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Effects of non-thermal mobile phone radiation
on breast adenocarcinoma cells
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Mobile phone usage currently exceeds landline communication in Africa. The extent of this
usage has raised concerns about the long-term health effects of the ongoing use of mobile
phones. To assess the physiological effects of radiation from mobile phones in vitro, MCF-7
breast adenocarcinoma cells were exposed to 2W/kg non-thermal 900-MHz mobile phone
radiation. The effects investigated were those on metabolic activity, cell morphology, cell
cycle progression, phosphatidylserine (PS) externalisation and the generation of reactive
oxygen species and nitrogen species. Statistically insignificant increases in mitochondrial
dehydrogenase activity were observed in irradiated cells when compared to controls.
Fluorescent detection of F-actin demonstrated an increase in F-actin stress fibre formation in
irradiated MCF-7 cells. Cell cycle progression revealed no statistically significant variation. A
small increase in early and late apoptotic events in irradiated MCF-7 cells was observed. No
statistically significant changes were observed in reactive oxygen and reactive nitrogen species
generation. In addition, quantitative and qualitative analyses of cell cycle activity and nuclear
and cytosolic changes, respectively, revealed no significant changes. In conclusion, exposure
to 1 h of 900-MHz irradiation induced an increase in PS externalisation and an increase in
the formation of F-actin stress fibres in MCF-7 cells. Data obtained from this study, and their
correlation with other studies, provides intriguing links between radio frequency radiation
and cellular events and warrant further investigation.
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Introduction
Mobile phones form an integral part of the daily life of billions of users worldwide and this
number is ever-increasing.1 Because mobile phone technology emits low-energy electromagnetic
fields (EMF), concerns have been raised as to whether exposure to non-ionising electromagnetic
radiation in this radio frequency range can modify biological material, leading to possible adverse
health effects.2,3 In spite of previous in vitro and in vivo studies on the influence of mobile phone
radiation on cell proliferation, cell differentiation, apoptosis induction, phosphorylation and
changes in global gene expression, several questions still remain because of study limitations and
conflicting results.
Leszczynski et al.4 studied the activation of heat shock protein (HSP) 27 after 1 h exposure of
EA.hy926 human endothelial cells to 900 megahertz (MHz) non-thermal radiation.4 They observed
an increase in the phosphorylation levels of HSP27, mediated by the p38 mitogen activated
protein kinase (MAPK) pathway, which was also found to be transiently activated in response to
radio frequency (RF)-EMF exposure.4 Data suggested that the p38MAPK/HSP27 stress response
pathway was induced as a result of RF-EMF exposure at non-thermal power levels.4 In another
study, the influence of 1 h of 900-MHz 2.4-W/kg specific absorption rate (SAR) exposure was
investigated on EA.hy926 cells.5 Protein expression levels of vimentin, which plays a role in
cytoskeleton rearrangement, were statistically significantly affected. A 1-h exposure of EA.hy926
and EA.hy926v1 to 900-MHz 2.8-W/kg SAR and the effects of 900 MHz and 1800 MHz at
0.77 W/kg SAR on various immortalised and primary cells lines also demonstrated that the response
is cell line specific. Different cell lines show diverse sensitivity levels to low level stimulus.6,7
Merola et al.8 investigated the influence of 900-MHz radiation at 1 W/kg SAR at a maximum
exposure time of 72 h on cell proliferation, cell differentiation and apoptosis in a neuroblastoma
cell line (LAN-5) and no significant changes were observed. No statistically significant variation
was observed in gene expression profiles after exposure of U87MG glioblastoma cells and C3H
10T1/2 mouse cells to RF-EMF.9,10 A 2-h exposure of leukocytes to 900 MHz between 0.3 W/kg
and 1.0 W/kg SAR, as well as lymphocyte exposure to 935 MHz at either 1 W/kg or 2 W/kg SAR
for 24 h, also revealed no genotoxic effects.10,11,12 Yu et al.13 reported no significant differences in
the formation of mammary tumours and the proliferation thereof in female Sprague–Dawley rats.
The rats were exposed to 900-MHz global system for mobile communications (GSM) radiation at
SAR levels of 4.0 W/kg, 1.33 W/kg, 0.44 W/kg and 0 W/kg for 4 h per day, 5 days per week for
a duration of 26 weeks.
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Thus, because of the conflicting results reported and because
epidemiological studies lack the necessary sensitivity to
detect minor effects of mobile phone radiation, the need for
a new approach in this field was proposed.2,3,14 Because lowlevel EMF radiation may cause subtle physiological changes,
the need for sensitive high-throughput screening techniques
exists in order to more accurately measure the effects of EMF
radiation on human tissue. In vitro data can rapidly increase
the knowledge pool regarding the influence of mobile phone
use on human health and supplement epidemiological
studies. The aim of this in vitro study was to determine the
influence of non-thermal 900-MHz mobile phone radiation
on metabolic activity, cell morphology, cell cycle progression,
phosphatidylserine (PS) externalisation and reactive oxygen
species and nitrogen species generation in the MCF-7 breast
adenocarcinoma cell line.15

Materials and methods
Heat-inactivated foetal calf serum (FCS), Dulbecco’s
minimum essential medium Eagle (D-MEM), penicillin,
streptomycin and fungizone were purchased from Highveld
Biological (Pty) Ltd. (Johannesburg, South Africa). Sterile
cell culture flasks and plates were obtained through Lasec
SA (Pty) Ltd. (Johannesburg, South Africa). Glass Petri
dishes (with diameters of 55 mm) were supplied by Merck
Chemicals (Pty) Ltd (Johannesburg, South Africa). An
Annexin V-FITC kit from Miltenyi Biotec (GmbH, Bergisch
Gladbach, Germany) was purchased from BIOCOM Biotech
(Pty) Ltd (Pretoria, South Africa). An Alexa Fluor™ 488
phalloidin antibody was procured from The Scientific Group
(Johannesburg, South Africa). A fluorescence-activated cell
sorting FC500 system flow cytometer equipped with an
air-cooled argon laser excited at 488 nm was acquired from
Beckman Coulter South Africa (Pty) Ltd (Pretoria, South
Africa). All other chemicals were of analytical grade and were
obtained from Sigma Chemical Co. (St. Louis, MO, USA).

Cell culture
The MCF-7 cell line (human breast epithelial adenocarcinoma)
was supplied by Highveld Biological (Pty) Ltd (Johannesburg,
South Africa). Cells were grown and maintained in 25-cm2
tissue culture flasks in a humidified atmosphere at 37 °C
and 5% CO2 in a Forma Scientific water-jacketed incubator
(Marietta, OH, USA). MCF-7 cells were cultured in D-MEM
and supplemented with 10% heat-inactivated FCS (56 °C,
30 min), 100 U/mL penicillin G, 100 µg/mL streptomycin
and fungizone (250 µg/L). Experiments were conducted in
Duroplan 55-mm-diameter glass Petri dishes. Exponentially
growing cells were seeded at 500 000 cells per Petri dish in
3 mL maintenance medium. After a 24-h incubation period at
37 °C to allow for cell adherence, the medium was replaced
to remove debris.

Experimental set-up and dosimetry
The RF-EMF exposure system was calibrated by T. Tiovo
from the Functional Proteomics Group, Radiation Biology
Laboratory (STUK, Helsinki, Finland). Cells were irradiated
http://www.sajs.co.za
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by an exposure system previously described.4,16,17,18 Briefly,
the RF-EMF signal was generated with an EDSG-1240 signal
generator and modulated with a pulse duration of 0.577 ms
and repetition rate of 4.615 ms to match the GSM signal
modulation scheme. The signal was amplified with a RF-EMF
Power Labs R720F amplifier (Radiation Biology Laboratory,
STUK Radiation and Safety Authority, Helsinki, Finland)
and fed to the exposure waveguide via a monopole type
feed post. Cells were exposed for 1 h to a 900-MHz GSM-like
signal at an average SAR of 2.0 W/kg. The SAR distribution
in cell culture was determined using SEMCAD 1.8 software
with a graded simulation grid.19 More than 70% of the cells
were within ±3 dB of the average SAR. A total of 440 000
voxels was used to simulate the medium, with the largest
grid size in the culture medium being 0.1 mm x 0.1 mm x
0.1 mm. Simulation results were verified with temperature
rise-based SAR measurements using a calibrated Vitek-type
temperature probe (BSD Medical, Salt Lake City, UT, USA).
Temperature measurements were also recorded to ensure
constant temperature levels during exposures. SAR level
(2 W/kg) temperatures ranged from 36.8 °C to 37.2 °C. MCF7 cells placed outside the RF-EMF exposure chamber acted
as controls.

Determination of metabolic activity
Metabolic activity was spectrophotometrically determined
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to measure intracellular levels of reduced
nicotinamide adenine dinucleotide (NADH).20 After a 1-h
exposure carried out in triplicate, 300 µL of MTT (5 mg/mL
in Phospate Buffered Saline) was added to each Petri dish
containing 3 mL medium. The Petri dishes were incubated
for 4 h at 37 °C in a 5% CO2 incubator. Medium was carefully
removed without disturbing the cells. Dimethyl sulphoxide
(3 mL) was added to each Petri dish by gently pipetting up
and down. The solution (100 µL) was transferred to wells
(three wells per sample to give three technical replicates) of
a clean microtitre plate and the absorbance was determined
at 570 nm (reference 630 nm) with an ELx800 Universal
Microplate Reader from Bio-Tek Instruments Inc. (Winooski,
VT, USA). The percentage of inhibition of the reduction
of MTT was calculated in relation to control cells in each
experimental series (control cells were assumed to have 100%
metabolic activity).

Cell morphology: Haematoxylin
and eosin staining
MCF-7 cells were seeded in a Petri dish on heat-sterilised
cover slips. After 24-h attachment, the medium was discarded
and the cells were exposed for 1 h to a 900-MHz GSMlike signal at an average SAR of 2.0 W/kg, before the cells
were stained by standard haematoxylin and eosin staining
procedures.21 The cover slips were transferred to staining
dishes and fixed with Bouin’s fixative for 30 min. The Bouin’s
fixative was discarded and the cover slips were left in 70%
ethanol for 20 min before they were rinsed with tap water.
Mayer’s haemalum was added and left for 20 min and then
discarded. The cover slips were rinsed with tap water for
S Afr J Sci 2011; 107(9/10)
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2 min and then with 70% ethanol before being subjected to
1% eosin for 5 min. The eosin was discarded and the cover
slips were consecutively rinsed twice for 5 min with 70%
ethanol, 96% ethanol, 100% ethanol and xylol. The cover slips
were mounted on microscope slides with resin and left to
dry. Cells were viewed using an inverted Carl Zeiss Axiovert
200 MRc5 microscope (Carl Zeiss (Pty) Ltd, Johannesburg,
South Africa) and morphology recorded.

Cell morphology: Nuclear fluorescent microscopy
A dual fluorescent dye staining method utilising Hoechst
33342 and propidium iodide fluorescent dyes was used to
detect nuclear morphological changes. Hoechst 33342 is a
fluorescent dye that penetrates intact cell membranes of
viable cells and cells undergoing apoptosis and stains the
nucleus. Propidium iodide is a fluorescent dye that is unable
to penetrate an intact membrane and therefore stains the
nucleus of cells that have lost their membrane’s integrity as a
result of oncotic or necrotic processes. Exponentially growing
MCF-7 cells were seeded in Petri dishes onto heat-sterilised
cover slips. Immediately after exposure, 0.5 mL of Hoechst
33342 solution (3.5 µg/mL in PBS) was added to the medium
to provide a final concentration of 0.9 µM and incubated for
30 min at 37 °C in a CO2 incubator. After 25 min, 0.5 mL of
propidium iodide solution (40 µg/mL in PBS) was added to
the medium to provide a final concentration of 12 µM. Within
5 min the cover slips were mounted on microscope slides
with mounting fluid (90% glycerol, 4% N-propyl-gallate, 6%
PBS). Cells were examined with a Zeiss inverted Axiovert
CFL40 microscope and Zeiss Axiovert MRm monochrome
camera under Zeiss filter 2 for Hoechst 33342-stained cells
and Zeiss filter 15 for propidium iodide-stained cells (Carl
Zeiss (Pty) Ltd, Johannesburg, South Africa). In order to
prevent fluorescent dye quenching, all procedures were
performed in a dark room.

Cell morphology: F-actin fluorescent microscopy
The effect of a 1-h exposure to 900-MHz GSM RF-EMF on
the formation of stress fibres and F-actin polymerisation
was determined using fluorescein isothiocyanate (FITC)conjugated phalloidin. Cells were seeded on glass cover slips
and fixed with 3.7% paraformaldehyde in PBS after exposure.
After rinsing with PBS, cells were permeabilised with 0.1%
Triton X-100, rinsed with PBS and incubated in 0.1% bovine
serum albumin (BSA) reconstituted in PBS. The BSA solution
was removed and the cells were stained with Alexa Fluor™
488 phalloidin, rinsed with water and mounted on a cover slip
with Sigma Mounting Medium containing sodium phosphate
and citric acid in glycerol. Cells were viewed and counted
with an inverted Carl Zeiss Axiovert 200 MRc5 microscope
(Carl Zeiss (Pty) Ltd, Johannesburg, South Africa).

Cell cycle progression: Flow cytometry
Flow cytometric analysis utilising propidium iodide as a
nuclear stain was employed to monitor cell cycle progression.
Cells were trypsinised and resuspended in 1 mL growth
medium immediately after the 1 h exposure. Cells (1 x 106/mL)
http://www.sajs.co.za
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were centrifuged for 5 min at 300 g. The supernatant was
discarded and the cells were resuspended in 200 µL of ice-cold
PBS containing 0.1% FCS. Ice-cold 70% ethanol (4 mL) was
added in a dropwise manner on a vortex to avoid cell clumping.
Cells were stored at 4 ºC for 24 h and subsequently centrifuged
at 300 g for 5 min. The supernatant was removed and the
cells were resuspended in 1 mL of PBS containing 40 µg/mL
propidium iodide and 100 µg/mL RNase A. The solution was
incubated at 37 ºC and 5% CO2 for 45 min. Propidium iodide
fluorescence (FL3) was measured and data from at least 10 000
cells were analysed using the CXP software (Beckman Coulter
South Africa (Pty) Ltd.). Data from cell debris (particles smaller
than apoptotic bodies) and clumps of two or more cells were
removed from further analysis. Cell cycle distributions from
histograms generated by the CXP software were calculated with
Multicycle (Phoenix Flow Systems, San Diego, CA, USA). Results
are expressed as a percentage of the cells in each phase.

Apoptosis detection analysis: Flow cytometry
Annexin V was employed to measure the translocation
of the membrane phospholipid phosphatidylserine (PS),
which is associated with apoptotic processes. Annexin V is a
35 kDa – 36 kDa, calcium-dependent, phospholipid binding
protein with a high affinity for PS. Cells were trypsinised
and 1 x 106 cells were double-stained with Annexin V-FITC
and propidium iodide, according to the manufacturer’s
instructions immediately after the 1-h exposure. Propidium
iodide fluorescence (FL3) and Annexin V fluorescence (FL1)
were measured and data from at least 30 000 cells were
analysed using CXP software.

Hydrogen peroxide, superoxide and nitric oxide
measurement: Flow cytometry
Hydrogen peroxide (H2O2) generation was assessed using
2,7-dichlorofluorescein diacetate (DCFDA), a non-fluorescent
probe, which, upon oxidation by reactive oxygen species and
peroxides is converted to the highly fluorescent derivative
2,7-dichlorofluorescein (DCF).22 Superoxide generation was
assessed using hydroethidine (HE). HE is oxidised by
superoxide and not by hydroxyl radicals, singlet O2, H2O2 or
nitrogen radicals, to a red fluorescing compound.23 Relative
nitric oxide (NO) was measured by using the non-fluorescent
probe, 4,5-diaminofluorescein diacetate (DAF2-DA). DAF-2
(4,5-diaminofluorescein) does not react with stable oxidised
forms of NO such as NO2–, NO3–, nor with other reactive
oxygen species such as superoxide, H2O2, and ONOO–.24
DAF2-DA is cell permeable and is hydrolysed by cytosolic
esterases to DAF-2. In the presence of NO, the fluorescent
product triazole (DAF-2T) is formed and measured via
flow cytometry. After 1 h exposure, cells were trypsinised,
washed with PBS and 1 x 106 cells were resuspended in 1 mL
PBS. To prevent unnecessary loss of converted fluorescent
compounds through membrane leakage, reactive oxygen
species probes were added after trypsinisation. Cells were
incubated with 20 μM DCFDA for 25 min and with 10 μM HE
for 15 min at 37 °C. Hydrogen peroxide (20 µM) was added
5 min prior to measurement as a positive control for DCF
S Afr J Sci 2011; 107(9/10)
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formation. For DAF2-DA, 5 μM was added to the cells in PBS
and incubated for 45 min at 37 °C. DCF (FL1) fluorescence,
DAF-2T (FL1) and the HE fluorescent product fluorescence
(FL2) were measured (as described above) and data from at
least 10 000 cells were analysed using CXP software.

Statistical analysis
Data were obtained from three independent experiments
for all quantitative studies, expressed as the mean ± s.d.
and statistically analysed for significance using the analysis
of variance single factor model followed by a two-tailed
Student’s t-test. Means are presented in bar charts, with error
bars indicating standard deviations; p < 0.05 was regarded as
statistically significant. Qualitative studies were performed
in triplicate. Percentage differences were calculated as
follows: Percentage difference = [(Control/Exposed) (Control
+ Exposed)/2] x 100.

Results

Determination of metabolic activity
MTT was used to determine the ability of MCF-7 cells to
reduce MTT to purple formazan crystals as a measurement
of metabolic activity after 1 h of exposure to 900-MHz GSM
radiation. Results indicate that metabolic activity and the
ability of NADH to reduce MTT to formazan crystals were
not affected by 1 h of 900-MHz GSM irradiation (Figure 1).

Cell morphology: Haematoxylin and eosin
The qualitative effects of a 1-h exposure to 900-MHz GSM on
cell morphology were investigated by staining the nucleus
and cytoplasm of MCF-7 cells with haematoxylin and eosin.
Qualitatively no differences could be observed between the
control (Figure 2A) and exposed cells (Figure 2B).

120

Cell morphology: Nuclear fluorescent microscopy
Qualitative analysis on nuclear morphology was conducted
by staining the nucleus of control cells and cells exposed to 1 h
of 900-MHz GSM radiation. No qualitative differences were
observed and irradiated cells, when compared to the control
cells (Figure 2C), exhibited normal nuclear morphology and
cell division (Figure 2D).

Cell morphology: F-actin fluorescent microscopy
FITC-conjugated phalloidin was used to visualise F-actin
filaments and fibres. As a positive control for thermal
denaturation of F-actin, cells were exposed to 43 °C for
1 h. Aggregation of F-actin filaments and denaturation of
F-actin fibres were observed in the thermally elevated (43 °C)
positive control cells (Figure 3). The 900-MHz GSM-exposed
cells did not exhibit any form of F-actin aggregation (Figure
4). However, actin stress fibre formation was observed and
was more pronounced in irradiated cells when compared to
control cells (Figures 4 and 5). A ‘fuzzy-like’ distribution of
F-actin filaments was observed in the control cells; however,
this was less pronounced in irradiated cells (Figures 4 and 5).

Cell cycle progression: Flow cytometry
DNA content analysis was conducted by means of flow
cytometry (Figures 6A and 6B). Data analysis showed no
statistically significant changes in cell cycle progression
(p > 0.1) (Table 1).

Apoptosis detection analysis: Flow cytometry
Quantitative analyses of the externalisation of membrane
phosphatidylserine with Annexin V were performed in
order to detect early and late apoptotic processes (Figures
7A, 7B and 7C). Propidium iodide was used to measure the
number of necrotic cells. Cells exposed to 900-MHz GSM
radiation showed a statistically significant increase in PS
externalisation relating to early and late apoptosis (percentage
differences were 28.889% and 49.206%, respectively) (Table
2). Consequently, a small decrease in viable cells was also
observed (percentage difference = –1.045%) (Table 2).

Hydrogen peroxide, superoxide and nitric
oxide measurement: Flow cytometry

100

Percentage cell growth

Research Article

80
60
40
20
0

Control

1 h 900 MHz
GSM-exposed

Values shown are the mean ± s.d. of three determinations.
No statistically significant difference in metabolic activity was observed (p > 0.05).

FIGURE 1: Metabolic activity of MCF-7 cells exposed to 900-MHz GSM for 1 h as
a percentage of control cells (normalised to 1).

http://www.sajs.co.za

In order to investigate whether excess hydrogen peroxide
and superoxide were produced in 900-MHz GSM-exposed
cells compared to the control cells, flow cytometric analyses
of MCF-7 cells loaded with the H2O2-sensitive fluorophore
DCFDA, the superoxide sensitive probe HE and the NOS
sensitive probe DAF2-DA were conducted. Figure 8A reveals
a slight mean fluorescence decrease (0.87-fold; p = 0.15) in
900-MHz GSM-exposed cells (Figure 8B). HE mean
fluorescence intensity was lower in 900-MHz GSMexposed cells (0.95-fold that of control cells), but was
also not considered statistically significant (p = 0.09)
(Figures 9A and 9B). Average DAF-2T mean fluorescence
intensity was lower in 900-MHz GSM-exposed cells
(0.94-fold that of control cells), although also not statistically
significantly so (p = 0.21) (Figures 10A and 10B).
S Afr J Sci 2011; 107(9/10)
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No qualitative differences were observed in nuclear and cytoplasmic morphology between control and exposed cells.

FIGURE 2: Haematoxylin and eosin (a and b) and Hoechst 33342 staining (c and d) of control (a and c) and 900-MHz GSM-exposed (b and d) MCF-7 cells.

Discussion
We investigated the effects of a 1-h exposure to 900-MHz
GSM radiation on the metabolic activity, cell morphology,
cell cycle progression, PS externalisation, and reactive
oxygen species and nitrogen species generation of MCF-7
cells. Results revealed that metabolic activity and cell cycle
activity were not affected and no nuclear and cytosolic
changes were observed. Data are consistent with previous in
vitro research conducted employing HEI-OC1 immortalised
mouse auditory hair cells (exposed to 1763 MHz RF),
Jurkat leukaemic T-cells (exposed to 1763 MHz RF) and
U937 leukaemic monocyte lymphoma cells (exposed to
900 MHz RF) that also showed no difference in cell cycle
distribution.25,26,27
However, conflicting data exist concerning the generation
of reactive oxygen species in response to RF exposure
in the literature. No changes in reactive oxygen species
formation after 10 min and 30 min of exposure to 900 MHz

http://www.sajs.co.za

RF were detected in L929 murine fibrosarcoma cells, whilst
several studies on rats reported an increase in oxidative
stress (an increase in malondialdehyde as an index of lipid
peroxidation) and a decrease in superoxide dismutase,
catalase and glutathione peroxidase activity.28,29,30,31,32 Yurekli
et al.33 also reported an increase in oxidative stress and an
increase in superoxide dismutase activity, whilst Balci et al.34
reported an increase in oxidative stress and catalase activity
in EMF-irradiated rat corneal tissue and no significant
changes in rat lens tissue. Our results did not demonstrate
any statistically significant differences, even though all the
averages of the irradiated samples were less than the controls
(H2O2 < 13%, superoxide < 5% and NOS < 4%).
An Annexin V-FITC assay was employed to measure the
amount of PS residue translocated from the inner to the
outer membrane as an indication of apoptosis. Differences
in the externalisation of PS between control and exposed
cells were observed. However, these changes revealed a
less than 1% increase in early and late apoptosis and a small

S Afr J Sci 2011; 107(9/10)
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a

c
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Aggregation of F-actin filaments as a result of thermal-induced denaturing was observed.

FIGURE 3: Fluorescein-isothiocyanate-conjugated phalloidin F-actin-stained MCF-7 cells (a–c) exposed to 43 °C for 1 h as a positive control for heat-induced F-actin
morphological changes.

a

c

b

Actin stress fibre formations as well as a ‘fuzzy-like’ distribution of F-actin filaments were observed.

FIGURE 4: Fluorescein-isothiocyanate-conjugated phalloidin F-actin-stained MCF-7 cells (a–c) that were not exposed to 900-MHz GSM radiation.

a

c

b

A more pronounced formation of actin stress fibres was observed when compared to the control. The ‘fuzzy-like’ distribution of F-actin filaments was also less pronounced when compared to the
control.

FIGURE 5: Fluorescein-isothiocyanate-conjugated phalloidin F-actin-stained MCF-7 cells (a–c) after a 1-h exposure to 900-MHz GSM.
TABLE 1: Percentage change in MCF-7 cells in different phases of the cell cycle after a 1-h exposure to 900-MHz GSM radiation.
Phase of cell cycle

Control

Exposed

p-value

Sub-G1

1.63 ± 0.73

1.7 ± 0.59

0.960

G1

51.54 ± 0.86

51.8 ± 1.01

0.726

0.262

S

36.04 ± 2.37

35.5 ± 1.27

0.746

–0.525

G2/M

10.80 ± 1.90

11.0 ± 1.32

0.890

0.188

Difference (%)
0.025

Sub-G1, cells with DNA that is less than 2n and thus are dying; G1, growth phase 1; S, synthesis phase; G2, growth phase 2; M, mitosis.
Values shown are mean ± s.d. of three repeats.

TABLE 2: Measurement of phosphatidylserine externalisation and membrane permeability, as an indication of cells in various stages of cell death, of control and 900-MHz
GSM-exposed MCF-7 cells after 1 h exposure.
Stages of cell death

Control

Exposed

p-value

Early apoptosis

0.77 ± 0.10

1.03 ± 0.05

0.007

0.333

Late apoptosis

0.95 ± 0.26

1.57 ± 0.21

0.027

0.667

Necrosis

1.10 ± 0.34

1.23 ± 0.28

0.636

0.133

Viable cells

97.18 ± 0.40

96.17 ± 0.05

0.008

–1.133

Values shown are mean ± s.d. of three repeats.
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No statistically significant changes in cell cycle progression were observed.

FIGURE 6: Cell cycle histograms (FL3 Lin) of control (a) and 900-MHz GSM-exposed (b) MCF-7 cells.
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A statistically significant yet small increase in early (0.33%, p = 0.007) and late (0.67%, p = 0.027) apoptosis was observed in exposed MCF-7 cells, whilst a decrease in the number of viable cells
(–1.13%, p = 0.008) was observed in exposed MCF-7 cells.
*p < 0.05

FIGURE 7: Propidium iodide (FL3 Log) versus Annexin V (FL1 Log) dot plot of control (a) and 900-MHz GSM-exposed (b) MCF-7 cells and (c) a comparison of the percentage
of apoptotic cells in control (clear bars) and exposed (shaded bars) MCF-7 cells.

decrease (1.33%) in viable cells. No visible signs of increases
in apoptosis were observed in morphological studies. It has
been previously reported that cell death was not induced in
monocytic U937, neuroblastoma SK-N-SH or neuroblastoma
SH-SY5Y cells after exposure to 900-MHz RF.27,35 An increase
in caspase 3 activation in Jurkat T cells has been previously
reported; however, this increase did not correspond to
differences observed in the externalisation of PS.36 Because
MCF-7 cells do not express caspase 3,37 the reason for the
small increase in PS externalisation in response to a 1-h
exposure to 900-MHz irradiation remains to be determined.
In this study, increased formation in F-actin stress fibres
in irradiated cells was revealed when compared to the
control. Our results are consistent with those of Nylund
and Leszczynski5. These researchers reported a change
from a ‘fuzzy-like’ to a ‘fibrillar-like’ staining of actin with
phalloidin-stained EA.hy926 endothelial cells in response to
1 h of 900-MHz GSM RF radiation. Beta-actin exists as
globular actin (G-actin) and filamentous actin (F-actin).
G-actin polymerises into F-actin in response to extracellular
signals.38 G-actin also regulates NO synthesis activity
through the regulation of nitric oxide synthase (NOS) at
the post-transcriptional and post-translational levels.39

http://www.sajs.co.za

In the same study by Su et al.39, it was also observed that
vimentin, a class III intermediate filament, was up-regulated.
Remondini et al.7 reported an up-regulation of caveolin
1, although it was not statistically significant. Interaction
between caveolin 1 and NOS results in an inhibitory effect
on NOS activity and NOS needs to be released from caveolin
before it can be activated.40 Nylund et al.6 demonstrated
that heat shock protein 90 (HSP90) was down-regulated in
the EA.hy926 cell line. HSP90 is another NOS-interacting
protein and needs to bind to actin to activate NOS. Activity of
purified NOS-3 is higher when incubated with G-actin than
when incubated with F-actin and NOS-3 does not co-localise
with F-actin stress fibres.39,41 Our findings that F-actin stress
fibre formation was increased, can possibly be linked to NO
signalling events linked with decreased HSP90 expression
and increased caveolin 1 in response to RF radiation.
In conclusion, we found no statistically significant changes in
mitochondrial dehydrogenase activity, or in reactive oxygen
species and reactive nitrogen species generation. Also,
quantitative analysis of cell cycle activity and qualitative
analysis of nuclear and cytosolic changes revealed no
significant effect. An increase in PS externalisation and an
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FIGURE 8: Relative mean fluorescence intensity of 2,7-dichlorofluorescein (FLG1 histogram) (a) in control (normalised to 1) and 900-MHz GSM-exposed MCF-7 cells after
1 h exposure. A non-significant decrease (0.87, p = 0.15) in relative mean fluorescence intensity of 2,7-dichlorofluorescein was observed in 900-MHz GSM-exposed cells (b).
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FIGURE 9: Relative mean fluorescence intensity of hydroethidine (FLG2 histogram) (a) in control (normalised to 1) and 900-MHz GSM-exposed MCF-7 cells after 1 h
exposure. A non-significant decrease (0.95, p = 0.09) in relative mean fluorescence intensity of hydroethidine was observed in 900-MHz GSM-exposed cells (b).
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FIGURE 10: Relative mean fluorescence intensity of triazole (FLG1 histogram) (a) in control (normalised to 1) and 900-MHz GSM-exposed MCF-7 cells after 1 h exposure.
A non-significant decrease (0.94, p = 0.21) in relative mean fluorescence intensity of triazole was observed in 900-MHz GSM-exposed cells (b).

increase in the formation of F-actin stress fibres observed
in MCF-7 cells after a 1-h exposure to 900-MHz irradiation
were demonstrated. Data obtained from this study and
http://www.sajs.co.za

their correlation with other studies provide intriguing
links between RF-radiation and cellular events and warrant
further investigation.
S Afr J Sci 2011; 107(9/10)
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