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Summary

Melatonin is an endogenously produced antioxidant
with radioprotective actions while ionizing radiation is a
well-known cytotoxic and mutagenic agent of which the bi-
ological results are attributable to its free radical producing
effects. The effect of melatonin on the DNA strand break-
age and lipid peroxidation induced by ionizing radiation in
the rat brain were investigated in order to clarify its radio-
protective ability. The DNA strand breakage in rat brain ex-
posed to 1000 cGy ionizing radiation was assessed by alka-
line single cell gel electrophoresis and the lipid peroxida-
tion was evaluated by measuring thiobarbituric acid reac-
tive substances (TBARS) concentrations. A significant in-
crease in DNA damage (p < 0.05) and TBARS concentra-
tions (p < 0.01) was found in the radiation treated rat brain.
Pre-treatment of rats with intraperitoneal doses of 100
mg/kg melatonin provided a significant decrease in the
DNA strand breakage and lipid peroxidation. Our results
indicate that melatonin can protect brain cells from oxida-
tive damage induced by ionizing radiation.

Introduction

Ionizing radiation is a well-known cytotoxic and mu-
tagenic agent that causes a variety of changes depending
on exposed and absorbed dose, duration of exposure, in-
terval after exposure, and susceptibility of tissues. DNA
is the most often reported molecule to be damaged by

ionizing radiation. Ionizing radiation induces predomi-
nantly single-strand breaks but also double-strand
breaks, alkali labile sites, and oxidized purines and
pyrimidines (FRANKENBERG-SCHWANGER 1990; HALLI-
WELL and ARUOMA 1991). Cells exposed to ionizing radi-
ation can develop prolonged genetic instability that is
manifested in multiple ways, including delayed repro-
ductive death, an increased rate of point mutations, and
chromosome rearrangement (MURNANE 1996; MORGAN
et al. 1996). The injury of ionizing radiation to living
cells is, to a large extent, due to oxidative stress. Interac-
tions of ionizing radiation with DNA consist of the ion-
ization of DNA and its reaction with surrounding water
molecules, followed by decomposition of molecular
structure of DNA by the induced radicals (HALLIWELL
and ARUOMA 1991; WALLACE 1998; WARD 1998). In ad-
dition to DNA, lipids and proteins are also attacked by
reactive oxygen species (ROS) specially hydroxyl radi-
cals (COH) and the initiated chain reaction caused by ion-
izing radiation leads to the formation of a variety of
degradation products in biological membranes including
products of lipid breakdown which cause changes in
membrane structure and function (KARBOWNIK and REITER
2000).

Since radiation-induced cellular DNA and membrane
damage is primarily attributed to the damaging effects of
ROS, molecules with free radical scavenging properties
are particularly promising as radioprotectors. DALE and
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colleagues (DALE et al. 1949) were first noted the ability
of certain substances to provide protection against radia-
tion-induced damage. Melatonin (N-acetyl-5-methoxy-
trptamine) is distributed ubiquitously in organisms and in
all cellular compartments (EBADI 1984; REITER 1991). In
human blood the physiological concentrations of radioim-
munoassayable melatonin are approximately 0-20 pg/ml
during the day and 40-200 pg/ml during the night (WALD-
HAUSER and DIETZEL 1985). Melatonin participates in sev-
eral important physiological processes. It has been found
to have effects in immune reactions and cancer growth
(MAESTRONI 1993; BLASK 1993). Its scavenging free radi-
cal properties and thus antioxidant ability have been docu-
mented in “in-vitro” studies using human tissues and also
in “in-vivo” animal experiments and the protective effects
of melatonin against radiation induced oxidative and
DNA damage have been demonstrated as well (TAN et al.
1993; BLICKENSTAFF et al. 1994; VIAYALAXMI et al.
1995a, 1996, 1999; AHLERS et al. 1997; KAyA et al. 1999;
BADR et al. 1999; Kimm 2001). It is suggested that mela-
tonin may scavenge the free radicals produced by ionizing
radiation before they induce DNA damage and/or it also
may stimulate the antioxidant enzymes including super-
oxide dismutase (SOD), glutathione peroxidase (GSHPx)
and glutathione reductase (GR) (SINGH et al 1990; VijAY-
ALAXMI et al. 1995b, 1998). Melatonin has been found
also to decrease the formation of nitric oxide (NO) by in-
hibiting the activity of nitric oxide synthase (NOS) (BET-
TAHI et al. 1996; GUERRERO et al. 1997; Pozo et al. 1997).
It has also the stabilization effect on membrane fluidity
(GArCc1a et al. 1997). Although it has not been cleared yet,
melatonin has been suggested to influence DNA repair en-
zymes directly and stimulate intracellular signals indirect-
ly for the activation of genes related to DNA repair (KAR-
BOWNIK and REITER 2000).

This study has been undertaken to investigate the ef-
fects of ionizing radiation on the DNA damage and lipid
peroxidation and the radiopreventive ability of melatonin
in rat brain. To provide data on the possible protective ef-
fects of melatonin on the ionizing radiation-induced ox-
idative DNA damage we have evaluated the DNA strand
breakage in control, melatonin-treated, irradiated and ir-
radiated plus melatonin-treated rat brains by the alkaline
single cell gel electrophoresis or ‘comet’ assay which has
been considered as a sensitive method for the detection
of DNA single strand breaks and alkali-labile damage in
individual cells (FAIRBAIRN et al. 1995). For the determi-
nation of lipid peroxidation levels, measurement of thio-
barbituric acid reactive substances (TBARS) concentra-
tions, a frequently used biomarker of lipid peroxidation,
was performed in the same groups.

Materials and methods

Animals and treatments

Female Wistar albino rats (200 + 10 g) were obtained
from the Animal Care Unit of Hacettepe University and
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were group- housed in plastic cages with stainless- steel
grid tops. The cages were placed in a room with controlled
temperature (23 =2 °C) and a 12h light- dark cycle. The an-
imals received standard laboratory chow and water ad libi-
tum.

The rats were divided into four groups consisting 6—8
rats in each group.

Group 1 received 0.9% saline solution containing
ethanol less then 0.5% (v/v) as control. Thirty minutes
later, the animals were anesthetized and decapitated.

Group 2 received a single dose of 100 mg/kg, intraperi-
toneally (i.p.), melatonin (Boehringer Mannheim) (Mela-
tonin was dissolved in a minimum volume of absolute
ethanol and then diluted with 0.9% saline solution). The
final concentration of ethanol in the aqueous melatonin so-
lution provided to animals was less than 0.5% (v/v) and the
animals were anesthetized and decapitated thirty minutes
later.

Group 3 was stabilized under general anesthesia and ir-
radiated with 1000 cGy using a Co-60 therapy machine
specifically directed to the head.

Group 4 was pretreated with a single dose of 100
mg/kg, i.p., melatonin. Thirty minutes later, this group was
also stabilized under general anesthesia and irradiated with
1000 cGy specifically directed to the head. The animals in
the group 3 and 4 were decapitated thirty minutes after their
exposure to ionizing radiation.

Ketamin (ketamin hydrochloride, 50 mg/kg [Ketalar®
5%, Parke-Davis] and xylazine 8 mg/kg [Rompun® 2%,
Bayer]) mixture was used intraperitoneally for the anesthe-
sia of the animals. After decapitation, whole brain were
rapidly removed, washed in saline and divided into two
portions in order to measure DNA damage and lipid peroxi-
dation levels.

Comet assay

The basic alkaline comet technique of SINGH et al.
(SINGH et al. 1994), as further described by ANDERSON
et al. (ANDERSON et al. 1994) and CoLLINS et al. (COLLINS
et al. 1997) was applied to brain tissues taken from right
parietal lobe of each animal. Brain tissues were minced
gently into fine pieces in 1 ml Hank’s balanced solution
with 20 mM EDTA (Tice 1995). A total of 5-10 ul of the
cell (approximately 10 000 cells) suspension were dis-
solved in 75 ul of 0.5% LMA (Boehringer Mannheim) and
spread on fully frosted microscopic slides precoated with
110 g1 of 0.5% NMA (Boehringer Mannheim) and main-
tained on an ice-cold flat tray for 5 min to solidify. Then
the third layer of 0.5% LMA (75 ul) was added and al-
lowed to solidify on ice for 5 min. The cells were lysed in
high salt and detergent (2.5 M NaCl, 100 mM Na,EDTA,
10 mM Tris, 1% sodium sarcosinate, pH 10; with 1% Tri-
ton-X 100 and 10% DMSO added just before use) for a
minimum of 1 h at 4 °C, and placed in a horizontal gel
electrophoresis tank side by side. The tank was filled with
fresh electrophoresis solution (I mM Na,EDTA and 300
mM NaOH, pH 13) to a level approximately 0.25 cm
above the slides. Before electrophoresis, the slides were
left in the solution for 20 min to allow the unwinding of the
DNA and expression of alkali labile damage. Elec-
trophoresis was conducted at a low temperature (4 °C) for
20 min using 24 V and adjusting the current to 300 mA by



raising or lowering the buffer level and using a compact
power supply (Power Pack P 25 Biometra Analytic
GmbH). All of these steps were conducted under dimmed
light (tank was covered with a black cloth) to prevent the
occurrence of additional DNA damage. After electrophore-
sis, tris buffer (0.4 M Tris, pH 7.5) was added dropwise
and gently to neutralize the excess alkali and the slides
were allowed to sit for 5 min. The neutralizing procedure
was repeated 3 times. The slides were stained with 65 ul
ethidium bromide (Sigma) (20 pg/ml). For visualization of
DNA damage, slides were examined at an x1000 magnifi-
cation using a 100x objective (oil immersion) on a fluores-
cence microscope (Zeiss, Germany). Images of 100 ran-
domly selected cells, i.e. 50 cells from each of two repli-
cate slides, were analyzed from each sample and the DNA
damage was scored visually as described by ANDERSON et
al. (ANDERSON et al. 1994) and COLLINS et al. (COLLINS et
al. 1997). In the experiments, the cells were graded by eye
into four categories on the basis of damage extent, i.e.; no
damage, low damage, damaged and highly damaged. One
slide reader, who is not aware of the treatment groups per-
formed analysis in order to minimize variability due to
subjective scoring. A scheme for visual scoring of the
comets, which has been developed, by Collins and col-
leagues (COLLINS et al. 1997) was performed. DNA dam-
age was scored based on 4 recognizable classes of comet,
from class O (undamaged, no discernible tail) to class 3 (al-
most all DNA in tail, insignificant head). Each comet is
given a value according to the class it is put into, so that an
overall score can be derived for each gel, ranging from O to
300 arbitrary units.

Measurement of lipid peroxidation levels

The homogenization of left parietal lobe of each brain
tissue was carried out in a Teflon- glass homogenizer in a
volume of ice- cold buffer containing 140 mM KCI, 10 mM
NaHCO; 3 mM KH,PO; and 2 mM K,HPO, (adjusted to
pH 7.2) to obtain a 10% (w/v) whole homogenate. The con-
centration of TBARS in whole homogenates of cerebral tis-
sues was determined as a measure of lipid peroxidation ac-
cording to the method of Ohkawa and colleagues (OHKAWA
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et al. 1979). The results were expressed as nmol equivalent
malondialdehyde per mg of protein. The protein concentra-
tions were determined by the standard method of Lowry
and colleagues (LOWRY et al. 1951).

Statistical analysis

The SPSS for Windows 10.0 computer program was
used for statistical analysis. Statistical comparison of the
results from controls without any treatment, irradiated,
melatonin treated and irradiated plus melatonin treated
groups were carried out by one-way analysis of variance
(ANOVA) test and post hoc analysis of group differences
was performed by LSD test (LOVELL et al. 1999). Results
are expressed as mean + S.E.M.

Results

The results of the DNA strand breakage in the brain
cells of control, melatonin treated, irradiated and irradi-
ated plus melatonin treated groups are given in figure 1.
A significant increase in the DNA strand breakage was
observed in the irradiated brain cells (p < 0.05) compared
to the controls. The number of brain cells without DNA
damage was significantly higher in the controls com-
pared to that irradiated brain cells. Also DNA strand
breakage was found to be significantly increased in irra-
diated brain cells compared to melatonin treated brain
cells (p < 0.05) but melatonin pre-treatment resulted in a
significant decrease in DNA strand breakage in irradiat-
ed brain cells (p < 0.05).

On the other hand, single fraction of radiation treat-
ment (1000 cGy) caused a significant increase in TBARS
concentrations of rat brain tissues (~220%) compared to
the control and melatonin treated groups (p < 0.01). Pre-
treatment of rats with melatonin (100 mg/kg, i.p.) provid-
ed also significant protection against the elevation of
lipid peroxidation levels induced by ionizing radiation
(p<0.01) (fig. 2).
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Fig. 1. DNA strand breakage in rat brain

cells of the experimental groups. * p < 0.05 250
vs control, melatonin treated and irradiated
plus melatonin treated groups. Values are
given as mean + S.E.M.

O Control (n = 6)

Melatonin treated (n = 8)

rradiated (n =7) B Irradiated plus Melatonin treated (n = 7)
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Fig. 2. TBARS concentrations in cerebral
tissues of the experimental groups.*p <0.01

O Control (n = 6)
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[ Melatonin treated (n =7)

Discussion

Several “in-vivo” and “in-vitro” studies have exam-
ined the radiation-induced free radical damage evi-
denced by the elevation of lipid peroxidation levels
(RoNal and BENKO 1984; REJHOLCOVA and WILHELM
1989; ZorLU et al. 1994; ONoO et al. 1998; KAya et al.
1999; KiLIC et al. 2000; KARBOWNIK et al. 2000; Przy-
BYSZEWSKI et al. 2002). A time-dependent significant in-
crease in lipid peroxidation levels was demonstrated in
some studies (UEDA et al. 1996; SLYSHENKOW et al.
1998). However Karbownik and colleagues (KARBOWNIK
et al. 2000) did not found a significant increase in lipid
peroxidation levels indicated as malondialdehyde
(MDA) and 4-hydroxyalkenal concentrations in cellular
membranes of liver, small intestine, lung and brain of
male Sprague-Dawley rats measured 12h after exposure
to whole body irradiation of 800 cGy. In their study a
significant increase in DNA-adduct levels in liver tissue
and a significant decrease in hepatic microsomal mem-
brane fluidity was observed and they reported that the
apparent lack of increased TBARS formation indicated
the significance of the dose of ionizing radiation and the
time of measurement. In our study, the observation of the
elevated lipid peroxidation and oxidative DNA damage
levels in a short time by single irradiation of 1000 cGy to
whole brain has suggested that ionizing radiation may
initiate an immediate free radical production effects.
Brain tissue is reported to be highly vulnerable to free
radical damage because of its high oxygen utilization,
high concentrations of polyunsaturated fatty acids and
transition metals such as iron, and low concentration of
cytosolic antioxidants (FLOYD and CARNEY 1993). Our
study seems to be the first “in-vivo” study that has inves-
tigated the effects of brain irradiation on DNA damage
and lipid peroxidation in rat cerebral tissue.

A number of different substances have been examined
as to their protective effects against ionizing radiation in-
duced oxidative damage, and it has been reported that
molecules with direct free radical scavenging properties

382  Exp Toxic Pathol 55 (2004) 5

B Irradiated plus Melatonin treated (n = 6)

vs control, melatonin treated and irradiated
plus melatonin treated groups. Values are
given as mean + S.E.M.

are particularly promising as radioprotectors possibly
due to the observation that whole body irradiation de-
creases the total antioxidant capacity of the organism and
depletes the levels of known antioxidants (KARBOWNIK
and REITER 2000). Melatonin is known to be an effective
antioxidant (REITER 1995, 1996, 1998; REITER et al.
1995) and to scavenge the highly toxic “OH and other
radicals produced by ionizing radiation (TAN et al. 1993,
1998; AHLERS et al. 1997; STASIKA et al. 1998; KAva et
al. 1999). Because of its rather small size and high
lipophilicity, melatonin crosses biological membranes
easily, thus reaching all compartments in the cell (REITER
1991). The findings of the present study which provide
evidence of the preventive role of 100 mg/kg i.p. doses
of melatonin against ionizing radiation induced DNA
damage and lipid peroxidation are consisted with the re-
sults of the other “in-vitro” and “in- vivo” studies in
other organs and animals (BLICKENSTAFF et al. 1994;
AHLERS et al. 1997; VIJAYALAXMI et al. 1999; KAYA et al.
1999; BADR et al. 1999). Studies showed that melatonin
at a high dose (up to 250 mg/kg body weight) was with-
out observable toxicity and assisted animals in resisting
the cytological damage normally inflicted by ionizing ra-
diation. The radical scavenging abilities and the im-
munomodulatory properties of melatonin provided a rea-
sonable explanation for the enhanced survival of whole
body irradiated mice which were pretreated with mela-
tonin (BLICKENSTAFF et al. 1994; VIAYALAXMI et al.
1999). ViayaLAaxMI and colleagues (VIJAYALAXMI et al.
1999) carried out a study using CD2-F1 male mice that
in the peripheral blood and bone marrow cells percent-
age of polychromatic erythrocytes reduced and the inci-
dence of micronuclei increased after 24 h exposure of
whole body to ionizing radiation at a dose of 150 cGy.
Melatonin injection in doses of 5 mg/kg or 10 mg/kg 1 h
prior to irradiation reversed the damaging effects of radi-
ation in dose dependent manner.

In “in-vitro” investigations using human peripheral
lymphocytes which were pre-treated with melatonin, it
was found to exhibit significantly reduced radiation-



induced chromosomal damage as compared with those
irradiated cells which were not treated with melatonin
(VIUAYALAXMI et al. 1995a). VITAYALAXMI and colleagues
(ViAYALAXMI et al. 1996) showed that irradiated lym-
phocytes from the volunteers which were collected after
300 mg of oral ingestion of melatonin exhibited a signifi-
cantly reduced frequencies of chromosomal aberrations
and micronuclei, as compared with similarly 100-150 cGy
“in-vitro” irradiated cells before the oral intake of mela-
tonin. The same authors examined the extent of primary
DNA damage using alkaline comet assay under similar
conditions on the same population of blood lymphocytes
and found that 1 or 2 h after melatonin ingestion ionizing
radiation-induced increases in DNA strand breakage de-
creased significantly. An inverse correlation between
serum melatonin concentration and the number of dam-
aged cells was reported (VIJAYALAXMI et al. 1998). It was
also found that the survival curve and the percentage of
survival at one year were significantly higher in patients
with brain tumor glioblastoma treated with 60 Gy radio-
therapy plus 20 mg/daily oral melatonin than those re-
ceiving radiotherapy alone. Moreover, radiotherapy re-
lated toxicity was lower in patients concomitantly treated
with melatonin and it was suggested that melatonin not
only prolongs the survival time but also improves the
quality of life due to decreases of radiotherapy related
toxic effects (LISSONI et al. 1996). The findings of the
present study are consistent with the overall studies
which indicates that melatonin can protect cells from ra-
diation-induced oxidative damage.

Conclusion

Melatonin can be effective in reducing radiation-in-
duced toxicity since 100 mg/kg, i.p., melatonin pre-treat-
ment of rats were found to decrease the DNA damage
and the lipid peroxidation in irradiated brain cells. There-
fore, the radioprotective effects of melatonin against cel-
lular damage caused by oxidative stress and its low toxi-
city make the substance a potential supplement in the
treatment or co-treatment in medical such as radiothera-
py of brain tumours or occupational settings where the
effects of ionizing radiation are to be minimized.
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