ p < 0.001 vs. MWs.

Even if our previous study (Sokolovic et al. 2008) failed to
prove the protective effect of melatonin on protein oxidation
in the brain tissue of rats exposed to MWs, the present study
showed significant decrease of protein carbonyls content
after melatonin administration, suggesting the importance
of melatonin administration in defence against oxidative
stress induced injury in thymus tissue.

The decrease in CAT activity in thymus tissue after the
exposure to MW's was attenuated when melatonin was
administrated. This may be due to the general protective
effect of melatonin on macromolecules including proteins
(Reiter et al. 2000).
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Melatonin administration has also significantly decreased
XO activity after exposure to MWs, suggesting that antioxi-
dative effects of melatonin are the result of both increased
activity of antioxidative enzymes and decreased activity of
pro-oxidative enzymes, such as XO.

Microwave radiation effect on apoptosis of thymocytes and
DNA fragmentation - protective role of melatonin

The thymus gland is a central lymphoid organ in which
bone marrow-derived T cell precursors undergo differ-
entiation, eventually leading to migration of positively
selected thymocytes to the peripheral lymphoid organs
(Savino et al. 1998). Apoptosis is a key factor for negative
selection of thymocytes and therefore crucial for normal
immune system development (Sohn et al. 2007). Human
lymphoid cells themselves are an important physiological
source of melatonin that could be involved in regulation of
the human immune system, possibly by acting as an intrac-
rine, autocrine, and/or paracrine substance (Carrillo-Vico
etal. 2004). Endogenous melatonin plays an essential role
in the accurate response of human lymphocytes through
the modulation of IL-2/IL-2 receptor system (Carrillo-
Vico et al. 2005).Furthermore, melatonin protects human
and murine CD4 [+] T cells from apoptosis by inhibiting
CD95 ligand mRNA and protein upregulation in response
to TCR/CD3 stimulation. This inhibition is a result of the
interference with calmodulin/calcineurin activation of
nuclear factor of activated t-cells (NFAT) that prevents
the translocation of NFAT to the nucleus (Pedrosa et al.
2010).
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Fig. 7. The effect of melatonin (Mel) on proliferation of rat thymocytes after 20, 40 and 60 days of exposure to microwaves (MWs). PCNA,
proliferating cell nuclear antigen; " p < 0.001 vs. control and Mel,” p < 0.01 vs. control and Mel, * p < 0.05 vs. MWs, ** p < 0.05 vs. MWs.
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In the present study of apoptosis, we found significant
increase in Annexien V-FITC and/ or Propidium iodide
(PI) positive thymocytes in irradiated group. Moreover,
the number of those cells was proportional to exposure
duration. Therefore, we showed that MWs were able to
induce apoptosis in rat thymocyte culture. In addition, an
increase in alkaline and acid DNase activity was observed
in thymus tissue after the exposure to MWs, suggesting that
post apoptotic DNA degradation was as well intensified.
These results correlate with the increased oxidative stress
intensity in thymus tissue, indicating the participation of
ROS in thymocyte apoptosis. Still, relatively high apoptosis
rate of control cultures in the present study might have
been caused by culture preparation process and removing
thymocytes from their microenvironment. Our results are
consistent with those obtained by Quaglino et al. (2000)
who also reported that exposure to extremely low frequency
MWs interferes with thimic cell death and causes alterations
in the balance of cell death and other parameters such as
mitoses which might interfere with the positive and negative
selection of thymocytes.

Administration of melatonin reduced the number of
Annexien V-FITC and/or PI positive thymocytes signifi-
cantly. Furthermore, melatonin caused decrease in activity
of alkaline and acid DNase in the thymus tissue of irradi-
ated animals. Therefore, melatonin treatment significantly
reduced apoptosis rate of irradiated thymocytes, what is in
accordance with results of Sainz et al. (1995).

Microwave radiation effect on thymocyte proliferation - the
protective role of melatonin

Proliferation of lymphocytes and their susceptibility to apop-
tosis are crucial factors for the immune system homeostasis
maintenance. MW radiation effects on cell proliferation
have been previously reported in the literature. Cleary et al.
(1996) reported reduction in proliferation of T cells exposed
to MW radiation.

In the present study, thymocyte proliferation in response
to Con A was reduced as well after exposure to MWs.
Reduced proliferation of thymocytes correlates with an
increased oxidative stress intensity, therefore suggesting the
role of ROS in thymus tissue damage. Moreover, melatonin
treatment reversed those changes in proliferative capacity in
a time-dependent manner. Described changes are probably
mediated by the nuclear and/or membrane receptor mecha-
nism and secretion of interleukins. It is well known that
IL-2 and IL-6 cause T cell proliferation (Hope et al. 2000).
Furthermore, melatonin enhances IL-2 and IL-6 production
by human lymphocytic and monocytic cell lines via nuclear
receptor-mediated mechanism (Garcia-Maurifio et al. 2000).
The expression of nuclear melatonin receptor seems to be
sufficient for melatonin to activate cytokine production in

human lymphocytic and monocytic cell lines (Garcia-Mau-
rifio et al. 2000).

According to our results, melatonin caused significant
decrease in oxidative stress intensity by regulating lipid
peroxidation, CAT and XO activity, and restored balance in
antioxidative defence system. It also modulated processes
of apoptosis and proliferation in thymus tissue exposed to
MWs. Therefore, it acts as a protective factor for thymus
exposed to microwave radiation.
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