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Abstract

The present study examines the therapeutic efficacy of the administration of low-dose cisplatin (cis) followed by exposure to extremely low-
frequency magnetic field (ELF-MF), with an average intensity of 10 mT, on Ehrlich carcinoma in vivo. The cytotoxic and genotoxic actions
of this combination were studied using comet assay, mitotic index (MI), and the induction of micronucleus (MN). Moreover, the
inhibition of tumor growth was also measured. Treatment with cisplatin and ELF-MF (group A) increased the number of damaged cells by
54% compared with 41% for mice treated with cisplatin alone (group B), 20% for mice treated by exposure to ELF-MF (group C), and 9%
for the control group (group D). Also the mitotic index decreased significantly for all treated groups ( ). The decrement percent for
the treated groups (A, B, and C) were 70%, 65%, and 22%, respectively, compared with the control group (D). Additionally, the rate of
tumor growth at day 12 was suppressed significantly ( ) for groups A, B, and C with respect to group (D). These results suggest that
ELF-MF enhanced the cytotoxic activity of cisplatin and potentiate the benefit of using a combination of low-dose cisplatin and ELF-MF in
the treatment of Ehrlich carcinoma.

1. Introduction

Platinum-based chemotherapeutic regimens have been widely used against many human cancers including oral, lung, head and neck cancer,
metastatic tumors of testis and ovaries and many other solid tumors [1, 2]. The anticancer activity of cisplatin comes from its interactions
with DNA. The drug binds with N7 of purine bases forming monoadducts which are later transformed into inter and intrastrand cross links
by reaction of second reactive site of the drug with the second nucleobase. Such cisplatin-DNA adducts can inhibit fundamental cellular
processes including replication, transcription, translation, and DNA repair [3].

Cisplatin must be used with a very high dose to maximize its antineoplastic effect. Such dose has been impeded by its sever toxicities,
including nephrotoxicity, gastrointestinal toxicity, peripheral neuropathy, and ototoxicity [4–6]. The impairment of kidney function is
considered as the main side effect of cisplatin, which is able to generate reactive oxygen species, such as superoxide anion and hydroxyl
radical [7, 8]. Also nephrotoxicity is closely associated with an increase in lipid peroxidation in the kidney tissues [9]. Additionally,
cisplatin-based chemotherapy induces a fall in patient plasma concentrations of various antioxidants [10]. This may lead to failure of the
antioxidative defense mechanism against free-radical-mediated organ damage and genotoxicity. Accordingly, the significant risk of cisplatin
frequently hinders its use with such effective dose. To address this problem, attention has been focused on finding a novel combination of
anticancer agents with nonoverlapping mechanisms of action to achieve enhanced efficacy with decreased side effects.

Consequently, [11] reported the possible synergism between ELF-MF and chemotherapy, where a low dose of cisplatin was administrated
followed by exposure to ELF-MF in order to reduce the drug side effects while keeping its therapeutic efficiency. The study hypothesized
that static and extremely low frequency magnetic fields (ELF-MF) selectively act on cell signaling through their effects on charged matter
motion.
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The influence of static and ELF-MF on tumor growth, apoptosis, and P53 immunohistochemical expression have been studied in a series of
independent reports. Their results indicated that simultaneous use of static and extremely low frequency magnetic fields with an average
intensity higher than 3.59 mT, significantly inhibited tumor growth, decreased tumor cell mitotic index, and lowered the proliferative
activity. Moreover, an increase in apoptosis and a corresponding reduction of immunoreactive P53 expression were also observed [12–15].

Therefore, the aim of the present work is to investigate the effectiveness of administration of low-dose cisplatin followed by exposure to
ELF-MF, with an average intensity of 10 mT, on the growth of Ehrlich Carcinoma by studying cytotoxicity and DNA damage in tumor
cells.

2. Materials and Methods

2.1. Cell Culture and Tumor Inoculation

Ehrlich ascites carcinoma cells (obtained from National Cancer Institute “NCI”, Cairo University) containing  cells were
intraperitoneally (i.p.) injected into female mice. Ascites fluid was collected on the 7th day after injection. The Ehrlich cells were washed
twice and then resuspended in 0.09 saline (  viable cells). Female BALB mice (obtained from the animal house of NCI, with a body
weight 22–25 g, 7-8 weeks old) were injected subcutaneously in their right flanks where the tumor was developed in a single and solid form.

Tumor growth was monitored postinoculation until the desired volume was about 0.3 to 0.6 cm3. All animal procedures and care were
performed using guidelines for the Care and Use of Laboratory Animals [16] and approved by animal Ethics Committee at Cairo
University.

2.2. Treatment Protocols

The experiment was run on a total of 40 mice. Ten days after tumor cell inoculation, mice were randomly assigned to experimental groups.
Mice of group (A) were treated three times on experimental days 1, 4, and 7 with 0.1 mL cisplatin (3 mg/kg i.p.) followed by exposure to 50 
Hz, 10 mT ELF-MF, 1 hr daily for 2 weeks. Mice of group (B) were treated three times on experimental days 1, 4, and 7 with 0.1 mL cisplatin
(3 mg/kg i.p.). Mice of group (C) were injected with 0.1 mL saline (instead of cisplatin) three times on experimental days 1, 4, and 7
followed by exposure to 50 Hz,10 mT ELF-MF, 1 hr daily for 2 weeks. Mice of group (D) were neither injected with cisplatin nor exposed to
ELF-MF. During the treatment protocol, the tumor growth was monitored every three days over a period of 12 days for all the experimental
groups A, B, C, and D. At the end of the treatment protocol, the mice of each group were divided so that 5 mice were sacrificed for the
assessment of both comet and micronucleus and the other 5 mice were used to evaluate mitotic index.

2.3. Magnetic Field Exposure

The exposure was performed by a magnet with a fixed magnetic field value of 10 mT ±0.025. The magnetic field was generated by a solenoid
carrying current of 18 A (ampere) at 50 Hz from the main supply (220–230 Volt) via a Variac (made in Yugoslavia). The magnet consisted
of a coil with 320 turns made of electrically insulated 0.8 mm copper wire. The coil was wounded around a copper cylinder of 2 mm
thickness, 40 cm diameter, and 40 cm length. The cylinder wall was earthed to eliminate the electric field. The magnetic field was measured at
different locations to find out the most homogenous zone inside the solenoid core. This was done using Gauss/Tesla meter model 4048 with
probe T-4048 manufactured by Bell Technologies Inc. (Orlando-Florida USA). Plastic cages containing groups (A) and (C) were placed in
the middle of the exposure chamber prior to ELF-MF exposure.

2.4. Comet Assay (Single Cell Gel Electrophoresis)

Comet assay (single cell gel electrophoresis) is considered as a rapid, simple, visual, and sensitive technique to assess DNA fragmentation
typical for toxic DNA damage and early stage of apoptosis [17, 18]. The comet assay was performed under alkaline conditions ( )
according to the method developed by Singh et al. [19] and Tice et al. [20]. Briefly, a small piece of tumor tissues ( ) from each group
were placed in 1ml cold HBSS containing 20 mM EDTA (ethylenediaminetetraacetic acid)/10% DMSO (dimethylsulfoxide, Qualigens,
CPW59). The tissues were minced into fine pieces and let settled. 5 μL of aliquot was mixed with 70 μL of 0.7% low melting point (LMP)

agarose (Sigma, A9414). This agarose was prepared in Ca2+, Mg2+ free PBS (phosphate buffered saline, HiMedia, TS1006) at 37°C and
placed on a microscope slide, which was already covered with a thin layer of 0.5% normal melting point (NMP) agarose (HiMedia.RM273).
After cooling at 4°C for 5 min, slides were covered with a third layer of LMP agarose. After solidification at 4°C for 5 min, slides were
immersed in freshly prepared cold lysis solution (2.5 M NaCl, 1 mM Na2 EDTA, 10 mM tris base, pH 10, with 1% Triton X-100 and 10%

DMSO added just before use) at 4°C for at least 1 h. Following lyses, slides were placed in a horizontal gel electrophoresis unit and incubated
in fresh alkaline electrophoresis buffer (1 mM Na2EDTA, 300 mM NaOH, pH 13). Electrophoresis was conducted for 30 min at 24 V (~0.74 

V/cm) and 300 mA at 4°C. Then, the slides were immersed in neutralized buffer (0.4 M Tris-HCl, pH 7.5) and gently washed three times for
5 min at 4°C. All the above procedures were performed under dimmed light to prevent the occurrence of additional DNA damage. Comets
were visualized by 80 μL, 1X ethidium bromide staining (SigmaE-8751) and examined at 400 x magnification using a fluorescent
microscope. Comet 5 image analysis software developed by Kinetic Imaging, Ltd. (Liverpool, UK) linked to a CCD camera was used to
assess the quantitative and qualitative extent of DNA damage in the cells by measuring the length of DNA migration and the percentage of
migrated DNA. Finally, the program calculates tail moment and Olive tail moment. In all the samples, 100 cells were analyzed and classified
into 5 types (0–4) depending on their tail moment. Type 0 represents the cells without visible damage, while cells of type 4 have total
degradation of DNA (long, broad tail, poorly visible head of the comet). Types 1, 2, and 3 represent the symptoms of increasing DNA
damage. To calculate the extent of DNA damage, three types of the comet: numbers 2, 3, and 4 were selected.

2.5. Micronucleus Test
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Bone marrow slides for micronucleus assay from 5 mice of each group were prepared and stained according to the method described by
Schmidt [21] using the modifications of Agarwal and Chauhan [22]. The bone marrow was flushed out from tibias using 1mL fetal calf
serum and centrifuged at 2000 xg for 10 min. The supernatant was discarded. Evenly spread bone marrow smears were stained using the
May-Grunwald and Giemsa protocol. Slides were scored at a magnification of 1000x using a light microscope. 1000 polychromatic
erythrocytes per animal were scored, and the number of micronucleated polychromatic erythrocytes (MNPCE) was determined. In
addition, the number of polychromatic erythrocytes (PCE) was counted in fields that contained 100 cells (mature and immature) to
determine the score of PCE and normochromatic erythrocytes (NCE).

2.6. Mitotic Index Determination

Chromosomes were prepared according to the method described by Adler [23] with some modification. Briefly, 5 mice from control and
treated groups were injected i.p with colchicine (2 mg/kg) 2 hours prior to tissue sampling. Bone marrow cells were collected from the tibia
by flashing in KCl (0.075 M, at 37°C) and incubated at 37°C for 25 min. Material was centrifuged at 2000xg for 10 min, fixed in aceto-
methanol (acetic-acid: ethanol. 1 : 3, v/v). Centrifugation and fixation (in the cold) were repeated five times at an interval of 20 min. The
material was resuspended in a small volume of the fixative, dropped onto chilled slides, flame-dried, and stained the following day in 5%
buffered Giemsa (pH 6.8). Slides were scored at a magnification of 1000x using a light microscope. At least 1000 cells were examined in each
mouse and the number of dividing cells including late prophase and metaphase was determined. The mitotic activity is expressed by the
mitotic index (MI), which is the number of dividing cells in 1000 cells per mouse.

2.7. Tumor Size Measurements

Due to the high growth rate in Ehrlich tumor model, change in tumor volume (Δ ) was monitored over a period of 12 days for the four
groups A, B, C, and D. Ellipsoidal tumor volume ( ) was assessed and calculated using the formula ( ), where  and  are
the long and short axes, respectively, measured with a digital caliper (accuracy 0.01 mm). Each data point was the average of 10
measurements taken every three days.

2.8. Statistical Analysis

Data were expressed as  error. Statistical analysis was performed by one-way variance analysis ANOVA using SPSS (version
17.0). Difference were considered significant when .

3. Results

The levels of DNA damage in cells of Ehrlich tumor showed a significant increase in treated groups (A, B, and C) compared to control
group (D) (Figures 1 and 2). For type (0), the data revealed that about 70% of Ehrlich tumor cells did not exhibit any DNA damage in
control group (D) compared to 19, 28 and 57% in treated groups A, B, and C, respectively. Meanwhile in type (4) about 16, 9 and 4% of
Ehrilch tumor cells showed complete DNA damage in treated groups A, B, and C, respectively, relative to 1% for control group (D). The
total percent of DNA damage in Ehrlich tumor cells represented by types (2, 3, and 4) showed five-, four- and twicefold increases for treated
groups A, B, and C, respectively, with respect to control group (D). Also Figure 3 showed a significant increase ( ) in Olive tail
moment for all treated groups compared to the control one.

Figure 1: Typical comet images of Ehrlich carcinoma cells for (a) mice group (A) treated with cisplatin followed by
exposure to ELF-MF, (b) mice group (B) treated with cisplatin, (c) mice group (C) treated by exposure to ELF-MF,
and (d) mice group (D) the control one.

Figure 2: The level of DNA damage in Ehrlich tumor cells for mice group (A) treated with cisplatin followed by
exposure to ELF-MF, mice group (B) treated with cisplatin, mice group (C) treated by exposure to ELF-MF, and mice
group (D) the control one assessed by comet assay. Each value represents the mean ± SE ( , )

Figure 3: The values of olive tail moment assessed by comet assay for mice group (A) treated with cisplatin followed by
exposure to ELF-MF, mice group (B) treated with cisplatin, mice group (C) treated by exposure to ELF-MF, and mice
group (D) the control one. Each value represents the . ( , ).

Table 1 shows the frequencies of MNPCEs, PCEs, and NCEs in bone marrow cells of tumor bearing mice for both control group (D) and
treated groups (A, B, and C). The results showed a significant increase in the formation of PCE for treated groups compared with that of
control one. Also, MNPCEs induction showed an about 50% increase for treated groups (A and B) compared with the control group (D).
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Table 1: PCEs, NCEs, MNPCEs induction in bone marrow cells of tumor bearing mice for control and treated groups.

The results of mitotic index (used to evaluate cell cycle kinetics) are summarized in (Figure 4. MI of bone marrow cells showed a significant
decrease in the treated groups (A, B and C) ( ). The percent of decrement for the treated groups A, B, and C was about 75, 60, and
25%, respectively, in comparison with the control group (D).

Figure 4: The values of mitotic index in bone marrow cells for mice group (A) treated with cisplatin followed by
exposure to ELF-MF, mice group (B) treated with cisplatin, mice group (C) treated by exposure to ELF-MF, and mice
group (D) the control one. Each value represents the . ( ).

Figure 5 shows the average change in tumor volume measured for mice of control group (D) and that of treated groups (A, B and C) over a
period of 12 days. Under our experimental conditions, after 3 days, a significant decrease ( ) in tumor growth rate was observed in
mice of groups A and B, while group (C) showed a slight delay in tumor growth rate ( ) compared with control group (D). The
control group (D) showed a marked increase in tumor volume (growth) throughout the experimental time and the same behavior was
observed for group (C), but with lower rate which is probably due to the existence of few viable tumor cells (Figure 5). The average tumor
growth at day 12 for treated groups (A and B) was significantly less than that observed in control group (D) ( ).

Figure 5: Average changes in Ehrlich tumor volume throughout a period of 12 days for mice group A (blue, (▼))
treated with cisplatin followed by exposure to ELF-MF, mice group B (green, (▲)) treated with cisplatin, mice group C
(red, (•)) treated by exposure to ELF-MF, and mice group D (black, (■)) the control one. Each value represents the 

. ( ).

Table 2 shows correlation coefficients between DNA damage, evaluated by comet assay, and cytogenic damage, measured by MN test. Both
types of damage assessment are in good correlation, but the comet parameter, % DNA in tail, has a lower correlation with the MN values.

Table 2: Correlation coefficients between DNA and MN.

Table 3 shows correlation coefficients between the average change in Ehrlich tumor volume ( ) and MI. Both parameters are highly
correlated.

Table 3: Correlation coefficients between MI and average change in Ehrlich tumor (ΔV).

4. Discussion

Cisplatin is one of the most widely used anticancer drug for the treatment of various cancers and solid tumors [24]. However, its major side
effects are the main limiting factors of its clinical use for long-term treatment [9, 25]. Various treatment strategies and curing agents have
been tried and used to monitor or control its side effects.

Many anticancer agents exert their cellular toxicity through DNA damage [26], mainly DNA double-strand breaks. It is well known that
DNA is the major target of cisplatin either as a result of its direct or indirect action through the generation of reactive oxygen species [10,
27–29].

The current study had revealed that administration of low dose of cisplatin followed by ELF-MF exposure disrupts the integrity and the
amount of intact DNA. Comet results emphasized the increase in the number of cells with damaged DNA types (2, 3, and 4) (Figures 1, 2,
and 3) in treated group (A), this damage might be due to the involvement of free radicals even if their concentration has not yet been
measured. Such observed DNA damage is in agreement with previous studies [30–32] who reported that cisplatin forms covalent platinum
DNA adducts and also acts as a DNA alkylator. In addition, cisplatin generates reactive oxygen species, which trigger the opening of the
mitochondrial permeability transition pore that permits the release of cytochrome c from mitochondria to cytosol and hence activates the
mitochondria-dependent pathway leading to apoptosis [33, 34]. Also Tofani et al. [35] explained the synergistic activity observed between
ELF-MF exposure and cisplatin by hypothesizing its ability to influence free radical chemistry exerted by the ELF-MF treatment.

Micronucleus test is a very reliable, widely used assay to measure not only DNA damage but also chromosomal instability and cell death
[36]. Our results showed that ELF-MF alone did not cause MN induction in bone marrow cells of tumor bearing mice, while treatment by
both cisplatin combined with ELF-MF (group A) and cisplatin alone (group B) increased the induction of MN by about 50% compared to
the control (group D) (Table 1). These results are in consistent with previous work by Miyakoshi et al. [37]. Moreover, correlation
coefficients between MN test and the three measured parameters, determined by comet assay, pointed to a good relationship between DNA
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damage and MN induction induced by cisplatin and ELF-MF (Table 2).

The observed inhibition of mitotic index (Figure 4) in tumor-bearing mice bone marrow indicated that ELF-MF enhanced the cytotoxicity
and genotoxicity of low dose cisplatin. These results were in good agreement with previous report on the genotoxic and cytotoxic potential
of ELF-MF [13]. Moreover, the tumor growth suppression observed in treated groups A and B (Figure 5) and the high correlation between
tumor growth inhibition and mitotic index (Table 3), emphasized that the treatment protocol used in this work is therapeutically beneficial
as most likely enhanced the effectiveness of low dose cisplatin. The improvement in treated group A was superior to treatment with the
same dose of cisplatin administrated to group B, which might be attributed to the increase in cell/tumor permeability induced by ELF- MF.

Consequently, our results indicated that increased damage of DNA by administrating low dose of cisplatin followed by ELF-MF exposure
enhanced cell cytotoxicity as observed by the significant increase in micronucleus induction, in addition to a significant inhibition in both
mitotic index and tumor growth. These results are in accordance with the commonly accepted assumption that extremely low frequency
magnetic field enhanced the chemotherapeutic efficiency of cisplatin by increasing the production of oxygen species that caused more
oxidative DNA damage.

5. Conclusion

The data presented here seem to indicate that exposure to ELF-MF may be a useful adjunct to chemotherapy. However, further
investigations are needed to optimize ELF-MF physical parameters, chemotherapy schedule, and combination of both.

References

1. M. Gottfried, R. Ramlau, M. Krzakowski et al., “Cisplatin-based three drugs combination (NIP) as induction and adjuvant treatment
in locally advanced non-small cell lung cancer: final results,” Journal of Thoracic Oncology, vol. 3, no. 2, pp. 152–157, 2008. View at
Publisher · View at Google Scholar · View at Scopus

2. G. Türk, A. Ateşşahin, M. Sönmez, A. O. Çeribaşi, and A. Yüce, “Improvement of cisplatin-induced injuries to sperm quality, the
oxidant-antioxidant system, and the histologic structure of the rat testis by ellagic acid,” Fertility and Sterility, vol. 89, no. 5, pp.
1474–1481, 2008. View at Publisher · View at Google Scholar · View at Scopus

3. Z. Suo, S. J. Lippard, and K. A. Johnson, “Single d(GpG)/cis-diammineplatinum(II) adduct-induced inhibition of DNA
polymerization,” Biochemistry, vol. 38, no. 2, pp. 715–726, 1999. View at Publisher · View at Google Scholar · View at Scopus

4. I. Arany and R. L. Safirstein, “Cisplatin nephrotoxicity molecular mechanisms,” Cancer Therapy, vol. 1, pp. 47–61, 2003.

5. S. W. Thompson, L. E. Davis, M. Kornfeld, R. D. Hilgers, and J. Standefer, “Cisplatin neuropathy. Clinical, electrophysiologic,
morphologic, and toxicologic studies,” Cancer, vol. 54, no. 7, pp. 1269–1275, 1984. View at Scopus

6. F. P. T. Hamers, W. H. Gispen, and J. P. Neijt, “Neurotoxic side-effects of cisplatin,” European Journal of Cancer, vol. 27, no. 3, pp.
372–376, 1991. View at Publisher · View at Google Scholar · View at Scopus

7. H. Masuda, T. Tanaka, and U. Takahama, “Cisplatin generates superoxide anion by interaction with DNA in a cell-free system,”
Biochemical and Biophysical Research Communications, vol. 203, no. 2, pp. 1175–1180, 1994. View at Publisher · View at Google
Scholar · View at Scopus

8. K. Wozniak, A. Czechowska, and J. Blasiak, “Cisplatin-evoked DNA fragmentation in normal and cancer cells and its modulation by
free radical scavengers and the tyrosine kinase inhibitor ST1571,” Chemico-Biological Interactions, vol. 147, no. 3, pp. 309–318, 2004.
View at Publisher · View at Google Scholar

9. L. M. G. Antunes, J. D. C. Darin, and M. D. L. P. Bianchi, “Protective effects of vitamin C against cisplatin-induced nephrotoxicity
and lipid peroxidation in adult rats: a dose-dependent study,” Pharmacological Research, vol. 41, no. 4, pp. 405–411, 2000. View at
Publisher · View at Google Scholar · View at Scopus

10. N. I. Weijl, T. J. Elsendoorn, E. G. Lentjes, et al., “Supplementation with antioxidant micronutrients and chemotherapy-induced
toxicity in ancer patients treated with cisplatin-based chemotherapy: a randomized, double-blind, placebo-controlled study,”
European Journal of Cancer, vol. 40, no. 11, pp. 1713–1723, 2004. View at Publisher · View at Google Scholar

11. S. Tofani, “Physics may help chemistry to improve medicine: a possible mechanism for anticancer activity of static and ELF magnetic
fields,” Physica Medica, vol. 15, no. 4, pp. 291–294, 1999. View at Scopus

12. S. Tofani, D. Barone, M. Cintorino, et al., “Tumor growth inhibition, apoptosis and loss of P53expession induced in vivo and in
vitro by magnetic fields,” Proceedings of the American Association for Cancer Research, vol. 40, p. 488, 1999.

13. S. Tofani, D. Barone, M. Cintorino et al., “Static and ELF magnetic fields induce tumor growth inhibition and apoptosis,”
Bioelectromagnetics, vol. 22, no. 6, pp. 419–428, 2001. View at Publisher · View at Google Scholar · View at Scopus

14. S. Tofani, M. Cintorino, D. Barone et al., “Increased mouse survival, tumor growth inhibition and decreased immunoreactive P53
after exposure to magnetic fields,” Bioelectromagnetics, vol. 23, no. 3, pp. 230–238, 2002. View at Publisher · View at Google Scholar ·
View at Scopus

http://www.hindawi.com/journals/bmri/2013/189352/tab2/
http://www.hindawi.com/journals/bmri/2013/189352/fig4/
http://www.hindawi.com/journals/bmri/2013/189352/#B28
http://www.hindawi.com/journals/bmri/2013/189352/fig5/
http://www.hindawi.com/journals/bmri/2013/189352/tab3/
http://dx.doi.org/10.1097/JTO.0b013e318160c0e7
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1097/JTO.0b013e318160c0e7
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-40049089907&partnerID=K84CvKBR&rel=3.0.0&md5=6f2f020b22cd90ea2a4cc04cb75ba371
http://dx.doi.org/10.1016/j.fertnstert.2007.04.059
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/j.fertnstert.2007.04.059
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-43549105129&partnerID=K84CvKBR&rel=3.0.0&md5=e976c159ca01ab48dc2e1b3d0fb1bced
http://dx.doi.org/10.1021/bi981854n
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1021/bi981854n
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0033547814&partnerID=K84CvKBR&rel=3.0.0&md5=744b270956bf63d40be66f2057a1596f
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0021151210&partnerID=K84CvKBR&rel=3.0.0&md5=1c047ef5a88943ca0b7310f863542ad4
http://dx.doi.org/10.1016/0277-5379(91)90549-S
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/0277-5379(91)90549-S
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0025872867&partnerID=K84CvKBR&rel=3.0.0&md5=eef7b067d33c626f0bb284939669617f
http://dx.doi.org/10.1006/bbrc.1994.2306
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1006/bbrc.1994.2306
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0027965261&partnerID=K84CvKBR&rel=3.0.0&md5=c048140ddeab9178f83fcc719e2db44a
http://dx.doi.org/10.1016/j.cbi.2004.03.001
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/j.cbi.2004.03.001
http://dx.doi.org/10.1006/phrs.1999.0600
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1006/phrs.1999.0600
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0033848950&partnerID=K84CvKBR&rel=3.0.0&md5=55b2c36ba30716ebac1e5545601cb3ae
http://dx.doi.org/10.1016/j.ejca.2004.02.029
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/j.ejca.2004.02.029
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0033372975&partnerID=K84CvKBR&rel=3.0.0&md5=8b8b0a73c115f517821e7094bfdf4ca2
http://dx.doi.org/10.1002/bem.69
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1002/bem.69
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-18044399746&partnerID=K84CvKBR&rel=3.0.0&md5=67efc83a997562c62b31b346178efea5
http://dx.doi.org/10.1002/bem.10010
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1002/bem.10010
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0036551060&partnerID=K84CvKBR&rel=3.0.0&md5=7c9018ad7f3e7aa45bd7fd1b562786db


2/18/13 Extremely Low-Frequency Magnetic Field Enhances the Therapeutic Efficacy of Low-Dose Cisplatin in the Treatment of Ehrlich Carcinoma

www.hindawi.com/journals/bmri/2013/189352/ 6/7

15. S. Tofani, D. Barone, S. Peano, P. Ossola, F. Ronchetto, and M. Cintorino, “Anticancer activity by magnetic fields: inhibition of
metastatic spread and growth in a breast cancer model,” IEEE Transactions on Plasma Science, vol. 30, no. 4, pp. 1552–1557, 2002.
View at Publisher · View at Google Scholar · View at Scopus

16. National Research Council, Guide For the Care and Use of Laboratory Animals, National Academy Press, Washington, DC, USA,
1996.

17. W. M. Awara, S. H. El-Nabi, and M. El-Gohary, “Assessment of vinyl chloride-induced DNA damage in lymphocytes of plastic
industry workers using a single-cell gel electrophoresis technique,” Toxicology, vol. 128, no. 1, pp. 9–16, 1998. View at Publisher ·
View at Google Scholar · View at Scopus

18. P. Moller, L. E. Knudsen, S. Loft, and H. Wallin, “The comet assay as a rapid test in biomonitoring occupational exposure to DNA-
damaging agents and effect of confounding factors,” Cancer Epidemiology Biomarkers and Prevention, vol. 9, no. 10, pp. 1005–1015,
2000. View at Scopus

19. N. P. Singh, M. T. McCoy, R. R. Tice, and E. L. Schneider, “A simple technique for quantitation of low levels of DNA damage in
individual cells,” Experimental Cell Research, vol. 175, no. 1, pp. 184–191, 1988. View at Scopus

20. R. R. Tice, E. Agurell, D. Anderson, et al., “Single cell gel/comet assay: guidelines for in vitro and in vivo genetic toxicology testing,”
Environmental and Molecular Mutagenesis, vol. 35, no. 3, pp. 206–221, 2000.

21. W. Schmidt, “The micronucleus test for cytogenetic analysis,” in Chemical Mutagens, Principles and Methods For Their Detection, A.
Hollaender, Ed., pp. 31–53, Plenum Press, New York, NY, USA, 1976.

22. D. K. Agarwal and L. K. S. Chauhan, “An improved chemical substitute for fetal calf serum for the micronucleus test,” Biotechnic and
Histochemistry, vol. 68, no. 4, pp. 187–188, 1993. View at Scopus

23. I. D. Adler, “Cytogenetic tests in mammals,” in Mutagenicity Testing, A Practical Approach, S. Venitt and J. M. Parry, Eds., pp. 275–
306, IRL Press, Oxoford, UK, 1984.

24. S. C. Sweetman, Antineoplastic and Immunosuppressant. The Complete Drug Reference, Pharmaceutical Press, London, UK, 33rd
edition, 2002.

25. A. Zicca, S. Cafaggi, M. A. Mariggio et al., “Reduction of cisplatin hepatotoxicity by procainamide hydrochloride in rats,” European
Journal of Pharmacology, vol. 442, no. 3, pp. 265–272, 2002. View at Publisher · View at Google Scholar

26. E. C. Friedberg, G. C. Walker, and W. Siede, “Cross-linking agents,” in DNA, Repair and Mutagenesis, pp. 33–42, ASM Press,
Washington, DC, USA, 1995.

27. R. C. Choudhury and M. B. Jagdale, “Vitamin E protection from/potentiation of the cytogenetic toxicity of cisplatin in swiss mice,”
Journal of Chemotherapy, vol. 14, no. 4, pp. 397–405, 2002. View at Scopus

28. M. Yoshida, A. Fakuda, M. Hara, A. Terada, Y. Kitanaka, and S. Owada, “Melatonin prevents the increase in hydroxyl radical-spin
trap adduct formation caused by the addition of cisplatin in vitro,” Life Sciences, vol. 72, no. 15, pp. 1773–1780, 2003. View at
Publisher · View at Google Scholar

29. R. Zhang, Y. Niu, and Y. Zhou, “Increased the cisplatin cytotoxicity and cisplatin-induced DNA damage in HepG2 cells by XXRCCI
abrogation related mechanisms,” Toxicology Letters, vol. 192, no. 2, pp. 108–114, 2010. View at Publisher · View at Google Scholar

30. B. S. De Martinis and M. D. L. P. Bianchi, “Effect of vitamin C supplementation against cisplatin-induced toxicity and oxidative
DNA damage in rats,” Pharmacological Research, vol. 44, no. 4, pp. 317–320, 2001. View at Publisher · View at Google Scholar · View
at Scopus

31. B. J. Chang, M. Nishikawa, E. Sato, K. Utsumi, and M. Inoue, “L-Carnitine inhibits cisplatin-induced injury of the kidney and small
intestine,” Archives of Biochemistry and Biophysics, vol. 405, no. 1, pp. 55–64, 2002. View at Publisher · View at Google Scholar ·
View at Scopus

32. M. Satoh, N. Kashihara, S. Fujimoto et al., “A novel free radical scavenger, edarabone, protects against cisplatin-induced acute renal
damage in vitro and in vivo,” Journal of Pharmacology and Experimental Therapeutics, vol. 305, no. 3, pp. 1183–1190, 2003. View at
Publisher · View at Google Scholar · View at Scopus

33. J. S. Kim, L. He, and J. J. Lemasters, “Mitochondrial permeability transition: a common pathway to necrosis and apoptosis,”
Biochemical and Biophysical Research Communications, vol. 304, no. 3, pp. 463–470, 2003. View at Publisher · View at Google
Scholar · View at Scopus

34. G. Kroemer and J. C. Reed, “Mitochondrial control of cell death,” Nature Medicine, vol. 6, no. 5, pp. 513–519, 2000. View at
Publisher · View at Google Scholar · View at Scopus

35. S. Tofani, D. Barone, M. Berardelli et al., “Static and ELF magnetic fields enhance the in vivo anti-tumor efficacy of cis-platin against
lewis lung carcinoma, but not of cyclophosphamide against B16 melanotic melanoma,” Pharmacological Research, vol. 48, no. 1, pp.
83–90, 2003. View at Publisher · View at Google Scholar · View at Scopus

http://dx.doi.org/10.1109/TPS.2002.804209
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1109/TPS.2002.804209
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0037275122&partnerID=K84CvKBR&rel=3.0.0&md5=02988ace52a370e6f113823947811d02
http://dx.doi.org/10.1016/S0300-483X(98)00008-0
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/S0300-483X(98)00008-0
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0032569004&partnerID=K84CvKBR&rel=3.0.0&md5=54dfbf7eeb9f049f89d4642e514c87a0
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0033790136&partnerID=K84CvKBR&rel=3.0.0&md5=1d4ff8814610bb9e0ce7a1870a8503e6
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0023919963&partnerID=K84CvKBR&rel=3.0.0&md5=d3e21c6d682f09c2d9491b14c176d044
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0027185844&partnerID=K84CvKBR&rel=3.0.0&md5=6dbca5bb97e0474c90bfca239cfde426
http://dx.doi.org/10.1016/S0014-2999(02)01537-6
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/S0014-2999(02)01537-6
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0036671920&partnerID=K84CvKBR&rel=3.0.0&md5=65d05637b1403f284884036541f5d7a6
http://dx.doi.org/10.1016/S0024-3205(02)02480-3
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/S0024-3205(02)02480-3
http://dx.doi.org/10.1016/j.toxlet.2009.10.012
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/j.toxlet.2009.10.012
http://dx.doi.org/10.1006/phrs.2001.0860
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1006/phrs.2001.0860
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0034780259&partnerID=K84CvKBR&rel=3.0.0&md5=2ffeb3cbcf1bb7317aa78f3beea0c039
http://dx.doi.org/10.1016/S0003-9861(02)00342-9
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/S0003-9861(02)00342-9
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0036715482&partnerID=K84CvKBR&rel=3.0.0&md5=758474454737d0007fd8a1326ce89845
http://dx.doi.org/10.1124/jpet.102.047522
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1124/jpet.102.047522
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0038814199&partnerID=K84CvKBR&rel=3.0.0&md5=c7f49357e127011e7d94ff8bf1fbe275
http://dx.doi.org/10.1016/S0006-291X(03)00618-1
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/S0006-291X(03)00618-1
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0037427440&partnerID=K84CvKBR&rel=3.0.0&md5=44efd70c6fc3ec03cdcd8a2cf91607da
http://dx.doi.org/10.1038/74994
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1038/74994
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-0034068601&partnerID=K84CvKBR&rel=3.0.0&md5=f18b285b8773cf9d8f466c5d8fa7831a
http://dx.doi.org/10.1016/S1043-6618(03)00062-8
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1016/S1043-6618(03)00062-8
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-12444271017&partnerID=K84CvKBR&rel=3.0.0&md5=fa3ee53ef8305c0b3f02de1476c6d203


2/18/13 Extremely Low-Frequency Magnetic Field Enhances the Therapeutic Efficacy of Low-Dose Cisplatin in the Treatment of Ehrlich Carcinoma

www.hindawi.com/journals/bmri/2013/189352/ 7/7

36. P. Thomas, N. Holland, C. Bolognesi et al., “Buccal micronucleus cytome assay,” Nature Protocols, vol. 4, no. 6, pp. 825–837, 2009.
View at Publisher · View at Google Scholar · View at Scopus

37. Y. Miyakoshi, H. Yoshioka, Y. Toyama, Y. Suzuki, and H. Shimizu, “The frequencies of micronuclei induced by cisplatin in
newborn rat astrocytes are increased by 50-Hz, 7.5- and 10-mT electromagnetic fields,” Environmental Health and Preventive
Medicine, vol. 10, no. 3, pp. 138–143, 2005. View at Publisher · View at Google Scholar · View at Scopus

http://dx.doi.org/10.1038/nprot.2009.53
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1038/nprot.2009.53
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-66849142332&partnerID=K84CvKBR&rel=3.0.0&md5=2b4f3087ac83790d4beb21dd4b4af481
http://dx.doi.org/10.1265/ehpm.10.138
http://scholar.google.com/scholar?q=http://dx.doi.org/10.1265/ehpm.10.138
http://www.scopus.com/scopus/inward/record.url?eid=2-s2.0-21044433793&partnerID=K84CvKBR&rel=3.0.0&md5=3fdf9efd7a9ffb030bd019d27285b984

