Spirulina Platensis ameliorative effect against GSM 900 MHz cellular phone radiation-induced genotoxicity in male Wister rats 
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ABSTRACT
The present study was set to investigate the possible radioprotective activity of Spirulina Platensis (SP)   against some genotoxic effects of GSM 900 MHz cellular phone radiation. Sixty adult Wister male rats were divided into four groups, exposed to mobile phone radiation for four times a day for 10 min and/or oral administered 300 mg SP /kg B.wt for 4 weeks. Erythrogram elements, alkaline comet and micronucleus assays for detection of DNA damage were estimated beside a histopathological examination of bone marrow tissue. Mobile phone radiation exposure evoked a significant increase in Packed Cell Volume(PCV), Mean Corpuscular Volume(MCV), malondialdehyde (MDA), micronucleated polychromatic erythrocytes frequencies in peripheral blood and bone marrow compared to control  with decrease in the  serum activities of superoxide dismutase (SOD) and catalase (CAT) but  total Red Blood Cells (RBCs), Hemoglobin concentration(Hb), and Mean Corpuscular Hemoglobin concentration (MCHC) were not affected. On the other hand, SP significantly reduced the level of DNA damage and improved hematopoietic activity. Conclusively, the continuous exposure to mobile phone’s radiation for a long time had a significant adverse genotoxic effect on both bone marrow and hematopoietic system and SP proved to be useful candidate compound in radioprotection which reflects its antioxidant activity.
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INTRODUCTION
In recent years, there has been growing concern about the potential effects of radio frequency (RF) electromagnetic radiation on health, productivity and behaviour of farm animals and wildlife as well as human being (Balmori, 2010). Today, (Global System for Mobile Telecommunications) GSM mobile phone, RF radiation of frequencies ranging around 880 and 1800 MHz, is considered one of the most widely used RF transmitters in our daily life (Valberg et al., 2007 , Hamadoun, 2010). They have adverse effects on public health (Usman et al., 2012). In earlier in vitro and in vivo experiments, performed to study the possible genotoxic effects of RF radiation, the results were conflicting and so little knowledge was focusing on the frequencies of GSM mobile phone (Yao et al., 2009).
In biological systems affected by EMR, the mechanisms of tissue damage are thought to involve reactive oxygen species (ROS). Of the ROS, the major ones are the superoxide radical (O·2) produced in the mitochondria; hydrogen peroxide (H2O2) produced from superoxide through the activity of superoxide dismutase (SOD); and peroxynitrite (ONOO-) formed from superoxide and nitric oxide (NO). These radicals are produced continuously and are detoxified by SOD, glutathione peroxidase (GSH-Px), and catalase(CAT). With excessive free-radical production and the resulting consumption of antioxidants, endogenous defense mechanisms can become insufficient (Balci et al.,2007).

   In the last decade, several phytoceuticals, herbal drug preparations and plant extracts have been documented to have good protective effects against the radiation induced disorders in mammals because of its ability to scavenge the free radicals and modulating antioxidant defense system of the body (Rehab and Ibrahim, 2012).Spirulina platensis (SP) is a blue green edible microalgae belonging to family O scillitoriaceae, kingdom Monera. For over 20 years, SP has been used as human food supplement sold in pharmacies, health food stores, and mass-market outlets throughout the world but its employment as an animal feed additive is somewhat recent (Simsek et al., 2009). Notwithstanding, about third of current world production of SP is now sold for animal feed application (Belay et al., 1996).Moreover, several reports confirmed the marked beneficial role of SP in animal growth, fertility, aesthetic and nutritional product quality (Holman  and  Malau-Aduli, 2013). It has been known as major component of many commonly commercialized pharmaceuticals as it possess high quality protein content and various amount of vitamins ( E and B complex) , minerals (iron, phosphorus, zinc, calcium, copper, magnesium, manganese, chromium, potassium, selenium), essential fatty acids especially  γ-linolenic acid, phycocyanin and β-carotene (Sharma et al., 2007 ,Lordan et al.,2011).SP has been shown to have antioxidant and hypo(Kim et al., 2010). Moreover, SP polysaccharide was shown to reduce mutgenesis in animal studies and activates hematopoietic system (Rehab and Ibrahim, 2012).


Looking towards the above pharmacological and therapeutic properties of spirulina, the present study has been undertaken to find out the possible radio protective and antioxidant activities of the SP against radiation-induced DNA damage of bone marrow and blood cells in experimental irradiated rats.

MATERIALS AND METHODS
Tested compound and chemicals 
Spirulina platensis tablets produced by (power nutritional, Jin shun, Guang Zhou, Trading Co. USA) and purchased from Delta trade company, Alexandria. All chemicals, reagents and stains were of analytical grade, obtained from El- Gomhoria and Sigma companies.

Animals and experimental design 
     Sixty adult Wister male rats weighting 120-150gm (12 weeks old) were purchased from the Laboratory Animal breeding unit, Faculty of Veterinary Medicine, Zagazig University. The animals were housed in wood cages open from above for 12 hours light-dark cycle with controlled temperature (21–24 ◦C) and relative humidity (50–60 %). Rats were fed a standard pellet diet (El-Nasr Co., Abou ​Zaabal, Cairo, Egypt), and water ad libitum. The animals were accommodated to the laboratory environment for 7 days prior to be used in the study. All animals were treated in accordance with the guidelines of the National Institutes of Health (NIH) for the Care and Use of Laboratory Animals, and were conformed by Ethics of animal use in research committee (EAURC), Cairo University.

      Rats were divided randomly into four equal groups each consisting of 15 animal.  the 1st  group was kept as a control , the 2nd  one (SP group) was orally administered SP at a dose of 300 mg/kg B.wt dissolved in distilled water for 4 weeks (Simsek et al., 2009), the 3rd  one (irradiated group) was exposed  to a mobile phone signal [GSM 900 MHz; specific absorption rate (SAR) value 1.2 W/kg] according to GSM & Mobile news(2006), these rats were group-caged and were free in motion in their cages. The mobile phones were just above the cages of each study group (approx. 10 cm away from the rats). The mobile phones used in the study were in the standby position and called intermittently (four times a day for 10 min) for 4 weeks according to Balci et al. (2007). The 4th  group concomitantly exposed for mobile phone and SP for the same duration.
Sampling 

Twenty-four hours following the last mobile phone radiation exposure, animals from  all groups were killed by cervical dislocation under anesthesia using diethyl ether. For the hematological study, blood sample were received at a tube containing dipotassium salt of EDTA while Drops of whole blood were directly smeared on slides without anticoagulant for peripheral blood micronucleus assay. Another blood sample was collected without anticoagulant for serum separation for measuring antioxidant enzymes.
Then, the animals were sacrificed and both femurs were removed.  The content of one of them was  directly  flushed  out  with  a  24-gauge  needle  into  a  micro-centrifuge tube. One portion of cell suspension was prepared in PBS containing 20 mM EDTA and 1% DMSO and kept frozen at -20°C in phosphate buffer saline until single-cell gel electrophoresis assay analysis. While, the other portion was flushed out into fetal calf serum and centrifuged at 1000rpm for 5 min to obtain pellet for bone marrow micronucleus assay. The other femur was fixed in 10% buffered neutral formalin for histopathological examination.

Hematological study

Evaluation of RBCs count, Hb concentration, Packed cell volume (PCV), mean corpuscular volume  (MCV) and Mean corpuscular hemoglobin concentration (MCHC) were carried out according to the method described by Feldman et al. (2000) by using automated hematology analyzer, Hospitex Hemascreen 18, Italy. 

lipid peroxidation and antioxidant enzymes determination

Serum MDA , SOD  and CAT activities  were estimated by the methods of  Yoshioka et al. (1979), Sun et al. (1988) and Yasmineh et al. (1995), respectively. 

Genotoxicity study

Single-cell gel electrophoresis (SCGE, Comet assay) 

Comet assay was performed as described by Singh et al. (1988). The frozen femoral bone marrow suspension was firstly thawed, 5 µl of sample (containing approximately 2–5×104 cells/ml) were added to 95 µl of 0.5% low-melting agar (LMA)  (in PBS)  to prepare  the  final cell agarose suspension. Samples of 80 μl of the mixture were rapidly spread on comet slides pre-coated with 1% (w/v) normal-melting agarose (NMA).Cover slips were added and the slides were allowed to gel at 4°C, for 20 min, before gently removing the cover slips. After gelling the slides were immersing in cold freshly prepared lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris base, 1% sodium lauryl sarcosinate and 1% Triton X-100) for 1 h at 4°C in the dark. Slides were then washed three times with neutralization buffer (0.4 M Tris, pH 7.5) for 5 min and incubated in fresh alkaline buffer (0.3 M NaOH and 1 mM EDTA, pH>13) for 30 min at room temperature to allow unwinding of DNA. Electrophoresis was then carried out at room temperature in fresh ice-cold alkaline electrophoresis buffer for 30 min (1V/cm; 300 mA). After electrophoresis, slides were gently washed three times for 5 min in fresh neutralization buffer and exposed to 70% ethanol for 5 min. After drying at room temperature, slides were stained with 25 μl of ethidium bromide solution (20 μg/ml) and covered with cover slip. Slides were viewed by fluorescence microscopy (Olympus BX51 TRF, USA) at 40x magnifications. Comet images were scored with a computerized method using comet score 15 image analysis Software (TriTek Corp., Sumerduck, VA). To quantify DNA damage, the following comet parameters were separately evaluated and statistically analyzed: tail length (m m), tail intensity (%DNA), and tail moment (Olive et al., 2001)

Micronucleus assay:

Peripheral blood MN

Blood  smear were prepared  from each animal then, air-dried for 24 hours and fixed  in ethyl  alcohol  for  10 minutes  followed by 10%  Giemsa  staining  for  10 min. To detect micronucleated polychromatic erythrocytes (MPCE), the slides were analyzed using a 1000 x oil-immersion lens. The mean frequency of micronuclei was evaluated per 1000 cells per group of rats (Henry et al., 1997).

Bone marrow MN

The MPCE were prepared according to the method of Schmid (1975). Briefly, previously prepared pelleted bone marrow cells were resuspended in few drops of fetal calf serum and thoroughly mixed. A drop of the resultant suspension was spread onto precleaned coded glass slides, air-dried, methanol fixed, and stained with Giemsa. A minimum of 3000 each polychromatic erythrocytes (PCE) were counted for the presence of MN for each animal. For each group, three slides were examined per animals.

Histopathological assay

Five-micron thick paraffin bone marrow sections were prepared, stained by hematoxylin and eosin for histopathological examination (Bancroft and Gamble, 2008).  Briefly, formalin-fixed  femurs  were  demineralized  in  formic  acid  solution, washed,  processed  in  an automated  processor,  embedded  in  paraffin,  sectioned  at  5  µm, mounted  on  glass  microscope slides,  and  stained  with  hematoxylin  and  eosin.  The slides were examined by light microscopy. 

Statistical analysis:
Data were expressed as means ± standard error (SE). Assessment of the results was performed using one-way analysis of variance (ANOVA) procedure followed by Duncan's Multiple Range test (Duncan, 1995). The 0.05 level of probability was used as the criterion for significance.

RESULTS 

Hematological and biochemical findings

As shown in Tables I and 2, irradiated group(III) showed significant (p<0.05) increase of PCV, MCV and  MDA comparing with the control group  in addition to  marked decrease in serum SOD and CAT activities without any significant differences in RBCs count, Hb concentration and MCHC values. Rats exposed to SP plus mobile phone (IV) showed marked improvement of the above mentioned parameters comparing with the irradiated group but not reach the level of the control.SP administered group(II) showed non significant changes in these parameters when compared with the control group(I).
Comet results  
Basic statistics for the tail length, tail intensity, and tail moment obtained with the alkaline comet assay for different experimental groups were shown in (table II).It could be easily observed that the irradiated groups recoded maximum tail length in comparison with other groups as shown in the visual scoring in Figure 1. Also, both tail moment and DNA % was significantly elevated in the irradiated groups relative to the control group (p < 0.05).SP significantly reduced the tail length, tail intensity, and tail moment values till became non significant with the control group.     

Effect of mobile phone radiation and/or SP on micronuclei frequencies: 

Significant differences were seen (p < 0.05) in the average number of MPCE between control (3.14±0.0.37, 10.00 ±0.70) and irridiated group (3.47±0.253, 25.28 ±0.92) in both peripheral blood and bone marrow. On the other hand, co-treatment with SP evoked a significant reduction in MPCE average number in bone marrow rather than peripheral blood (Table. III).     

 Histopathological results:


Light microscopic examination of the H&E paraffin stained bone marrow sections of both control and Sp treated group showed multifocal areas of hyperplasia in hematopoietic elements. Besides, Fatty tissue was little and megakaryocytic were normal (Fig.3, A & B).on the contrary, irradiated group exhibited marked cellular depletion in the form dramatic decrease in nucleated cells (myeloid and lymphoid elements) with significant increase in non nucleated cells (fat and erythroid cells). Moreover, several foci of necrosis, lymphocytic infiltrates, interstitial edema and slightly dilated sinusoids were visualized. Also, Megakaryocytic cells were necrotic and rarely recorded (Fig.3, C & D). The concurrent treatment with Sp beside exposure to radiation significantly restored the disturbed bone marrow tissue to the normal where the ratio of hematopoietic/fatty elements was increased with increasing the number of normal megakaryocytes (Fig.3, E & F). The latter appeared a few in number than that observed in control group.
DISCUSSION
Global attention has recently focused on the harmful effects of exposure to radiofrequency-modulated electromagnetic fields (RF-EMFs) especially with the dramatic worldwide increase in cellular telephones use (Volkow et al., 2011). 

Despite  the  wide  scope  of  exposure  of animals and human being to GSM-900 radiations,  up till  now,  their  effect  on  both hematopoietic elements and DNA  is  still  the  subject  of  serious  debate. Blood is considered one of the primary particles that come in contact with RF EMF. Blood being ions are likely to react with induced EMF charge. So, the blood cells interaction with EMF waves is a certain issue (Nădejde et al., 2009). However, researches on interactive ability of field generated by GSM frequencies with blood cells were also contradictory. 

Our data demonstrated that 4 weeks from  exposure to  GSM 900 MHz was associated with an elevation in the values of PCV may owed to to its effect on bone marrow stem cell proliferation and differentiation as reported by Otitoloju et al. (2010) .Elevation of  MCV in the present study may be due to increasing the consumption and utilization of  folate by the irradiated group to meet the needs of the increased hematopoietic activity (Otitoloju et al., 2012).But there are no signicant differences in RBCs count, Hb concentration and MCHC comparing with the control values, this was  in the same line of the findings of Rotkovska et al. (1993)  and  Otitoloju et al. (2012) but disagree with Manisha and Baile (2003) who  confirmed occurrence of  anemia  in  rat-Sprague  Dawley exposed  to RF waves. Nevertheless, the histopathological examination of bone marrow in this study showed progressive stimulation of hematopoietic activity in the marrows of rats exposed to electromagnetic radiations which if it leads to uncontrolled hematopoietic might eventually lead to anemia and bone marrow atrophy or fibrosis later.
The above mentioned hematological alterations were significantly improved at co-treatment with Sp beside marked improvement of bone marrow tissue as viewed in microscopical examination. These results were in harmony with the results of Zhang et al. (2001) who stated that Sp increased the hemoglobin concentration, RBC counts, and erythropoiesis during chemotherapy. Moreover, Cheng-Wu et al. (1994) previously demonstrated that Sp markedly reduce the UV-induced anemia and increased blood hemoglobin concentrations. This effect could be attributed to C-phycocyanin, a blue pigment with several potential health benefits, and polysaccharide components of Sp who found to stimulate recovery of white blood cells and bone marrow cell counts beside their prominent effects on metabolism of iron and hemoglobin (Jensen et al., 2001).

In this study, two important findings were obtained. The first is that mobile phone radiation induces oxidative stress in irradiated group which represented by elevation of the level of MDA and decline in the activity of SOD and CAT.The cause of increased MDA is  the increase in lipid damage by the O· 2 radicals arising from the decrease in SOD activity. As for the decrease in SOD activity and CAT activity, one possibility is that of H2O2 produced apart from SOD,these results were parallel with the result of Oktem et al.(2005) and Ozguner et al.(2006) . Second, it was found that with oral administration of the powerful antioxidant SP, significant corrections of the oxidative stress findings are obtained.The potential mechanism through which spirulina decreased lipid peroxidation might be the increased content of F-linolenic acid in spirulina (Otles and  Pire, 2001). Indeed, it has been found that an increased ratio of F-linolenic acid to arachidonic acid is capable of attenuating the biosynthesis of arachidonic acid metabolites (i.e., prostaglandins, leukotrienes, and platelet-activating factor) and exerts an anti-inflammatory effect (Calder,2006). Decreased inflammation via this route might have decreased the production of superoxide, hydrogen peroxide, and hypochlorous acid by the activated neutrophils (Close et al.,2005) leading to less lipid peroxidation after spirulina supplementation.
Genetic effects of GSM 900 MHz waves were evaluated using both micronucleus and comet assays in the present study. Primarily comet assay is considered a very sensitive technique for detection of any damage in DNA both in vivo and in vitro (Nan et al., 2013) and the micronucleus assay was proved to be an effective endpoint cytogenetic technique for assessing the possible chromosomal damage induced by very low doses of mutagens and carcinogens (Jagetia and Ganapathi, 1993). The current study revealed that rats exposed to mobile phone radiation significantly showed an increase of DNA damage through increased tail length, tail moment and tail DNA % in bone marrow cells comparing to control group. Moreover irradiated group showed marked elevation in MPCE in both peripheral blood and bone marrow in comparison with control group. Similar findings were also observed in human fibroblasts exposed to 1800 MHz GSM and human lymphocytes subjected Microwaves from GSM mobile telephones (Diem et al., 2005). Furthermore, Yao et al. (2008) detected significant DNA damage in human lens epithelial cells after 24 h of intermittent exposure to 1.8 GHz GSM.  Moreover, In agreement with our results, other in vitro works also reported MN induction in blood cells with 2.45 GHz exposure for 15 days (Trosic et al.,2006).  The same findings were reported in some in vivo experiments. It was also reported that the number of micronucleus has increased tripled in bone marrow of rats exposed to 910 MHz cell phone waves (Desia et al., 2005).  Zahedifar and Baharara (2013) detected a significant increase of MPCE frequency of male Balb/C mouse irradiated at cell phones for 4 days (3 hours/day).

While  the abovementioned  studies  that  support  our  findings,  there  are  others  that  were absolutely on the contrary. For example, Zeni et al. (2005) confirmed that alkaline comet assay gave negative results in human white blood cells exposed to GSM 900 MHz for 2 h exposure time. Similar results were recorded by several reporters (Cranfield et al., 2003, Hook et al., 2004). In the same line, Vijayalaxmi et al., (2004) reported that Balb/C mice irradiated for 30 minutes with electromagnetic waves did not show any difference MPCE frequency.

Nevertheless, the genotoxic effect of GSM 900 MHz reported in this study could by attributed to free radicals especially ºOH produced in tissues via RF particles  that could lead to oxidative damage of DNA (Hancı  et  al., 2013). In addition, proteomic analysis on human endothelial cell lines showed that exposure to radiofrequency changed the expression and phosphorylation pattern of large amount of the heat shock protein hsp 27, a marker for DNA damage and cell death (Leszczynski et al., 2004)

  In the present work, SP co-treatment markedly declined the degree of DNA damage induced by exposure to cell phone waves. These results are in accordance with the results of Zhang et al. (1994) who found that c-phycocyanin and polysaccharide extracts of SP reduce the micronucleus frequencies induced by gamma-radiation in mice peripheral blood and bone marrow progenitor cells. This could  be  owed  to  the  presence  of  β-carotene  (Luxia  et  al.,  1996),  enzyme  superoxide dismutase  or  selenium  (Henrikson,  1989)  and  blue  pigment  phycocyanin  (Bhat  and  Madyastha,  2001). Furthermore, the  protective action  of  Spirulina  might  be  attributed  to  its  ability  to  scavenge  damaging  hydroxyl radical formed  from  water  radiolysis  (Wu  et  al., 2005).

CONCLUSION
 Depending on the present findings, it is concluded that long time exposure to mobile phone radiation alters blood picture and has degenerative effects on bone marrow which extended to DNA damage. SP has shown hematopoietic and radio-protective activity.
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Table I: Hematological parameters (Mean values ± SE) in different experimental groups
	        Groups 

Parameters  


	Control group
	SP group
	Irradiated

group
	irradiated + SP group

	RBCs count   106 cell/µL))
	6.20 a ±0.23
	6.27 a ±0.62
	7.57 a ±0.46
	6.57 a ±0.18

	Hb (g/dl)
	17.33 a ±0.88
	17.73 a ±1.94
	21.33 a ±0.81
	18.87 a ±0.59

	PCV (%)


	31.00b±2.08
	33.33 ab±5.36
	41.67 a ±1.20
	34.33ab±1.45

	MCV (fl)
	49.89 b ±1.50
	52.62 ab ±3.28
	55.43 a ±3.38
	52.24 ab ±0.82

	MCHC (%)
	56.03 a ±0.88
	54.02 a ±2.91
	51.26 a ±2.23
	55.00 a ±0.65


Means within the same row carrying different superscripts are significantly different (one-way ANOVA) (P≤0.05).
Table II:  Lipid peroxidation and serum  antioxidant enzymes activities (Mean values ± SE) in different experimental groups 
	        Groups 

Parameters  


	Control group
	SP group
	Irradiated

group
	irradiated + SP group

	MDA (nmol/ml)
	0.504 c±0.016
	0.586 c±0.008
	5.594 a±0.265
	2.373 b ±0.357

	SOD (U/ml)
	17.10 a±0.539


	16.55 a±0.731


	8.08 c±0.070
	12.99 b ±0.259

	CAT (IU/ml)

	1.882 b ±0.056
	2.282 a±0.143
	0.542 d±0.048
	1.033 c±0.017


Means within the same row carrying different superscripts are significantly different (one-way ANOVA) (P≤0.05).

Table  III:  Oxidative DNA damage in the bone marrow (Mean values ± SE) in different experimental groups 
	        Groups 

Parameters  


	Control group
	SP group
	Irradiated

group
	irradiated + SP group

	Tail length

 (μm)
	12.93 b ±0.73
	10.80 b ±0.60
	20.53 a ±1.59
	12.80 b ±1.65

	Tail intensity (%)
	0.89 b±0.34
	0.84 b±0.31
	2.45 a±0.44
	1.53 b±0.14

	Tail moment (units )


	0.15b±0.01
	0.12b±0.02
	0.32a±0.06
	0.19b±0.03


Means within the same row carrying different superscripts are significantly different (one-way ANOVA) (P≤0.05).

Table IV:  Micronucleated polychromatic erythrocytes frequencies per 1000 in both peripheral blood and bone marrow (Mean values ± SE) in different experimental groups 
	        Groups 

Parameters  


	Control group
	SP group
	Irradiated

group
	irradiated + SP group

	MPCE in peripheral blood. 
	3.14c±0.37
	2.02c±0.09
	10.10a±0.85
	5.63b±1.05

	MPCE in bone marrow.
	10.00 b ±0.70
	10.96 b ±0.81
	25.28 a ±0.92
	12.30 b ±0.91


Means within the same row carrying different superscripts are significantly different (one-way ANOVA) (P≤0.05). 
14

