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Abstract
Purpose: Biological effects of X-ray irradiation and protection by melatonin on the immune status of a tropical rodent,
Funambulus pennanti, was examined by estimating oxidative damage of peripheral blood and spleen and protection by
melatonin treatment.
Material and methods: Seventy squirrels were divided into 4 sets of 25, 25, 10 and 10 having subdivisions into a total of eight
groups. Squirrels of set 1 (groups A and B) received only normal saline, set 2 (groups C and D) received 25 mg/100 g body
weight (bwt) melatonin and set 3 (groups E and F) received 25 mg/100 g bwt vitamin E for four weeks. Groups G and H of
set 4 received high doses of melatonin (0.5 mg/100 g bwt) 30 min prior to and 30 min after X-ray irradiation, respectively,
and were sacrificed 1 h after irradiation. Groups B and D were sacrificed after 4 h, 24 h, 48 h and 72 h of irradiation for total
leukocyte count (TLC) in peripheral blood, percent apoptotic cells and lipid peroxidation (LPO) in spleen while group F was
sacrificed after 4 h of irradiation to measure LPO.
Results: Pre-melatonin treatment (25 mg/100 g bwt) restored TLC, percent apoptotic cells and LPO levels of X-ray exposed
squirrels. High dose pre-melatonin treatment (0.5 mg/100 g bwt) restored the above conditions significantly while post
treatment did not. Vitamin E reduced elevated LPO level in irradiated tissue, but the effect of melatonin was more potent.
Conclusion: Melatonin administration prior to X-ray irradiation prevented radiation-induced oxidative damage during the
reproductively active phase of the seasonally breeding rodent suggesting a high protective role of melatonin following X-ray
irradiation.
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Introduction

The biological effects of ionizing radiation on cells are

quite similar to those produced by endogenous stress.

Indeed, ionizing radiation normally interacts with

materials indirectly, via the formation of radical

species. Much evidence has been gathered showing

that enhanced free radical levels and an impaired

antioxidant pools are important factors underlying

the pathophysiological mechanisms in a variety of

diseases including neurodegenerative diseases (Mates

et al. 1999, Parthasarathy et al. 1999).

The hematopoietic system is known to be radio-

sensitive and its damage may be critical for survival.

The cell membrane has been known for some time

to be a secondary target for ionizing radiation. The

chain reaction initiated by ionizing radiation leads to

the formation of a variety of degradation products in

biological membranes including products of lipid

breakdown. Radiation induced lipid peroxidation

is a free-radical process (Sitasawad & Kale 1994)

which involves oxidative conversion of polyun-

saturated fatty acids (PUFA) to several products

including malondialdehyde (MDA) and lipid per-

oxides. MDA serves as an index of oxidative

damage (Bakan et al. 2002). MDA also promotes

tumor growth and act as a co-carcinogenic agent

because of its high cytotoxicity and inhibitory actions

on protective enzymes (Taysi et al. 2003). Thiobar-

bituric acid reactive substances (TBARS) are the

commonly measured parameter of lipid damage after

ionizing radiation exposure (Karbownik & Reiter

2000) leading to cell death via necrosis and

apoptosis.
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Some chemicals, acting as free radical sca-

vengers, such as vitamin E, vitamin C, vitamin A,

beta-carotene, melatonin, 5-aminosalicylic acid,

alpha-tocopherol monoglucoside (alpha-TMG) and

flavanoids can provide protection against radiation

injury to living cells (Sudheer et al. 2003, Satyamitra

et al. 2001, Ganasoundari et al. 1997). Melatonin,

chemically known as N-acetyl-5-methoxytryptamine,

is a product of the vertebrate pineal gland, as well

as other selected organs, and is a potent free radical

scavenger (Badr et al. 1999, Tan et al. 2002,

Hardeland et al. 1993, Allegra et al. 2003) and an

indirect antioxidant (Rodriguez et al. 2004, Reiter &

Tan 2003, Mayo et al. 2002, 2003, Tan et al. 1993).

Vijayalaxmi et al. (1995, 1995a, 1998) reported that

melatonin pre treated human peripheral blood

lymphocytes, when exposed to gamma radiation

in vitro, exhibited a significantly reduced (60 – 70%)

incidence of chromosomal aberrations, micronuclei

and primary deoxyribonucleic acid (DNA) damage as

compared with irradiated cells not pretreated with

melatonin. Koc and his co-workers (2002) reported

the ability of melatonin to act as a radical scavenger in

peripheral blood cells during total body irradiation in

rats. X-rays produced DNA damage and a marked

decrease in antioxidants in the bone marrow of mice

(Umegaki & Ishikava 1994). A literature search

suggests that the effects of X-ray irradiation on the

immune system have never been studied in seasonally

breeding mammals. However, X-ray irradiation-

induced DNA damage has been extensively reported

in laboratory animals such as rats and mice. Since,

wild, seasonally breeding animals are frequently

exposed to many natural forms of radiation that

may cause unknown influences at different physiolo-

gical levels including immune status, it is worthwhile

to study the experimental effects of X-ray radiation

effect on the immune status of a common tropical

rodent Funambulus pennanti. Furthermore no report

was found showing a protective effect of melatonin on

peripheral blood cells in irradiated seasonally breed-

ing rodents. Therefore, the antioxidative efficacy

of melatonin during oxidative stress was assessed

by comparing melatonin with another antioxidant,

vitamin E or alpha-tocopherol. The radioprotective

role of vitamin E against X-ray and gamma irradiation

has already been established (Sarma & Kesavan 1993,

Konapacka et al. 1998).

To clarify the role of melatonin as a radio-

protective agent in seasonally breeding rodents, we

investigated the effects of X-ray irradiation and

exogenous melatonin on the hematopoietic status

of peripheral blood and apoptosis and lipid peroxi-

dation in the spleen of F. pennanti during its

reproductively active phase. During this phase

endogenous levels of melatonin are low due to its

inverse relation with gonadal steroid. The efficacy of

melatonin was compared with vitamin E for effects

on LPO.

Materials and methods

All the experiments were conducted in accordance

with institutional practice and within the frame-

work of the revised animals (Scientific Procedures)

Act of 2002 of the Government of India on Animal

Welfare.

Animal care and maintenance

Seventy young adult male squirrels (Funambulus

pennanti), weighing 110 – 130 g were obtained locally

(Varanasi; Lat. 258180N; Long. 83800E), as they are

easily available in this vicinity. All the squirrels

were kept in a ventilated animal room with room

temperature maintained at 25+ 28C and photo-

period of 12-h light and 12-h dark cycle with lights

on from 06:00 – 18:00 h. The squirrels were fed

soaked gram seed (Cicer arietinum) and seasonal nuts

and grains along with water ad libitum.

Experimental design

All the chemicals used were purchased from Sigma-

Aldrich Chemicals, St Louis, Missouri, USA. After

acclimatization for one week to laboratory condi-

tions, the squirrels were divided into four sets namely

set 1, set 2, set 3 and set 4. Squirrels of set 1, set 2

and set 3 were subdivided into six groups namely A,

B, C, D, E and F. Set 1 with 5 squirrels in group A

and 20 squirrels in group B were given only normal

saline treatment, groups C (5 squirrels) and D (20

squirrels) of set 2 were subcutaneously (abdominal)

injected with 25 mg melatonin/100 g body weight

and groups E and F of set 3, each having 5 squirrels

were injected with 25 mg vitamin E/100 g bwt daily

for four weeks at 18:00 h when lights were turned

off. Set 4 of 10 squirrels was divided into two groups

G and H, each having 5 squirrels. Group G was pre-

treated with high dose of melatonin, i.e., 0.5 mg/

100 g bwt subcutaneously just half an hour prior

to X-ray exposure (pre-treatment) while group H

was injected with same high dose of melatonin a half

an hour after X-ray exposure (post-treatment).

Melatonin for injection was prepared freshly every

7 days by dissolving it in trace amounts of absolute

ethanol and then diluting it in 0.9% normal

saline (NaCl). Alpha-tocopherol (vitamin E) was

prepared in 0.9% NaCl and 20% ethanol. All in-

jections were given subcutaneously during evening

hours. Animals in groups B, D, F, G and H were

anesthetized with 1.75 mg/kg of thiopental sodium

injected subcutaneously. Some 55 anesthetized

squirrels received X-ray irradiation at a source to
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skin (focused on the abdomen, near the splenic

region) distance of 10 cm for 60 sec with the

absorbed dose at 2.06 Gy. The dental X-ray machine

(1070D, Picks, Mumbai, India) was operated at

70 kV potential with 1.5 mm aluminium filter. All

radiations were done during morning hours at

11:00 h. Squirrels of control group A, melatonin-

treated group C and alpha-tocopherol-treated group

E were anesthetized, but were not irradiated. After

the exposure, groups B and D were again divided

into subgroups of four for different time scheduling

of sacrifice at 4 h, 24 h, 48 h and 72 h. Subgroups

B1 and D1 sacrificed after 4 h, B2 and D2 sacrificed

after 24 h, B3 and D3 sacrificed after 48 h and B4

and D4 sacrificed after 72 h. Pre-melatonin-treated

group G and post-melatonin-treated group H were

sacrificed 1 h after X-ray exposure.

Parameters assayed

Total leukocyte count. After sacrificing the squirrels,

blood was collected in heparinized tubes and pro-

cessed for total leukocyte count (TLC) in Neubauer’s

counting chamber (Paul Marienfeld GmBH &

Co. KG, Lauda-Königshofen, Germany) under the

microscope.

Morphological analysis of apoptotic cells. Observation of

splenocytes for apoptosis was performed following

Acridine orange (AO) staining. 0.4 ml of acid-

detergent solution (0.1% Triton X-100, 0.08 N

Hydrochloric acid, 0.15 M NaCl, pH 1.2) was

admixed gently with 0.2 ml of the diluted sample

(16106 cells/ml in phosphate buffered saline). The

samples were stained by addition of 1.2 ml of

AO (Sigma-Aldrich Chemicals, St Louis, Missouri,

USA) in 0.001 M ethylene diamine tetra-acetic acid

(EDTA) on ice for 15 min. A drop of this mixture

was placed on a clean slide and covered with a cover

glass and observed immediately using a fluorescence

microscope with photoautomat (Leitz MP3, Wetzlar,

Hesse, Germany) using 440 nm excitation and

measuring emission at 520 nm.

Malondialdehyde level estimation. All squirrels were

sacrificed by decapitation and spleens were excised

and weighed. The tissues were homogenized in

20 mM tris HCl buffer (pH 7.4) and 10% homo-

genates, tissue/buffer (w/v) were centrifuged for

15 min at 3000 g at 48C. The supernatant was

collected and then subjected to the thiobarbituric

acid (TBA) assay based on the method of Ohkawa

et al. (1978). Total thiobarbituric acid reactive

substances (TBARS) were expressed as MDA as

nmol/mg, taking 1,1,1,1-tetraethoxy propane (TEP)

as standard. The standard curve was calibrated using

a 10 nM concentration of TEP.

Statistical analysis

Using linear graph paper, the mean MDA for each

standard used on the X-axis vs. the corresponding

colorimeter reading on the Y-axis was plotted and

MDA concentration was determined in samples by

interpolation from the standard curve. All the data

were expressed as mean+SEM. The statistical

analysis was performed with one-way analysis of

variance (ANOVA) followed by Student Newman-

Keuls’ Multiple Range tests. The differences were

considered significant for both F and p was at 5%

(F/p5 0.05).

Results

Total leukocyte count in spleen

Radiation significantly lowered the peripheral total

leukocyte count as measured 4 h after irradiation.

This was seen to a lesser degree in the leukocyte

counts in X-ray-exposed squirrels kept under con-

tinuous melatonin treatment. The X-ray-exposed

squirrels showed a sharp decline in peripheral

blood leukocyte count when compared with the

control group while the melatonin-treated plus

irradiation group had a significantly increased total

leukocyte count (p5 0.01) compared to the control

(Figure 1a). A reduction in the peripheral leukocyte

counts at 4 h and 24 h was noted when compared

with the control group, while from 48 h to 72 h a

drastic recovery (approximately 98%) was observed

in the irradiated group when compared with melato-

nin plus irradiated group (Figure 1b).

Morphological observation of apoptotic splenocytes

X-ray exposure caused an increase of 18% in apop-

tosis of splenocytes compared with control cells

from 40 – 58% 4 h after radiation. In the melatonin

(physiological dose) plus irradiation group the

percentage apoptosis of splenocytes was significantly

lower (20%) compared with the radiation only group

from 58 – 38% (p5 0.01). The percentage of apop-

tosis was also significantly lower in the melatonin-

treated (physiological dose) no irradiation group

compared to the control (Figure 2a). The increase

in apoptosis caused by radiation alone decreased

to control or sub control levels by 48 h and 72 h,

respectively. Melatonin treatment (physiological

dose) much reduced the radiation induced increase

in apoptosis and kept apoptosis at or below the

melatonin alone group levels 24, 48 and 72 h after

irradiation (Figure 2b). Melatonin treatment, both

physiological treatment and high dose treatment,

before radiation reduced radiation induced apoptosis

but high dose treatment after irradiation did not

(Figure 2c).
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Lipid peroxidation in the spleen

MDA levels were significantly higher in the spleen

tissue of the irradiation alone group when compared

with the controls 4 h after irradiation (p5 0.01)

(Figure 3a). Continuous melatonin at a dose of

25 mg/100 g bwt significantly (p5 0.01) reduced

MDA levels in the spleen of squirrels subjected to

X-ray exposure compared to the irradiation alone

group. Vitamin E treatment significantly (p5 0.05)

reduced the MDA level in its irradiated group

compared to the radiation alone group but was

comparatively higher (p5 0.01) than melatonin-

treated plus irradiation group (Figure 3a). The

higher MDA level noted in the irradiated group at

4 h had declined by 24 h onwards when compared

with control group (Figure 3b). Pretreatment with

both physiological dose melatonin and high dose

melatonin showed significant protection (p5 0.01)

against radiation induced MDA production but

high-dose melatonin treatment post melatonin treat-

ment showed no decrease in MDA level when

compared with irradiated group only (Figure 3c).

Discussion

Proliferating cells are highly sensitive to irradiation.

Recently, Hussein et al. (2005) have reported the

radioprotective role of melatonin against X-ray-

induced skin damage in albino rats suggesting a

need for the identification and development of non-

toxic and effective radioprotective compounds that

can reduce the effect of radiation. A single whole

body exposure of mammals to ionizing radiation

results in a complex set of symptoms whose onset,

nature and severity are a function of both total

radiation dose and radiation quality.

The results of the present study demonstrate that

X-ray irradiation in squirrels causes tissue damage in

the spleen, as assessed by increased lipid peroxida-

tion level, percent apoptosis and in peripheral blood

as assessed by decreased total leukocyte count, as

these cells are highly radiosensitive. Similarly,

Koc et al. (2002) confirmed the marked effects of

radiation on the stem cells of the leukocytes,

lymphocytes and platelets. It has been suggested

that the survival after irradiation is really a result of

recovery of target tissues. In our study, we examined

the effect of melatonin on recovery of peripheral

blood cell counts in squirrels that received X-ray

irradiation. During the reproductively active phase,

exogenous melatonin supplementation can restore

blood parameters up to control level in pinealecto-

mized squirrels (Rai & Haldar 2003). We considered

that inhibition of free radical generation or intensi-

fied scavenging capacity, enhancement of DNA and

membrane repair, replenishment of dead hemato-

poietic and other cells and stimulation of immune

cell activity by melatonin are important areas for

radioprotection.

Several reports have suggested that melatonin has

the ability to act as an immunomodulator (Maestroni

1993). In our present study, melatonin treatment

prevented induced lipid peroxidation and apoptosis

in a seasonal breeder verifying the protective effect of

melatonin against oxidative injury by X-ray irradia-

tion up to 72 h. Ionizing radiation is a potent

carcinogen due to resulting oxidative damage and

the molecule most often reported to be damaged by

this physical agent is DNA (Daly et al. 1999, Toule

1987). The ability of melatonin to enter all cells

Figure 1. (a) Effect of pre-treatment with a physiological dose of

melatonin (25 mg/100 g bwt) on total leukocyte count of the

Indian palm squirrel, Funambulus pennanti during their reproduc-

tively active phase (March to June) after 2.06 Gy of X-ray

irradiation. Histograms represent Mean+SEM, n¼ 5 for each

group. Con, Control; Mel, Melatonin only; Irrd, Irradiation only;

Mel þ Irrd, Melatonin treatment and irradiation; **p50.01 when

compared with control; ***p5 0.01 when compared with the

irradiated group. (b) Effect of pre-treatment with a physiological

dose of melatonin (25 mg/100 g bwt) on total leukocyte count of

the Indian palm squirrel, F. pennanti during their reproductively

active phase (March to June) after 2.06 Gy of X-ray irradiation.

Squirrels were sacrificed at different time intervals after irradiation

of 4, 24, 48 and 72 h. Histograms represent Mean+SEM, n¼5

for each group. Con, Control; Mel, Melatonin only; Irrd,

Irradiation only; Mel þ Irrd, Melatonin treatment and irradiation;

**p50.01 when compared with control; ***p5 0.01 when

compared with melatonin-treated group.
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in the organism and all cellular compartments relates

to its physical and chemical properties. Within cell

membranes, melatonin may align itself in a posi-

tion to scavenge free radicals in both the lipid and

aqueous environments (Costa et al. 1997, Shida

et al. 1994) of the membrane.

In spite of having an indirect contribution to

defence against oxidative stress, the immune system

influences the function of other systems such as the

reproductive, neuroendocrine, nervous and endo-

crine systems (Maestroni 1993, Haldar & Singh

2001) and antioxidant status (Rodriguez et al.

1999). The antioxidant effects of melatonin occur

by both direct free radical scavenging and in-

direct antioxidant mechanisms (Reiter et al. 1995).

Presence of melatonin membrane and/or nuclear

receptors on some immunocompetent cells

(Guerrero et al. 1997, Gonzalez-Haba et al. 1995)

has suggested the mediating actions of melatonin.

The receptor-mediated effects of melatonin can act in

at least two ways. (i) They can act through binding to

specific receptors MT1, MT2 or MT3 present on

plasma membranes which couple to guanosine

triphosphate (GTP) binding proteins and regulates

several second messengers including cyclic adenosine

monophosphate (cAMP), cyclic guanosine mono-

phosphate (cGMP), diacylglycerol (DAG), inositol

trisphosphate (IP3), arachidonic acid, and intracel-

lular calcium ion (Ca2þ) concentration (Vanecek

1998); (ii) They can act on nuclear orphan receptors

Figure 2. (a) Inhibitory effect of pre-treatment with a physiological dose of melatonin (25 mg/100 g bwt) treatment on apoptosis of

splenocytes of the Indian palm squirrel, Funambulus pennanti during their reproductively active phase (March to June) after 2.06 Gy of X-ray

irradiation. Histograms represent Mean+SEM, n¼ 5 for each group. Con, Control; Mel, Melatonin only; Irrd, Irradiation only; Mel þ
Irrd, Melatonin treatment and irradiation; *p5 0.05 and **p50.01 when compared with control, ***p50.01 when compared with

irradiated group. (b) Inhibitory effect of pre-treatment with physiological dose of melatonin (25 mg/100 g bwt) on apoptosis of splenocytes of

the Indian palm squirrel, F. pennanti during their reproductively active phase (March to June) following 2.06 Gy of X-ray irradiation at

different time intervals of 4, 24, 48 and 72 h. Histograms represent Mean+SEM, n¼5 for each group. Con, Control; Mel, Melatonin only;

Irrd, Irradiation only; Mel þ Irrd, Melatonin treatment and irradiation; *p50.05 and **p5 0.01 when compared with control, ***p5 0.01

when compared with melatonin-treated group. (c) Inhibitory effect of pre treatment with physiological (25 mg/100 g bwt) and pre- and post-

treatment with high (0.5 mg/100 g bwt) melatonin doses on apoptosis of splenocytes of the Indian palm squirrel, F. pennanti, during their

reproductively active phase (March to June) following 2.06 Gy of X-ray irradiation. Histograms represent Mean+SEM, n¼5 for each

group. Con, Control; Mel, 25 mg/100 g bwt melatonin only; Irrd, Irradiation only; Mel þ Irrd, 25 mg/100 g bwt melatonin treatment and

irradiation; Pre-Mel þ Irrd, 0.5 mg/100 g bwt melatonin prior to irradiation; Irrd þ Post-Mel, 0.5 mg/100 g bwt melatonin after irradiation;

**p50.01 when compared with control, and ***p5 0.01 when compared with irradiated group.
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RZR/RORa which get activated and bind to DNA

turning genes on/off, regulating specific RNA tran-

scription and activating antioxidative enzymes

(Becker-Andre et al. 1994, Wiesenberg et al. 1995),

thus supporting the role of melatonin as an indirect

antioxidant. Melatonin inhibits the activation of

transcription factor nuclear factor-kappa B (NF-kB)

by preventing its translocation to the nucleus and, in

turn, preventing DNA binding (Mohan et al. 1995,

Chuang et al. 1996). Thus, melatonin reduces

tissue damage during inflammatory responses due

to free radicals via direct free radical scavenging and

indirectly by lowering cytokines production that

contributes to cellular destruction.

There have been many reports that ionizing

radiation induces the formation of MDA, the main

product of lipid peroxidation in the liver, lung, brain,

colonic and intestinal tissues (Bouzouf et al. 2005,

Varshney & Kale 1990, Taysi et al. 2003, Sener et al.

2003). In the present study, when squirrels were

exposed to a single dose of radiation MDA levels

were found to be significantly increased in the spleen

cells of X-ray-exposed squirrels compared with

control squirrels, whereas pre-treatment of melato-

nin prevented the increase in MDA levels. We

compared this efficiency of melatonin with that of

another known antioxidant vitamin E (25 mg/100 g

bwt) and found melatonin to be more powerful

Figure 3. (a) Effect of pre-treatment with physiological doses of melatonin (25 mg/100 g bwt) and vitamin E (25 mg/100 g bwt) on

malondialdehyde (MDA) levels of Indian palm squirrel, Funambulus pennanti during their reproductively active phase (March to June) after

2.06 Gy of X-ray irradiation. Histograms represent Mean+SEM, n¼5 for each group. Con, Control; Mel, 25 mg/100 g bwt melatonin only;

Vit E, 25 mg/100 g bwt vitamin E only; Irrd, Irradiation only; Mel þ Irrd, 25 mg/100 g bwt melatonin treatment and irradiation; Vit E þ Irrd,

25 mg/100 g bwt vitamin E treatment and irradiation; **p50.01 when compared with control, *p50.05 and ***p50.01 when compared

with irradiated group. (b) Effect of pre treatment with physiological doses of melatonin (25 mg/100 g bwt) on malondialdehyde (MDA) levels

of Indian palm squirrels, F. pennanti during reproductively active phase (March to June) after 2.06 Gy of X-ray irradiation. Mice were

sacrificed at different time intervals of 4, 24, 48 and 72 h after irradiation. Histograms represent Mean+SEM, n¼5 for each group. Con,

Control; Mel, Melatonin only; Irrd, Irradiation only; Mel þ Irrd, Melatonin treatment and irradiation; **p5 0.01 when compared with

control. (c) Effect of pre-treatment with physiological doses (25 mg/100 g bwt) and pre- and post-treatment with a high dose (0.5 mg/100 g

bwt) of melatonin on malondialdehyde (MDA) levels of Indian palm squirrel, F. pennanti during their reproductively active phase (March to

June) following 2.06 Gy of X-ray irradiation. Histograms represent Mean+SEM, n¼ 5 for each group. Con, Control; Mel, 25 mg/100 g bwt

melatonin only; Irrd, Irradiation only; Mel þ Irrd, 25 mg/100 g bwt melatonin treatment and irradiation; Pre-Mel þ Irrd, 0.5 mg/100 g bwt

melatonin prior to irradiation; Irrd þ Post Mel, 0.5 mg/100 g bwt melatonin after irradiation; **p5 0.01 when compared with control, and

***p50.01 when compared with irradiated group.
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antioxidant, on a w/w basis, in this animal model

during the reproductively active phase. This might be

due to higher potency of melatonin in scavenging

various free radicals generated after irradiation and

in stimulating other antioxidative enzymes such as

reduced glutathione (GSH) while vitamin E does not

contribute to GSH synthesis as directly as melatonin

(Urata et al. 1999). Our data is consistent with the

scavenging action of melatonin where one molecule

of melatonin can scavenge four oxygen-based free

radicals compared to one molecule of vitamin E

which can scavenge only two radicals, indicating

melatonin to be a more potent antioxidant molecule

per molecule than vitamin E (Pieri et al. 1994).

Though vitamin E treatment showed positive effects

against X-ray irradiation by reducing MDA levels in

spleens of squirrels we noticed a significant differ-

ence in mean MDA levels of both melatonin treated

plus irradiated and vitamin E plus irradiated groups.

Siu et al. (1998) compared both vitamin E and

melatonin antioxidative capacity and found a dose-

dependent response to both antioxidants. Melatonin

was 7.2 times more potent than vitamin E. This

result was further supported by Gitto et al. (2001) for

rat liver homogenates and by Erol et al. (2004) for rat

brain exposed to gamma irradiation. Both melatonin

and vitamin E prevented peroxidation of polyunsa-

turated membrane fatty acids by scavenging peroxyl

radicals. Vitamin E protects cell membrane and

other lipid-containing substances in the body from

free radical damage by donating electrons to free

radicals in order to neutralize them. Once vitamin E

donates an electron, it becomes a radical and loses its

antioxidant activity but needs vitamin C to restore

the properties whereas the antioxidant action of

melatonin involves donation of two electrons thereby

ensuring that it does not become a free radical.

Unlike other antioxidants, the reaction products of

melatonin with free radicals are themselves antioxi-

dants. The high-dose 0.5 mg melatonin/100 g bwt

prevented the rise in MDA level to a greater degree

than a physiological dose of 25 mg melatonin/100 g

bwt. This result supports the role of melatonin in

reducing MDA formed after irradiation. Post treat-

ment with melatonin showed no reduction in MDA

indicating the inability of high dose (0.5 mg/100 g

bwt) melatonin to ameliorate lipid damage once it

is formed. This is explained by a high level of

lipid degradation products immediately after 2.06 Gy

X-ray exposure. The presence of melatonin in

immune cells prior to the X-ray exposure prevented

damage to cellular membranes but post treatment of

0.5 mg melatonin/100 g bwt could not prevent the

damage once formed. However, lipid damage was

reduced at 24 h in the irradiated group suggesting

the activation of internal antioxidant defence systems

at later times.

The role of melatonin in scavenging free radicals

and stimulating cellular antioxidant defences makes

this molecule of great interest in terms of altering the

responses of cells to apoptotic stimuli. A marked

reduction was observed in the radiation-induced

apoptosis in splenocytes of melatonin-treated squir-

rels compared to the irradiation only group. Like lipid

peroxidation, high dose (0.5 mg/100 g bwt) post

treatment with melatonin was unable to reduce the

percentage of apoptosis whereas pre treatment with

the same dose reduced the apoptosis percentage in

the spleen. These results clearly suggest that cellular

damage due to X-rays could not be modulated by

post treatment with melatonin. In contrast, pre-

melatonin treatment with either physiological or high

doses is effective. Numerous reports have already

shown that melatonin protects lipid, proteins and

DNA from the harmful effects of free radicals and are

typically associated with preservation of cell viability

(Reiter et al. 2000, Sainz et al. 2003). The radio-

protective effect of melatonin in human cells was

confirmed by Vijayalaxmi et al. (1995, 1995a) as

melatonin-pretreated human blood lymphocytes ex-

hibited a significant and dose-dependent reduction in

the observed incidence of chromosome abberations

and micronuclei.

The present study was performed during a repro-

ductively active phase of squirrels when the pineal

hormone melatonin is peripherally low (Haldar

1996) so that the protective role of exogenous

melatonin following X-ray irradiation becomes more

evident. The data obtained suggest for the first time

that in a seasonal breeder, while endogenous level of

melatonin are low, X-ray exposure caused oxidative

damage but exogenous pre-treatment with melatonin

prevented the oxidative as well as hematopoietic

damage while post treatment failed to do so.

Conclusion

Pre-treatment with melatonin has clear antioxidant

properties against X-ray-induced oxidative damage

and could be of high clinical value.
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