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Abstract
Purpose: To investigate the effect of 2.45 GHz microwave radiation on rat brain of male wistar strain.
Material and methods: Male rats of wistar strain (35 days old with 130+ 10 g body weight) were selected for this study.
Animals were divided into two groups: Sham exposed and experimental. Animals were exposed for 2 h a day for 35 days to
2.45 GHz frequency at 0.34 mW/cm2 power density. The whole body specific absorption rate (SAR) was estimated to be
0.11 W/Kg. Exposure took place in a ventilated Plexiglas cage and kept in anechoic chamber in a far field configuration from
the horn antenna. After the completion of exposure period, rats were sacrificed and the whole brain tissue was dissected and
used for study of double strand DNA (Deoxyribonucleic acid) breaks by micro gel electrophoresis and the statistical analysis
was carried out using comet assay (IV-2 version software). Thereafter, antioxidant enzymes and histone kinase estimation
was also performed.
Results: A significant increase was observed in comet head (P5 0.002), tail length (P5 0.0002) and in tail movement
(P5 0.0001) in exposed brain cells. An analysis of antioxidant enzymes glutathione peroxidase (P5 0.005), and superoxide
dismutase (P5 0.006) showed a decrease while an increase in catalase (P5 0.006) was observed. A significant decrease
(P5 0.023) in histone kinase was also recorded in the exposed group as compared to the control (sham-exposed) ones. One-
way analysis of variance (ANOVA) method was adopted for statistical analysis.
Conclusion: The study concludes that the chronic exposure to these radiations may cause significant damage to brain, which
may be an indication of possible tumour promotion (Behari and Paulraj 2007).

Keywords: DNA strand breaks, microwave radiation, comet assay, histone kinase, antioxidant enzymes

Introduction

Microwave radiations are one of the most common

and fastest growing environmental influences about

which anxiety and speculation are spreading. Micro-

waves at 2.45 GHz and emissions from mobile

phones at 900 MHz induce effects on human health.

At cellular level it may cause DNA single (Paulraj

and Behari 2006) and double-strand break (Kesari

and Behari 2009a) in brain cells. These effects lead

to cell proliferation, which may cause cancer

promotion (Cleary 1990; Behari and Paulraj 2007).

The study by Hardell et al. (2005) has also indicated

a possible interaction between cellular phone use and

tumour formation.

The present study of DNA double-strand break is

the continuation of our earlier work on DNA single

strand break due to 2.45 GHz radiation exposures

(2 h a day for 35 days) on developing rat brain

(Paulraj and Behari 2006). DNA strand breaks due

to microwave exposure were also reported by Lai and

Singh (1995, 1996, 1997a). They reported that the

rats exposed to pulse or continuous wave of

2.45 GHz field for 2 h, resulted in an increase in

DNA strand break in brain cells. A recent study on

reproductive pattern by Kesari and Behari (2009b)

has revealed that microwave exposure at 2.45 GHz

decreases sperm count, increases apoptosis and

affects the level of antioxidant enzymes. Exposure

with microwaves frequencies have been reported to

affect the kinetics of conformational changes of

proteins (betalactoglobulin) (Bohr and Bohr 2000),

which may be caused due to free radicals formation.

Free radicals are generated as intermediates in

metabolism and may attack lipids, proteins, and

DNA. Thus, any perturbation that causes an elevation

in free radical production could increase the vulner-

ability of DNA to chemical damage (Gurney and Van

Wijngaarden 1999). A study on increased blood brain

barrier permeability has also been reported in rats to
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rhodomine-ferritin complex at 2.45 GHz (Neubauer

et al. 1990). Paulraj and Behari (2002) reported that

the 2.45 GHz radiation causes a significant increase in

ornithine decarboxylase activity and a decrease in

protein kinase activity in rat brain after chronic

exposure of microwaves. These are the biomarkers,

which may indicate tumour promotion in brain cells

(Behari and Paulraj 2007).

In present investigations, antioxidant enzymes

such as glutathione peroxidase (GPx), superoxide

dismutase (SOD) and catalase (CAT) estimations

were performed along with histone kinase (H1)

activity. These enzymes play a major role in

protecting the cells by removal of free radicals, which

are generated by microwave radiations. Microwave

interaction with the brain may cause an over-

production of reactive oxygen species (ROS), result-

ing in free radical formation. This may cause

significant changes in the level of antioxidant

enzymes. However, another type of protein kinase

has shown to phosphorylate proteins on the imida-

zole nitrogens of histidine. The best known group of

these enzymes is the histidine kinases. Phosphoryla-

tion by protein kinases and histone kinase are the

major signal transduction mechanisms used by

eukaryotic cells to regulate proliferation, gene

expression, metabolism, motility, membrane trans-

port etc.

The present study was carried out on 35-day-old

developing male Wistar rat brain. Thirty-five-day-old

rats were selected because during this period the

brain is in the developing phase. A choice of

2.45 GHz is made because of its widespread use in

radar, industry, scientific research and medicine.

Material and methods

Materials

Low melting point agarose, normal melting point

agarose, ethidium bromide, DNase free proteinase

K was purchased from Sigma Chemicals Company,

St Louis, MO, USA. The DL-dithiothreitol (DTT)

cat no-43815, aprotinin cat no-10820, leupeptin cat

no-62070, pepstatin A cat no-77170, Phenlymetha-

nesulfonyl fluoride (PMSF) cat no-78830, ethylene

glycerol bis (2-aminoethyl)-N,N,N0,N0 tetra acetic

acid (EGTA) cat no-03777, adenosine-50 triphos-

phate disodium salt hydrate (ATP) cat no-02055, b-

glycerol phosphate disodium salt pentahydrate cat

no-50020 were purchased from Sigma-Aldrich La-

borchemikalien, GMBH, Seelze, Germany. Histone

H1 (cat no-14-155) was purchased from Upstate

Biotech, Garland, New York and P32 radio active

labeled ATP was purchased from Board of radiation

and isotope technology (BRIT), CCMB Campus,

Hyderabad, India. Antioxidant enzyme assay kit was

purchased from Cayman Chemicals Company, Ann

Arbor, MI, USA. The rest of the chemicals were

purchased from Thomas Baker Chemicals Ltd,

Bharat Mahal, Kalbadevi, Mumbai.

Animals’ exposure

Male Wistar rats (35 days old and 130+ 10 g body

weight) were obtained from the animal facility of

Jawaharlal Nehru University, New Delhi. Animals

were divided into two groups: sham exposed (n¼ 6)

and experimental group (n¼ 6). All the animals were

housed in an air conditioned room, where the

temperature was maintained at 25–278C, constant

humidity (40–50%) and kept on 12/12 h light/dark

cycle throughout the experiment. Animals were

provided with standard food pallets (prepared by

Brook Bond India Ltd, Backbay Reclamation,

Mumbai, India) and water ad libitum. The exposure

was repeated in double-blind mode three times, and

the analysis similarly repeated.

The protocols for animal experimentation de-

scribed in this study were approved previously by

the Institutional Animal Ethical Committee (IAEC)

and Committee for the Purpose of Control and

Supervision of Experiments on Animals (CPCSEA).

All subsequent animal experiments were adhered to

the ‘Guidelines for Animal Experimentation’ of the

University.

Exposure chamber

The rats were placed in a Plexiglas cage

(486 276 15 cm), which contained six houses to

reside in each batch. The cage was ventilated with

holes of 1 cm diameter. The dimension of each

house in the exposure cage was identical and made in

such a way that the animals were comfortably placed.

The exposure cage with all six animals was kept in an

anechoic chamber at a far field distance from the

horn antenna (Figure 1). In the exposure chamber,

all six animals faced the horn antenna. No animals

blocked the radiations falling on any other. The

anechoic chamber was lined with radar absorbing

material (attenuation, 40 db) to minimise the reflec-

tion of the scattered beam. The temperature in the

chamber was maintained around 25–278C through-

out the experiment by air circulation. In the position

of animal placement, a horn antenna (136 9.8 cm)

was placed and the field was measured which was

homogeneous in the vertical plane of midline of the

beam. The exposure cage was placed vertically, so

that all animals were irradiated homogeneously with

the same power level. Rats were exposed with

2.45 GHz radiations source at 50 Hz modulation

frequency (Input 1080 W, Output 700 W). Micro-

wave oven [Haier India Co. Ltd, made in PRC
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(China) (Model No. HR-18MS1)] was used as a

source of exposure (duty cycle 3/4), through the horn

antenna, 2 h a day for 35 days.

The exposure schedule was randomly exchanged

for the sham-exposed and exposed groups by keeping

the temperature and the humidity at the same level.

The emitted power of microwaves was measured by a

power meter which is a peak sensitive device (power

sensor). [RF power sensors 6900 series and IFR

6960 B RF power meter; made of Aeroflex, Inc.,

Wichita, Kansas, USA]. Every day the cage was

placed in the same position facing the horn antenna

and the same numbers of rat positions were

reshuffled. A similar experiment was performed with

sham-exposed animals without energizing the sys-

tem. The same experimental set-up and procedures

were earlier adopted by Paulraj and Behari (2002,

2006) and Kesari and Behari (2009b).

Specific Absorption Rate (SAR) calculation

SAR was calculated for an average size of small

animals following the work of Durney et al.

(1984). For a plane wave exposure having random

polarisation and power density of 0.34 mW/cm2, the

SAR value turns out to be 0.11 W/kg.

DNA double-strand breaks estimation

In the present investigations, neutral comet assay

(also referred to as single cell gel electrophoresis) was

used to determine DNA damage (DNA strand

break). Assay was performed according to the

technique of Singh (2003).

Immediately after the exposure period, one rat at a

time was anaesthetized by placing it in a glass jar

containing cotton dipped in anesthetic ether. The rat

was then decapitated and its brain was dissected. The

whole brain was washed four times with phosphate

buffered saline (PBS) (1.37 mM NaCl, 4.3 mM

Na2HPO4, 2.7 mM KCl, 1.4 mM KH2PO4, pH

7.4) to remove red blood cells (RBC). These were

minced into small pieces by using a tissue press

(Biospec Products Inc., USA) and a single cell

suspension was made by using a pipette. From the

cell suspension, 10 ml was mixed with 0.2 ml, 0.7%

agarose. Agarose was suspended in phosphate

buffered saline (3:1 agarose higher resolution) and

kept at 378C (Tice et al. 2000; Lai and Singh 2004).

The mixture was pipetted out and poured on to a

fully frosted slide and immediately covered with

coverglass (246 60 mm). These slides were kept in

an ice-cold steel tray on ice for 1 min to allow

agarose to gel. After removing the cover glass,

Figure 1. (A) sketch diagram of anechoic chamber with animal cage indicating individual animal’s position. (B) Exposure chamber

indicating microwave oven connected with probe and releasing power through horn antenna (136 9.8 cm). (C) An internal image of

exposure chamber at the side of horn antenna. The internal area of chamber is lined with absorbing material.
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another layer (third) was made over the gel with

100 ml of agarose (Tice et al. 2000; Singh 2003).

These slides were immersed in ice-cold lysing

solution overnight at 48C. The slides were treated

with DNase free proteinase K (0.5 mg/ml) for 1 h at

378C. After lysing, slides were removed and placed

in horizontal slab of an electrophoresis assembly

containing one liter of electrophoresis buffer [1 l of

500 mM of NaCl, 100 mM tris base equals to

12.1 g, 1 mM EDTA (ethylenediaminetetraacetic

acid), 0.2% DMSO (Dimethyl sulphoxide) with pH

9] for 20 min for equilibration. After this, slides were

kept for electrophoreses at 250 mA (12 V) for

30 min. Slides were removed from the electrophor-

esis apparatus and placed in coplin jar containing

neutralising buffer. After 30 min, the slides were

transferred to another jar containing neutralising

solution. Following one more change of 30 min, the

slides were left vertical at room temperature to dry

and stained with ethidium bromide (EtBr of

0.05 mg/ml) covered with a 246 60 mm coverglass.

Microscopic slides were prepared with each indivi-

dual animal separately.

Images were taken at 1006 magnification using a

charge-coupled device (CCD) camera GW525x

(Genwac Inc., Orangeburg, NY, USA) attached

to Leica DMLB fluorescence microscope (Leica,

Germany) with an excitation filter of 490 nm, a 500-

nm diachronic filter, and an emission filter of 515 nm.

The images of double-strand DNA break in brain

cells were recorded with fluorescence microscope.

Comet scoring

Slides were assayed for double-strand DNA breaks.

Twenty cells were selected from each slide and

hence, from each animal, 40 cells (two slides) were

scored. Head and tail length (mm) and tail movement

(mm) from the beginning of the nuclear area to the

last five pixels of DNA perpendicular to the direction

of migration at the leading edge were measured. The

scoring of comet assay was done by using software

(IV 4.2 version software, perceptive Instrument).

Data are presented as mean+ standard deviation

(SD). The difference between exposed and sham-

exposed groups was tested for significance by using

one-way analysis of variance (ANOVA). A difference

at P5 0.05 was considered statistically significant.

Antioxidant enzyme estimation

Sample preparation and tissue homogenate

In the present investigations, enzyme assay was used

to determine the enzyme activity (SOD, GPx and

CAT) in male Wistar rats. After exposure, the

animals were sacrificed by overdose of anesthesia.

The brain was dissected out immediately and washed

four times with phosphate buffered saline (PBS) to

remove red blood cells (RBC). Brain was homo-

genised in cold buffer [50 mM Tris-HCl (hydrochloric

acid), pH 7.5, 5 mM EDTA, and 1 mM DTT (DL-

dithiothreitol/ per gram tissue) for GPx, 5–10 ml

HEPES [4-(2-hydroxyethyl)- 1-piperazineethanesulfo-

nic acid] buffer for SOD and (50 mM potassium

phosphate, pH 7.0, containing 1 mM EDTA per gram

tissue) for CAT. Sample was centrifuged at 10,000 g

for 15 min at 48C. Supernatant was collected and

enzyme assay was performed.

Different sets of animals with the same age group

were taken for measurement of the said parameters

(DNA strand break, histone kinase and antioxidant

enzyme). The formulation of enzyme activity calcu-

lation was followed as per methods of Cayman

chemicals.

Estimation of glutathione peroxidase activity

A total of 120 ml of assay buffer and 50 ml co-

substrate mixture was added in non-enzymatic wells.

100 ml of assay buffer, 50 ml of co-substrate mixture

and 20 ml of diluted GPx was added in other wells as

control sample, whereas the same amount of assay

buffer and co-substrate including 20 ml of brain

sample in place of GPx were added in all the wells.

Reaction was initiated by quickly adding 20 ml of

cumene hydroperoxide to all the wells being used.

All the samples were mixed and incubated for a few

seconds. Finally, the wells plates were placed in a

micro-plate reader spectrophotometer and absor-

bance of the samples were measured at 340 nm.

Estimation of superoxide dismutase activity

20 ml of SOD standard was diluted with 1.98 ml of

sample buffer. SOD standard wells were prepared by

using 200 ml of the diluted radical detector and 10 ml

of the diluted standard. Sample wells were prepared

by adding 200 ml of the diluted radical detector and

10 ml of sample to the wells. The reaction was

initiated by adding 20 ml of diluted xanthine oxidase

to all the wells. All the samples were mixed properly

and incubated for 20 min at room temperature. The

sample plate was kept in the micro-plate reader at

room temperature and absorbance was measured at

450 nm.

Estimation of catalase activity

100 ml of assay buffer, 30 ml of methanol and 20 ml of

standard was added to the wells which contained

10 ml of formaldehyde and 9.99 ml of sample buffer

and formaldehyde wells were prepared. The control

wells were prepared by adding 100 ml of diluted assay

Mutagenic response of 2.45 GHz radiation 337
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buffer, 30 ml of methanol and 20 ml of diluted CAT.

Thirdly, the sample wells were prepared by adding

100 ml of diluted assay buffer, 30 ml of methanol and

20 ml of tissue samples. The reaction was initiated by

adding 20 ml of diluted hydrogen peroxide and

incubated for 20 min at room temperature. Sample

plate was incubated for 20 min at room temperature

and 30 ml of potassium hydroxide was added to

terminate the reaction. 30 ml of purpald (chromogen)

was added to each wells and there after incubated for

10 min at room temperature on a shaker. 10 ml of

potassium periodate was added to each wells,

incubated for 5 min at room temperature on shaker

and the absorbance of samples were recorded at

540 nm.

H1 histone kinase assay

After sacrificing the animals, the brain was dissected

out immediately and washed four times with

phosphate buffered saline (PBS) to remove red

blood cells (RBC). The whole brain was homo-

genised in 40 volumes of ice-cold medium contain-

ing 10 mM Tris HCl, pH-7.4, 2 mM EDTA, 1 mM

DTT, and protease inhibitors like aprotinin, leupep-

tin, pepstatin A (each 10 ml/ml), and 0.1 mM

(PMSF). The homogenate were centrifuged at

1000 g for 5 min at 48C. Thereafter supernatant

were centrifuged at 12,000 g for 10 min at 48C. The

pellets was taken and homogenised with ice cold

20 mM HEPES, pH 7.4, 10 mM MgCl2, 1 mM

EDTA, 1 mM EGTA [ethylene glycerol bis (2-

aminoethyl)-N,N,N0,N0 tetra acetic acid], 1 mM

DTT, and stored on ice at 48C. Protein concentra-

tion was measured by Lowry’s method (Lowry et al.

1951). An assay mixture was prepared by mixing 3 ml

of g[32 P] ATP (specific activity 3000Ci/mmol), 45 ml

of 4 mM ATP, 222 ml of Extraction Buffer (80 mM

b-glycerophosphate (pH 7.3), 20 mM EGTA,

15 mM MgCl2 and stored the aliquots at 7208C.

1 mM DTT and protease inhibitors (1 mM PMSF,

10 mg/ml each of Aprotinin, Pepstatin and Leupep-

tin) and 30 ml of 20 mg/ml histone H1 were added to

aliquots just prior to use. 20 mg of each sample

protein to be assayed was pipetted into labelled

micro-well plate at 48C and mixed by pipetting up

and down several times. Each reaction was contin-

ued for 15 min by warming the micro-well plate to

378C in a water bath. Reaction was stopped by

transferring 10 ml of the reaction mixture to phos-

phocellulose (P81) paper pre-cut into 1.5 cm

squares. Paper filters was marked by carbon pencil

(no ink) so they can be washed in the same beaker.

Mixture was allowed to adsorb for a few seconds to

slightly dry and then dipped into a beaker contain-

ing 150 mM H3PO4 for overnight. Filter papers

were washed in 150 mM H3PO4 for 36 15 min at

208C. At the final stage, filter papers were rinsed

briefly in ethanol and air-dried on paper towels.

Strips were transferred into scintillation vials. 5 ml

of scintillation fluid was taken in vials and the

level of emitted radiations was counted (counts per

min) by using a Hewlett Packard Scintillation

Counter.

Results

DNA double-strand break

In the qualitative picture of DNA double-strand

break, larger tail movement was observed in the

exposed brain (Figure 2) as compared to the control

(Figure 3). These results also showed that, a

prolonged exposure to 2.45 GHz increased DNA

double-strand breaks in the brain cells of the exposed

group animals. The average values of head, tail

length and tail movement of rat brain cells exposed

to 2.45 GHz are given in Table I. It shows that there

is a significant increase in the head, tail length and

tail movement of DNA in the exposed group as

compared to the sham-exposed group. For this

group, the average value of head length

Figure 2. Image showing DNA migration pattern of comets from brain cells of rat exposed to 2.45 GHz. Dye: Ethidium bromide,

Magnification: 406.

338 K. K. Kesari et al.
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(94.4+ 2.2 mm), tail length (81.8+ 6.8 mm) and

tail movement (8.6+ 3.0 mm) was recorded. The

corresponding data for exposed group was, head

length (121.0+ 5.3 mm; P¼ 0.0002), tail length

(183.8+ 2.1 mm; P5 0.0002) and tail movement

(45.2+ 1.4 mm; P5 0.0001).

Antioxidant enzymatic activity

Compared with the sham-exposed group

(18.6+ 1.2 nmol/min/ml), those exposed with

2.45 GHz showed a significant decrease

(13.8+ 0.7 nmol/min/ml; P5 0.005) in GPx activ-

ity (Figure 4). Moreover, the exposed group also

showed significant decrease of SOD activity

(169.1+ 7.8 U/ml; P5 0.006) as compared to the

sham-exposed (189.5+ 6.7 U/ml) (Figure 5). How-

ever, the exposed group of animals showed signifi-

cant increase in CAT activity (9.8+ 1.2 nmol/min/ml;

P5 0.006) as compared to the sham exposed group

(7.4+0.8 nmol/min/ml) (Figure 6). These results

showed significant changes in the exposed group of

brain cells in all antioxidants enzymes (GPx, SOD and

CAT) which may be due to an overproduction of free

radicals.

Histone kinase

The activity of histone kinase in the brain shows

significant decline (P5 0.023) in the exposed group

(4933.1+ 1406.9) as compared to the sham-ex-

posed ones (6563.2+ 521.3) (Figure 7).

Discussion

DNA damage in cells has an important implication

on human health. Normally, DNA is capable of

repairing itself efficiently, through a homeostatic

mechanism. Cells maintain a delicate balance be-

tween spontaneous and induced DNA damage.

DNA damage accumulates if such a balance is

altered. Most cells have considerable ability to repair

DNA single-strand breaks. However, DNA double-

strand breaks, if not properly repaired, may lead to

cell death (apoptosis) (Lai 1998). Different molecu-

lar events occur in different types of DNA repair.

Among these are DNA repair mechanism, which can

Figure 3. Image not showing DNA migration pattern of comets from brain cells of rat sham-exposed to 2.45 GHz. Dye: Ethidium bromide,

Magnification: 406.

Table I. Average value scored using comet assay IV 4.2 version (perceptive Instrument) is presented as mean+SD (standard deviation).

Result indicates a statistically significant increase in head and tail length as well as tail movement.

Head length (mm) Tail length (mm) Tail movement (mm)

Control (sham-exposed) 94.4+ 2.2 81.8+ 6.8 8.6+3.0

Exposed 121.0+ 5.3 183.8+ 2.1 45.2+1.4

P value 0.0002 P50.0002 P50.0001

Figure 4. Effect of microwave radiation exposure at 2.45 GHz on

antioxidant enzyme activity (GPx) in rat brain. Result shows

significant (*) decrease in GPx activity as compared to the control

group (sham-exposed) (*P5 0.005). Data are expressed as

mean+ standard deviation (SD).

Mutagenic response of 2.45 GHz radiation 339
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occur after base damage induced by a genotoxic

agent, and DNA single-strand break and double-

strand break rejoining. DNA repair mechanism is a

slower process, taking as much as 20 h or longer

depending on the amount of initial damage within

the exposed cells. DNA single-strand break rejoining

is very rapid, being close to complete within 2 h.

DNA rejoining may also take longer (Foray et al.

1996) and not always occur, leading to cell death or

causing mutation.

In the present work, we observed a significant

increase in DNA double-strand break exposed to

2.45 GHz microwave exposure. Also antioxidant

enzymes (GPx, SOD CAT) and histone kinase

(H1) showed significant changes in the brain.

Recently, Kesari and Behari (2009a) have reported

a significant increase in DNA double-strand break

and a decrease in protein kinase C activity due to

50 GHz exposure in rat brain cells. Other reports

have also shown that these radiations affect the

cholenergic system in rat brain (Kunjilwar and

Behari 1993; Behari et al. 1998) Naþ/Kþ ATPase

activity, and single-strand DNA breaks in brain cells

(Iliakis 1991; Lai and Singh 1996; Paulraj and Behari

2006). A study by Aitken et al. (2005) revealed

significant damage to both the mitochondrial gen-

ome (P5 0.05) and the nuclear-globin locus

(P5 0.01) in exposed mice to 900 MHz RFR (radio

frequency radiation) at a specific absorption rate

(SAR) of 0.09 W/kg for 7 days (12 h per day). Diem

et al. (2005) exposed human fibroblasts and rat

granulosa cells to mobile phone signal (1800 MHz;

SAR 1.2 or 2 W/kg; during 4, 16 and 24 h) and

observed that the exposure may induce DNA single-

and double-strand breaks as measured by the comet

assay. Nikolova et al. (2005) reported a low and

transient increase in DNA double-strand break in

mouse embryonic stem cells after acute exposure to

1.7 GHz field. Moreover, Phillips et al. (1998) found

an increase in DNA strand breaks in cells exposed to

various forms of cell phone frequency.

A decrease in the level of SOD activity suggests an

increase in the generation of reactive superoxide

ions, as also reported by Alvarez et al. (1987). It is

suggested that a decrease in GPx activity might have

been due to the excessive production of free radicals.

Although GPx is a relatively stable enzyme, it can be

inactivated under conditions of severe oxidation

stress (Condell and Tappel 1993). Indeed, CAT

activity is enhanced when H2O2 levels are particu-

larly high (Jones et al. 1981). Moustafa et al. (2001)

concluded that acute exposure to EMR (electro-

magnetic radiation) may modulate the oxidative

stress of free radicals by enhancing lipid peroxidation

and reducing the activation of SOD and GPx, which

are free radical scavengers. Albers and Beal (2000)

have documented that the mitochondrial respiratory

chain is the major site for the generation of super-

oxide radicals (O2
7, H2O2). It is possible that EMR

may affect the mitochondrial membranes to produce

Figure 5. Effect of microwave radiation exposure at 2.45 GHz on

antioxidant enzyme activity (SOD) in rat brain. Result shows

significant (*) decrease in SOD activity as compared to the control

group (sham-exposed) (*P5 0.006). Data are expressed as

mean+ standard deviation (SD).

Figure 6. Effect of microwave radiation exposure at 2.45 GHz on

antioxidant enzyme activity (CAT) in rat brain. Result shows

significant (*) decrease in CAT activity as compared to the control

group (sham-exposed) (*P5 0.006). Data are expressed as

mean+ standard deviation (SD).

Figure 7. Effect of 2.45 GHz radiation on Histone kinase activity

in rat brain showing statistically significant decrease in exposed

group as compared to the control (sham-exposed). Statistical

analysis was done by one-way ANOVA in mean+ standard

deviation (*P5 0.023).
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large amounts of ROS (reactive oxygen species).

Continuously produced ROS are scavenged by

SOD, GPx and CAT. This may cause changes in

antioxidant levels due to free radical generation

(oxidative stress). Electromagnetic fields exposure

may thus increase free radical activity in cells, as has

also been proposed by others workers (Grundler

et al. 1992; Reiter 1997).

In addition to these, we have also observed a

significant reduction in histone kinase activity in

exposed brain samples. Protein kinases, encoded by

approximately 2% of eukaryotic genes, represent one

of the major classes of cell-regulatory molecules

(Hunter and Plowman 1997). Manning et al. (2002)

reported that human genome carries 518 protein

kinase genes (approx. 1.7% of all genes). It defines a

large majority (approx 90%) of these protein kinases

belonging to the eukaryotic protein kinase (EPK)

superfamily defined on the basis of a homologous

kinase catalytic domain (Hanks et al. 1988; Hanks

and Hunter 1995). The EPK domain interacts with

both ATP (Adenosine triphosphate) and protein

(peptide) substrates and functions to transfer the c-

phosphate of ATP onto the hydroxyl group of a

serine, threonine, or tyrosine amino-acid residue

within the peptide substrate. Maturation promoting

factor (MPF) is a recognised factor responsible for

driving the cell cycle from the G- to M-phase as

measured by cytoplasmic injection or cell fusion

(Doree 1990; Maller 1990; Nurse 1990; Meikrantz

and Schlegel 1992; Jung et al. 1993). In general,

initiation of mitosis (M phase) requires a protein

kinase complex (MPF) consisting of a catalytic

subunit (Cdc2 protein kinase) (Dunphy et al. 1988;

Gautier et al. 1988) and a regulatory subunit (cyclin

B) (Labbe et al. 1989). Catalytic activity of a specific

protein kinase plays an important role in elucidating

signal-transduction pathways that affect cell beha-

viour. These results are in agreement with the

findings that the activity of histone H1 kinase is

closely related to the G2/M transition during the cell

cycle (Pawse et al. 1971). The parameters presented

here mutually correlate (DNA strand break, histone

kinase and antioxidant enzymes) and show an

indication of tumour promotion in brain cells.

There are several reports about the biological

effects of electromagnetic field exposure, but the

exact mechanism remains to be elucidated. We

suggest that the biological damage occurs due to

oxidative stress, which is caused by different type of

environmental exposures (non-thermal effects).

Salford et al. (2003) first reported the evidence for

neuronal damage caused by non-thermal microwave

exposure. It has been demonstrated in numerous

studies that ROS are directly involved in oxidative

damage of cellular macromolecules such as lipids,

proteins, and nucleic acids in tissues (Oktem et al.

2005). Ilhan et al. (2004) demonstrated that mobile

phones cause oxidative damage, as evidenced by

biochemical assays and produce histopathological

changes in brain tissue in rats exposed to EMR. They

suggested that there is a correlation between EMR

doses, which have been causally linked to the

generation of ROS and oxidative stress (Lai and

Singh 1996).

Microwaves (MW) exposure leading to an increase

in free radical generation may also enhance lipid

peroxidation (LP). The change occurs in antioxida-

tive activities of the brain cells, leading to oxidative

damage. ROS can cause severe damage to cellular

macromolecules, especially DNA. There seem to be

a linear correlation between the overproduction of

ROS and DNA damage induced by electromagnetic

radiation. Lai and Singh (1997b, 1997c) found that

treatment of rats before exposure with free radical

scavengers blocked the effects of EMF (Extremely

Low Frequency/ Electromagnetic Field and Radio

Frequency Radiation) on DNA. This suggests that

EMF enhances free radical activity in cells, which in

turn leads to DNA damage. The study by Agarwal

and Saleh (2002) and Aitken et al. (1993) revealed

that ROS may cause damage to the sperm DNA,

proteins, and lipids, leading to male infertility; as also

evidenced due to 50 GHz exposure (Kesari and

Behari 2009b). The cycle of events is summarised in

Figure 8.

Indeed, under sub-toxic conditions, free radicals

are known to play an important role in cellular signal

transduction processes (Suzuki et al. 1997). The

outcome of oxidative damage induced by electro-

magnetic fields will therefore depend on various

factors, including the oxidative status of the cell,

Figure 8. Possible sequence of events of microwave interaction

with brain, showing an overproduction of ROS, resulting in free

radicals formation. This may cause significant changes in

antioxidant enzymes.
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capability of endogenous antioxidation enzymes and

processes to counteract free radical build-up, avail-

ability of exogenous antioxidants, iron homeostasis

(a balance of iron influx, storage, and use) and the

parameters of exposure (e.g., intensity and duration

of exposure and possibly the wave shape). It is hoped

that these data will help in arriving at a convincing

explanation for many unresolved issues regarding

reproduction pattern and infertility.
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