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The toxic effect of microwave radiation (MW) causes the change in the metabolism of 

polyamines. Polyamines (spermine and spermidine) and their precursor, diamin putrescine, are 
non-protein nitrogenous bases and they are essential to the function of the cell. Spermine and 
spermidine are catabolized by the enzyme polyamine oxidase (PAO), while the catabolism of 
putrescine is under the effect of the diamine oxidase (DAO). The neurohormon melatonin parti-
cipates in maintaining the normal function of the immune system. The aim of this study was to 
analyze the effect of melatonin on the catabolism of polyamines in the rat thymus, following the 
chronic microwave exposure. Wistar rats were divided into four experimental groups: 1) control 
group, 2) Mel - the animals which were given melatonin daily (2mg/kg), 3) MW - the animals 
which were exposed to MW (4h daily), 4) the animals which were exposed to MW and  were 
given melatonin daily. The animals were sacrificed after 20, 40 and 60 days of the experiment. 
There was an increase in the PAO activity and decrease in the DAO activity (already after 20 
days) in comparison to the control in the thymus of rats exposed to microwave radiation. There 
was also a statistically significant positive correlation (p < 0.05) between malondialdhehyde 
levels and the activity of PAO during the MW exposure. A significant decrease in both PAO and 
DAO activity was found in the thymus of animals exposed to MW and treated with melatonin, in 

comparison to the irradiated animals not treated with melatonin. 
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Introduction 
 
In recent years, the modern lifestyle has led 

to the increase in the number of microwave (MW) 
emitters, not only in the workplace but also in the 

proximate home environment. The most common 
MW emitters in our environment are mobile phones, 

cellular repeaters, WI-FI devices, satellite mobile 
communication devices, radio transmitters, microwa-
ve heating devices and radar facilities. The effects on 
the human health caused by exposure to electromag-
netic fields from mobile phones are not visible in a 
short period because they are small and cumulative. 

The independent expert group on mobile phones for-
med by the British Government has, in its report, 
recommended a limited mobile phone talk time du-
ring the day, relocating radio and cellular repeaters 

away from populated areas, as well as a limited mo-
bile phone use by children. These recommendations 
were the result of numerous epidemiological and ex-

perimental studies that indicated numerous harmful 
effects of microwave radiation in animals and hu-
mans. It has been proven that MW exposure leads to 
the promotion of cancer cell growth in the brain, im-
paired DNA molecule structure, an increase in the 
leukemia prevalence in children after 2-6 years of ra-
diation exposure, REM sleep cycle disorders, head-

aches and irritability, as well as a significant dis-
ruption of the immune status of the organism. The 
results of numerous studies have pointed out that 
the increase in oxidative stress intensity is one of the 
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pathogenetic mechanisms involved in the cellular da-

mage after the MW exposure (1, 2). 

Polyamines spermine and spermidine and their 
precursor diamine putrescine are non-protein nitro-
genous low molecular weight bases present in all li-
ving systems (3). An abundance of data from the li-
terature suggests that polyamines are prevalent in 

almost all tissues and organs, therefore we can say 
that they are essential to the function of the cell (4). 
In mammalian cells, polyamines are found in milimo-
lar concentrations, and their highest concentration is 
spotted in the tissues characterized by an intense 
protein synthesis (thymus, pancreas, prostate and 
liver). The importance of polyamines is reflected by 

their indispensable role in the vital processes of 
growth, division and cell differentiation (due to the 
interaction with nucleic acids) (5), as well as their ro-

le in regulating the permeability and stability of the 
cell membrane (by interacting with phospholipids) 
(6). Recent research on polyamines speak of their 
antioxidant effects, as well as the inhibitory effect on 

the lipid peroxidation process (7). 
Conversion of L-arginine to L-ornithine by the 

enzyme arginase is considered as the first step in the 
polyamine synthesis. In mammalian tissues, initial 
and rate-limiting reaction in polyamine biosynthesis 
is decarboxylation of L-ornithine by specific ornithine 

decarboxylase (ODC) and formation of putrescine. 
Transfer of the aminopropyl group from 5'-S-methyl-
5'-thioadenosine (MTA) is regulated by spermidine 
synthase. Further condensation of spermidine with 
another MTA molecule leads to formation of sper-
mine (8). In mammalian cells, biochemical pathway 

of polyamine catabolism is carried out as an intra-

cellular conversion of polyamine. While spermidine / 
spermine byosinthesis is an irreversible process, po-
lyamine back-conversion to putrescine is possible 
and regulated by two enzymes: spermidine / sper-
mine N1 -acetyltransferase (SSAT) and polyamine 
oxydase (PAO). This interconversion is known as 
putrescine cycle (4). The first step in the polyamine 

intercon-version is acetylation of polyamine molecule 
at N1 position by SSAT using acetyl-coenzyme A and 
forming N1-acetyl spermine. It acts as a substrate 
for PAO in the next step, whereas PAO catalyzes its 
oxidative deamination producing spermidine, 3-ace-
tamidopro-panal and hydrogen peroxide. These two 

enzymes are also responsible for back-conversion of 
spermidine to spermine. An enzyme which catalyzes 

conversion of spermine back to spermidine without 
acetylation was discovered in 2002 and it is known 
today as spermine oxydase (SMO) (9). Amino group 
of putrescine may further undergo oxydative deami-
nation by diamino oxydase (DAO) producing 4-ami-

nobutanal (gamma-aminobutyraldehyde) which is 
converted to gamma-aminobutyric acid (GABA). 

High activity of PAO and DAO in hepatic, sple-
nic, and thymus tissue shows that these two enzy-
mes have the key role in the maintenance of total 
content of polyamines in mammalian tissues (10). 
Polyamine oxydase (EC 1.4.3.4) is a flavin-contrain-

ing enzyme with a molecular weight of 60,000 D. To 
date, there were four PAO isoenzymes discovered, 
each having different substrate specificity (11). The 

highest PAO activity is present in the liver, testes, 

kidneys, and thymus, whereas the preferred subs-

trate is N1-acetyl spermine. High PAO activity is ob-
served in serum of gravid women during the second 
and third trimester. It is noted that an activity of the 
PAO is higher in tissues with high polyamine biosyn-
thesis, indicating that PAO might have an important 

role in polyamine level regulation in mammalian tis-
sues. It is considered that PAO generates putrescine 
when there is the need to lower the cell content of 
higher polyamines (spermine and spermidine). 

Diamine oxydase (EC 1.4.3.6) is a key enzy-
me in terminal polyamine catabolism. It catalyzes the 
oxidative deamination of putrescine, cadaverine, and 

histamine, consequently producing amino aldehydes, 
hydrogen peroxide, and ammonia. Optimal pH for 
enzyme activity is 7.0-7.4, and half-life is 14 h. Dia-

mino oxydase is a copper-containing enzyme, there-
fore copper-binding agents, such as diethyldithiocar-
bamate, inhibit the enzyme activity. Hydrogen per-
oxide and amino aldehydes produced during polya-

mine degradation exert cytotoxic properties and may 
be included in the apoptosis initiation (12). 

It has been shown that microwave radiation 
disrupts the activity of the enzyme ODC and reduces 
the concentration of ODC mRNA. Exposure to micro-
wave radiation causes a disturbance of polyamine 

metabolism, which severity depends on the frequen-
cy of the radiation used, the exposure time and the 
type of irradiated tissue. It has been shown that 
ODC activity decreases 3 to 4 hours after MW expo-
sure in the muscle cells, however, there are results 
indicating an increase in ODC activity in the brain 

tissue. 

Synthesis of neurohormone melatonin is per-
formed in the pineal gland. The synthesis is control-
led by light from the outside environment, which in-
hibits its biosynthesis. Melatonin mediates the func-
tion of numerous hormones and participates in the 
maintenance of the normal function of the immune 
system. It shows immunostimulatory effect, preven-

ts the onset of cancer, neurodegenerative diseases 
and diabetes complications, regulates the level of 
mRNA for certain proteins (13). Melatonin has signi-
ficant antioxidant effects in the brain and thymus tis-
sue (14, 15). It neutralizes the hydroxyl radical more 
efficiently than reduced glutathione and mannitol 

(16), stimulates the mRNA synthesis of superoxide-
dismutase and glutathione peroxidase (17). It has 

been shown that it prevents oxidative damage to 
DNA molecules. The activity of the pineal gland and 
the secretion of melatonin are not only influenced by 
external light sources, but are also dependent on the 
electromagnetic fields. It has been shown that the 

change in the magnetic field causes a decrease in 
the secretion of melatonin (18). 

 
Aim 
 
The aim of this study was to analyze the effect 

of melatonin on the catabolism of polyamines (by 

measuring the enzyme activity of DAO and PAO) in 
the rat thymus after chronic exposure to microwave 
radiation. 
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Material and methods 

 
Experimental model 
 
Experiment was performed on white rats of 

Wistar species, weighing about 200 g, grown at the 

Institute for Biomedical Research, Faculty of Medici-

ne, Niš. For the purpose of the experiment, an ex-

perimental model for the exposure to microwave ra-

diation was created, consisting of a mobile test pho-

ne and a PC measuring controller. Using this PC mea-

suring device, the mobile phone is brought into a 

state of emission that corresponds to the normal 

mode of operation during a telephone conversation. 

The mobile test phone was located in a plexiglass 

box that was placed in the middle of the cage at the 

floor level. All animals were in plexiglass cages in 

size 30x40x40 cm. Animals were exposed to micro-

wave radiation in all experimental groups 4 hours a 

day, then moved to a room without sources of the 

electromagnetic field. Exposure to microwave radia-

tion lasted for 20, 40 and 60 days.  

Laboratory animals were divided into 4 experi-

mental groups: I group (Control) – animals were 

injected with 1,0 ml of saline intraperitoneally per 

day; II group (Mel) – animals were injected with 

melatonin at a dose of 2 mg/kg body weight intra-

peritoneally per day; III group (MW) – the animals 

were exposed to the microwave radiation of the mo-

bile phone 4 hours a day; IV group (MW+Mel) – the 

animals were exposed to the microwave radiation of 

the mobile phone 4 hours a day, and 30 minutes be-

fore radiation were injected with melatonin at a dose 

of 2 mg/kg body weight intraperitoneally per day. 

Seven animals from each group were successively 

sacrificed after 20, 40 and 60 days of the experi-

ment. 

The animals were sacrificed after the experi-

ment, in ketamine anesthesia (2 ml/kg body weig-

ht). After sacrificing experimental animals, the thy-

mus tissue was washed multiple times in a cold iso-

tonic NaCl solution, immediately frozen at -20 °C 

and kept until homogenization. A 10% homogenate 

was then prepared in distilled water at 0 °C (on ice) 

using a homogenizer. 

 

Biochemical methods 

 

Determination of the activity of polyamino oxi-
dase (PAO) and diamino oxidase (DAO). The spec-

trophotometric determination of the activity of PAO 
and DAO was performed by measuring the amount 
of the formed amino aldehyde under the action of 
these enzymes in the presence of the corresponding 
substrate (19). Putrescin dihydrochloride was used 
as a substrate for DAO (20), and spermine tetrahlo-

ride was used as a substrate for PAO (21). The 
reaction takes place in the TRIS-HCl buffer pH 7.2 
for polyamine oxidase and 7.7 for diamine oxidase, 
with the addition of 0.4% 3-methyl-2-benzothiazo- 

 

lone hydrazone and 0.2% FeCl3 to give the colored 

compound. The unit of activity was that amount of 
enzyme, which causes an increase in optical density 
by 0,100 at a wavelength of 660 nm (21). The enzy-
me activity was expressed in U/mg protein. 

Determination of malondialdehyde concentra-

tion (MDA). The lipid peroxidation intensity in the tis-
sues was measured using the spectrophotometric 
method based on the use of thiobarbituric acid (TBA), 
according to the method of Ohkawa et al. (1979). 
The concentration of MDA, as the final product of li-
pid peroxidation, was expressed in nmol / mg prote-
in, using a molar extinction coefficient for MDA (1.56 

x 10-5 M cm-1) (22). 
Determination of protein concentration. The 

amount of total protein in the rat thymus was deter-

mined by the Lowry method (1951), with bovine se-
rum albumin as standard (23). 

 
Statistical analysis 

 
Statistical analysis was done with Excel 7.0 

and SPSS 11.0 in the Windows 2000 environment, 
with results displayed graphically. 

 
Results 

 
There was an increase in PAO activity in the 

thymus of rats exposed to microwave radiation, when 
compared to the control and Mel group (MW20 vs. 
Control20 and Mel20 p < 0.05; MW40 vs. Control40 and 
Mel40 p < 0.001; MW60 vs. Control60 and Mel60 p < 

0.001). The application of melatoninin in dose of 2 

mg/kg body weight to animals exposed to micro-
wave radiation caused a decrease in PAO activity in 
the thymus tissue, when compared to MW exposed 
animals not treated with melatonin (MW + Mel20 vs. 
MW20 p < 0.05; MW + Mel40 vs. MW40 p < 0.001; 
MW + Mel60 vs. MW60 p < 0.001) (Graph 1). 

A decrease of DAO activity was observed in the 

thymus tissue of rats exposed to microwave radia-
tion when compared to the control and Mel group 
(MW20 vs. Control20 and Mel20 p < 0.05; MW40 vs. 
Control40 and Mel40 p < 0.001; MW60 vs. Control60 and 
Mel60 p < 0.001). The application of melatonin to 
animals exposed to microwave radiation resulted in a 

significant decrease of DAO activity in the thymus of 
MW exposed animals not treated with melatonin, 

after 40 days of exposure (MW + Mel40 vs. MW40 p < 
0.05; MW + Mel60 vs. MW60 p < 0.05) (Table 1). 

Graph 2 shows the correlation between the 
concentration of malondialdehyde (MDA) and activity 
of the enzyme PAO in the thymus tissue, during the 

exposure to microwave radiation. Linear correlation 
coefficient of C = 0.61 indicates that there is a st-
rong and statistically significant positive correlation 
(p < 0.05) between the values of the MDA compared 
to the PAO activity during the exposure to micro-
wave radiation. 
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*p < 0,05 vs. Control and Mel, ***p < 0,001 vs. Control and Mel, #p < 0,05 vs. MW, ###p < 0,001 vs. MW 

 
Graph 1. The effect of melatonin and microwave radiation on the enzyme polyamine oxidase (PAO) in rat thymus 

 
 
 

 
Table 1. The effect of melatonin and microwave radiation on the enzyme diamine oxidase (DAO) in rat thymus 

 

Groups Control Mel MW MW + Mel 

20 days 9.08 ± 1.69 8.94 ± 1.61 7.60 ± 1.19 6.78 ± 0.43 

40 days 9.42 ± 1.20 9.18 ± 1.07 8.09 ± 0.86* 6.97 ± 0.55# 

60 days 9.96 ± 0.90 9.70 ± 0.83 7.93 ± 0.87*** 6.54 ± 1.52# 

*p < 0,05 vs. Control and Mel, ***p < 0,001 vs. Control and Mel, #p < 0,05 vs. MW 

 
 
 
 

 
 

Graph 2. Linear regression between PAO activity (U/mg protein) and  
MDA (nmol/mg protein) levels in the rat thymus during exposure to microwave radiation 
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Discussion 

 
Polyamine metabolism disturbance in the MW-

irradiated rat thymus tissue is reflected in intensified 
catabolism. The exposure of animals to microwave 
radiation causes a significant, time-dependent incre-
ase in PAO activity in the thymus tissue relative to 
control (Graph 1), which points to intensification of 
the polyamine interconversion pathway. An intense 
increase in the PAO activity in the thymus tissue af-
ter the exposure to microwave radiation may be a 
result of polyamine metabolism disturbance that re-
duces spermine and spermidine (potent cell prolife-
ferative ability indicators) and increases the amount 
of putrescine (a biologically less potent indicator of 
proliferative and regenerative cell ability). This is pro-
bably one of the possible mechanisms for cells sur-
vival or their controlled transition to the apoptosis 
process in conditions of exposure to microwave radia-
tion. 

Hydrogen peroxide and amino aldehydes for-
med during the catabolism of spermine and spermi-
dine by the PAO activity have cytotoxic properties 
and can participate in the initiation of thymocyte ap-
optosis (12). The combined action of SSAT and PAO 
in the polyamine acetylation and oxidation leads to 
the production of H2O2 which acts as an inducer of 
the SSAT activity and apoptosis causing a clear death 
signal. Also, the H2O2 formed in the process of poly-
amine catabolism, due to the ability of interaction 
with O2- or further degradation in the presence of 
free iron, can lead to the production of OH radical – 
the immediate initiator of lipid peroxidation and fur-
ther increment of this process. The results of the Ta-
dolini study from 1988 indicated the possibility of po-
lyamine role as a modulators of cell damage by free 
radicals, with the antioxidant effect of polyamine be-
ing attributed to the formation of the complex be-
tween Fe2+/spermin/phospholipids, which limits the 
possibility of the Fenton reaction occurrence and the 
formation of OH• (24). 

Graph 2 shows the linear regression analysis 
between the activity of PAO enzymes and levels of 
malondialdehyde in the thymus tissue of the radiated 
animals, and it shows a statistically significant positi-
ve correlation ratio (C = 0.61). This may indicate that 
the increase in PAO activity significantly contributes 
to an increase in the MDA level (secondary lipid per-
oxidation product), in the thymus tissue during mic-
rowave radiation exposure. The toxic effects of poly-
amine catabolism intermediates are related to the 
MDA concentration (25). It has been proven that 3-
aminopropion aldehyde, from which MDA may be 
formed, is created by the action of PAO on spermine 
and spermidine. The toxicity of MDA as the final pro-
duct of lipid peroxidation and its ability to modify 
macromolecules has been confirmed in numerous 
studies (26). Therefore, it could be expected that the 
increase in the total concentration of MDA in the thy-
mus of animals exposed to microwave radiation, is 
partly influenced by the increased catabolism of sper-
mine and spermidine. 

Exposure to microwave radiation leads to a si-
gnificant reduction in the degradation of putrescine 
by DAO enzyme in thymus tissue (Table 1). This can  

 
be explained by the striving of thymus cells to pre-
serve the putrescine concentration, as its conversion 
to GABA leads to the production of toxic reactive 
oxygen radicals (ROS). Decrease in DAO activity can 
be considered as a limiting step towards the thymo-
cyte apoptosis. Putrescine has special significance in 
the regulation of thyroid growth and proliferation in 
conditions resulting from the action of various im-
munosuppressants (glucocorticoids and androgens) 
that lead to a reduction in the amount of polyami-
nes. This is achieved by the interconversion of sper-
mine and spermidine into putrescine (27). On the 
other hand, putrescine is the most important regu-
lator of T lymphocyte activity, unlike spermine and 
spermidine (28). The effect of microwave radiation 
completely resembles the effects of the immunosup-
pressant, as there is a decrease in the levels of sper-
mine and spermidine and an increase in the amount 
of putrescine, followed by an increase in apoptosis 
and a reduction in proliferation in the thymus. 

Spermine and spermidine stabilize chromatin 
and nuclear enzymes due to their ability to construct 
complexes with negative groups on proteins and the 
DNA molecule (29). Therefore, reduction of these 
polyamines leads to significant changes in the struc-
ture of the chromatin and the DNA molecule. It has 
been shown that spermine and spermidine prevent 
fragmentation of the DNA, by stabilizing its helix and 
protecting the thymocytes from apoptotic depletion 
(30). The effect of microwave radiation that reduces 
the amount of spermine and spermidine by increas-
ing the activity of PAO significantly contributes to its 
apoptotic effect. 

The results obtained in our experiment show 
that melatonin exhibits a strong modulatory effect on 
the disturbed metabolic pathways of the polyamines, 
in the tissue of the irradiated animals. Administration 
of melatonin led to a significant reduction in the ca-
tabolism of spermine, spermidine and putrescine in 
the thymus tissue of rats, during exposure to micro-
wave radiation. This can be explained by the striving 
of thymus cells to preserve the concentration of 
spermine, spermidine and putrescine, which have 
been shown to have significant protective effects. It 
has been proven that polyamines participate in pro-
cesses of growth, division and differentiation of cells, 
and therefore in regenerative, reparative and prolife-
rative processes. In addition, spermine, spermidine 
and putrescine might be important for the stabiliza-
tion of the cell membrane, antioxidative and antiapo-
ptotic activity (31). Reduction of PAO and DAO acti-
vity aims to the growth of polyamine pools and the 
preservation of the regenerative and proliferative 
ability of the thymus cells, as demonstrated in this 
study. 

 
Conclusion 
 
By analyzing the obtained experimental re-

sults, it can be concluded that in condition of chronic 
exposure to microwave radiation, there are signifi-
cant changes in the catabolism of polyamines in the 
thymus tissue of rats. The application of melatonin 
led to a normalization of the disturbed metabolism of 
spermine and spermidine (by lowering the activity of 
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polyamine oxidase), as well as the additional incre-

ase in the level of putrescine (by lowering the acti-

vity of diamine oxidase) in the irradiated animals. 
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Toksično dejstvo mikrotalasnog zračenja (MW) utiče na promenu metabolizma polia-

mina. Poliamini (spermin i spermidin) i njihov prekursor diamin putrescin, predstavljaju 
neproteinske azotne baze i oni su esencijalni za život ćelije. Katabolizam spermina i sper-
midina obavlja se dejstvom enzima poliamin oksidaze (PAO), a putrescina diamin oksidaze 
(DAO).Neurohormon melatonin učestvuje u održavanju normalne funkcije imunog sistema. 
Cilj ovog istraživanja bio je da se analizira efekat melatonina na katabolizam poliamina u 
timusu pacova, nakon hronične ekspozicije mikrotalasnom zračenju.Wistar pacovi su bili po-
deljeni u četiri eksperimentalne grupe: 1) kontrola, 2) Mel -životinjama je svakodnevno davan 
melatonin (2mg/kg), 3) MW -životinje su izlagane MW (4h/dnevno), 4) MW+Mel -pacovi 
kojima je aplikovan melatonin izlagani su MW. Životinje su žrtvovane nakon 20, 40 i 60 dana 
eksperimenta. U timusu pacova koji su izlagani mikrotalasnom zračenju došlo je do porasta 
aktivnosti PAO i sniženja aktivnosti DAO (već nakon 20 dana) u odnosu na kontrolu. Postoji i 
statistički značajna pozitivna korelacija (p < 0,05) između nivoa malondialdehida i aktivnosti 
PAO, u toku izlaganja MW. Kod životinja koje su izlagane MW i kojima je aplikovan melatonin, 
došlo je do značajnog sniženja aktivnosti PAO i DAO u tkivu timusa, u odnosu na ozračene 
životinje koje nisu tretirane melatoninom. 
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