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Introduction
The olive tree, Olea europaea, is native to the Mediterranean basin 

and parts of Asia Minor. The fruit and compression extracted oil have 
a wide range of therapeutic and culinary applications.1 Olive oil also 
constitutes a major component of the “Mediterranean diet.” The major 
active components of olive oil include oleic acid, phenolic compounds, 
and squalene. Studies on the oleic acid concentration present in food 
sources have shown that olive oil contains approximately 72%, meats 
including beef and poultry contain (30-45)%, while vegetable oils 
such as palm, peanut, soybean, and sunflower contain approximately 
in the range of (25-49)% oleic acid.2 Interestingly, olive oil is unique 
with respect to its high oleic acid content which is a monounsaturated 
fatty acid whereas most other seed oils are composed primarily 
of polyunsaturated fatty acids, including the essential omega-6 
fatty acid. Compared to polyunsaturated fatty acids, oleic acid is 
monounsaturated, meaning it has one double bond, making it much less 
susceptible to oxidation and contributing to the antioxidant activity, 
high stability, and long shelf life.3 Keys et al.,4 conducted the Seven 
Countries Study, which revealed the Mediterranean diet is linked to 

a reduced incidence of degenerative diseases, particularly coronary 
heart disease and cancers of the breast, skin, and colon, later studied 
and reviewed by him in 2004. Compared to diets of other countries, 
the Mediterranean diet has a relatively high fat content; however, as 
the diet is associated with a low incidence of cancer and coronary 
heart disease, despite the high fat intake, it has been suggested the 
type of fat is more important than the total amount consumed.5 

Several research investigators have performed in vitro and in 
vivo studies on the effect of oleic acid (OA) on cancer. Llor et al.,6 
conducted in vitro experiments on the effect of olive oil or isolated 
oleic acid on colorectal neoplasia studying protein expression of 
cyclooxygenase (COX-2) and B cell lymphoma 2(Bcl-2). COX-2 is 
believed to play an important role in colorectal cancer development, 
while Bcl-2 is an intracellular anti-apoptotic protein. They concluded 
that olive oil induced apoptosis and cell differentiation and down-
regulated the expression of COX-2. Apoptotic cell death specificity 
was seen in some cell lines like HT-29 cells but not Caco-2 cells. 
OA had no effect on the down-regulation of COX-2 and Bcl-2. Olive 
oil was found to have no effect on cell proliferation. The researchers 
concluded oleic acid played a minor role, if any; in colorectal 
chemoprotection and that other components of olive oil seemed 
likely to be involved in this protective process.6 Further research 
on chemosensitization was shown when OA was combined with 
paclitaxel, an enhancement of chemosensitivity was found. However, 
when OA was used concurrently with paclitaxel pretreatment of 
MDA-MB-231 cells with OA for 24h prior to a 24h paclitaxel 
exposure produced greater enhancement of paclitaxel sensitivity 
at high OA concentrations than the concurrent exposure to OA and 
paclitaxel. The OA-induced sensitization to paclitaxel was not due 
to the cytoxicity of the fatty acid itself.7 Chemoprotective studies 
on swiss mice showed no increase in the incidence of skin tumour 
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Abstract

To investigate the protective role of Oleic acid against the cytotoxic mediators present in 
the low dose irradiated cell conditioned medium (ICCM) to unirradiated normal human 
keratinocyte cell line (HaCaT). Cell survival was investigated using the clonogenic assay, 
media transfer of HaCat cells exposed to low-LET γ radiation (0.5Gy) to by stander HaCat 
cells treated with oleic acid. The free radical scavenging property of oleic acid was performed 
by DCHFDA method and magnitude of lipid peroxidation was estimated with cisparineric 
acid as a probe using a fluorescence spectrometer. Mitochondrial membrane potential (∆ψm) 
was observed using DiOC6 as a sensitive probe visualized under a confocal microscope. 
Based on clonogenic assay, it was found that a significant reduction in clonogenic survival 
was seen in unirradiated cells exposed to low dose ICCM. Results have further shown that 
HaCaT cells pretreated with oleic acid before the medium transfer showed an increased 
percentage of clonogenic survival suggesting protection of cells against the ICCM factors. 
Free radical scavenging activity was also reported in cell membrane and mitochondria. A 
correlation between the antioxidant properties of OA and an increase in clonogenic survival 
was seen. These results showed that oleic acid was protecting normal cells from indirect 
low-dose γ irradiated cells. It seems that ROS were involved in the mechanism of bystander 
effect which was significantly suppressed when OA was present.
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formation when 10 Swiss mice were treated dermally once with 0.3ml 
of a 1.5% solution of 9,10-dimethylbenzanthracene in liquid paraffin 
and from three weeks later with undiluted oleic acid, twice weekly 
for 20weeks. The treatment produced epidermal hyperplasia but no 
tumours.8 Interestingly, little or no evidence exists regarding the 
protective effect of oleic acid, from the indirect effects of low dose 
radiation and its induced bystander effects to normal cells.

It is well accepted that there may indeed be no such thing as a 
‘safe’ level of radiation exposure. This concurs well with the observed 
non-targeted effects also called ‘bystander’ phenomenon. This is a 
mechanism whereby cells, not exposed to radiation, display radiation 
like damage if in the vicinity of irradiated cells.9 Transmission of 
the molecular signals involved in bystander effects by intercellular 
communication through gap junctions10 or by release of factors into 
the suspension culture medium has been reported.11 and it has been 
suggested that irradiated cells secrete cytokines or other factors that 
induce an increased intracellular level of reactive oxygen species 
in unirradiated cells.12 The transmitted factors are diverse and may 
depend on the cell type or its physiological state, mediated by 
reactive oxygen species. Interleukin 8, transforming growth factor 
beta (TGFβ), the soluble death ligands Fas, tumor necrosis factor-
related apoptosis inducing ligand (TRAIL), and tumor necrosis factor 
α (TNF α) secreted by γ irradiated cancer cells have been proposed 
as bystander messengers.13 Recently, in some studies, oleic acid has 
shown to be beneficial against TNF-α-induced oxidative stress in 
cardiomyocytes.14 Previous study by Harvey KA et al.,15 has shown 
that OA (25µM) protected and reduced inflammatory effects induced 
by steric acid in human aortic endothelial cells (HAECE). In their 
paper, OA as low as 5µM also inhibited the steric acid-induced increase 
in intercellular adhesion molecule-1 (ICAM-1) expression. Stearic 
acid-induced phosphorylation of nuclear factor-kappa B (NF-κB), a 
transcriptional regulator of ICAM-1, was also reduced by oleic acid. 
Since there was a link between Oleic acid being protective against 
inflammatory mediators, we thought it interesting to investigate its 
protective role against the inflammatory mediators present in the low 
dose irradiated bystander medium (ICCM). 

Present work investigated the effects of low dose radiation induced 
bystander effects on normal human keratinocytes, HaCat cells in vitro. 
In the panorama of the numerous established cell lines, the human 
keratinocyte line HaCaT has a very interesting feature, having a close 
similarity in functional competence to normal keratinocytes. This cell 
line has been used in many studies as a paradigm for epidermal cells 
and, therefore, we selected HaCaT as a cell model for investigating the 
protective effects of oleic acid against these bystander factors that are 
released during low dose exposure (<0.5Gy) to skin and hair. The aim 
of the present study was to develop protocol to protect normal cells 
against the harmful effects of the bystander factor(s). These factors 
are known to cause genomic instability and cancer progression in 
vivo and in vitro. Radioprotective properties of OA were investigated 
as a candidate since it is cheap, easily available and nontoxic in the 
physiological range having anticancer properties. The use of dietary, 
nutraceutical supplementation or topical skin formulation of OA 
could protect the skin which is the first organ to receive low doses of 
radiation exposure during an accidental incident. 

Materials and methods
Chemicals and reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum 

(FBS), penicillin, streptomycin and trypsin EDTA were purchased 
from Gibco Co., USA, carbol fushin, 3, 3’-dihexyloxacarbocyanine 
iodide (DiOC6), Cisparineric acid (cPnA), were purchased from 
Sigma (St. Louis, MO, USA). 

Culture conditions

The HaCaT cells were grown in DMEM medium containing 
10%FCS (fetal calf serum) supplemented with glutamine (2mmol/l), 
Hepes (20mmol/l), streptomycin (10mg/ml), penicillin (10,000 
international units/ml) and sodium bicarbonate (24mmol/l). Cells 
were grown in 25ml flasks containing (0.1–1)×106cells/ml. The cells 
were kept in a humidified atmosphere at 37°C containing 5%CO2.

Irradiation

Exponentially growing donor HaCaT cells in T-25 flasks 
were sealed with parafilm wrap and covered in aluminum foil for 
transport to be irradiated. Radiation dose was given 6h after plating 
using a cobalt-60 teletherapy source (Nordion Teletherapy machine 
installed at Bhabha Atomic Research Centre (BARC), India at a dose 
rate:1.95Gy/min.). To confirm the exact dose given, TLD badges 
were used. Flasks were returned to the incubator immediately after 
irradiation. 

Clonogenic assay technique 

The clonogenic assay technique was performed as mentioned 
earlier by Ryan LA et al.16 Briefly, cells were detached from flasks 
by incubating in a 0.25% trypsin-EDTA solution. After detachment, 
fresh medium was added and syringed gently to produce a single cell 
suspension. To determine the number of viable cells an aliquot of the 
cell suspension was mixed with trypan blue dye and counted using 
a hemocytometer. Appropriate cell numbers were plated for survival 
analysis using the Clonogenic assay technique by Puck et al.17 The 
number of cells plated was selected to be in the range that ensured 
linear relationship between the number of cells plated and the number 
of colonies returned. Cell cultures were incubated for 12days at 37°C 
in 5% CO2 in air and 95% relative humidity. The cells were then stained 
with 15% Carbol Fuschin and colonies exceeding 50cells were scored 
as representing surviving cells. To compare treatments, percentage 
survival was calculated using the formula: Percent Survival=100x[PE 
of the treatment/PE of controls]. PE stands for plating efficiency 
determined by number of colonies counted/number of colonies plated.

Bystander protocol

The cell suspension after dilution was counted using a 
hemocytometer. Appropriate cell numbers were plated as per the 
Puck and Marcus technique in 5ml medium in 25cm2 NUNC flasks. 
There were three groups of flasks: those designated for control or 
un-irradiated, by stander donor flasks and by stander recipient flasks. 
Bystander donor flasks were heavily seeded with cells (0.3×106cells/
flask) and exposed to 0.5Gy γ radiation and the medium harvested after 
6hrs and passed through a microfilter to remove any cells. This cell 
free medium is referred to as the Irradiated Cell Condition Medium 
(ICCM). Bystander recipient flasks were set up with the normal 
cloning number (approximately 300cells) and received no treatment 
except the bystander medium (ICCM) from the bystander donor 
flasks. Oleic acid at (10µM) was added alone and also to the bystander 
recipient flasks that were seeded with approximately 300cells/flask 
for 2hr in serum free media. After 2hr with OA treatment bystander 
recipient flasks were washed with PBS and ICCM was added to them. 
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Each of the four groups was designated as: untreated control, ICCM 
control, oleic acid only and oleic acid treated with ICCM were set in 
triplicates. In all the experiments, autologous medium transfer took 
place meaning irradiated normal keratinocyte cells donor ICCM was 
transferred to recipient normal keratinocyte cells.

Estimation of intracellular ROS

The generation of intracellular ROS was measured using DCHFDA 
(2,7-dichlorodihydrofluorescein diacetate), a florescence probe as 
described previously.18 Briefly, HaCaT (2x105cells/ml) were incubated 
with OA with respective controls in phosphate buffered saline (PBS) 
for 1h at 37ºC followed by labeling with the fluorescence probe after 
irradiation of the samples. Aliquots of 200µl obtained after different 
treatments were diluted to 3ml with PBS followed by measurement 
of fluorescence intensity (λ=490 and 520nm) in quartz cuvette using 
Fluorescence Spectrometer (LS50B, Perkin Elmer. USA). 

Lipid peroxidation in HaCaT cells

HaCaT cells (2x105/ml) were loaded with cPnA (10µM) for 
30min. at room temperature in dark, later treated with different 
treatment groups and incubated at 37ºC in a humidified atmosphere of 
5% CO2 for 2h. After 2h, the cells were washed with PBS twice, and 
loss of flourescence was monitored for 1min at λex/λem=318/420nm 
in quartz cuvette using Fluorescence Spectrometer (LS50B, Perkin 
Elmer. USA). Loss of fluorescence from cis-parinaric acid (cPnA) 
was taken as indicator of lipid peroxidation.

Mitochondrial membrane potential (∆ψm)

Cells at concentration of 1x105/ml in PBS containing 1% BSA 
was incubated with 40nm of DiOC6 probe for 20min in the dark at 
37ºC. 20min. incubation allows the probe to enter the cytoplasm and 
mitochondrial matrix. Later, ICCM, OA and combination of both were 
added to the samples and kept in dark for 2h in the CO2 incubator. 
After treatments, the samples were washed two times in PBS so as to 
remove all traces of the probe and loss of fluorescence was observed 
using a confocal microscope at λex/λem=485/525nm 

Statistical analysis
The clonogenic survival data are presented as a mean±SEM, where 

each treatment had N=3 recipient flasks. Similarly, measurement of 
ROS and lipid peroxidation experiments were repeated twice and 
data are presented as means±SEM. The statistical significance of the 
difference between treated and control groups were done by Student’s 
t-test using graph pad software. In all statistical analysis, p<0.05 were 
accepted as significant.

Results
Cell survival after treatment with OA, ICCM and 
combined

Figure 1 shows the clonogenic survival of different treatment 
groups either alone or in combination with OA. Results have shown 
that a significant decrease in the survival of clones was observed in the 
ICCM treated group, resulting in 85%(p<0.05) of clonal survival. An 
insignificant decrease in clonogenic survival was found in OA treated 
group as survival was comparable to the control group. However, the 
combined effect of OA and ICCM showed a non-significant decrease 
in survival to 98.8%(ns). Results have shown that inclusion of OA 
increased the survival of ICCM induced toxicity to normal cells by 
almost 28 %(p<0.05)

Figure 1 Survival of HaCaT cell line showing control, cells exposed to 
irradiated cell conditioned medium (ICCM), 10µM Oleic acid (OA) and 
10µM Oleic acid pretreated and exposed to ICCM media (OA+ICM). Values 
are±SEM for n=3 from one experiment.

 *(P≤0.05) was considered statistically significant.

Generation of ROS after treatment with OA and 
ICCM

Figure 2 shows the generation of reactive oxygen species of 
the various treatment groups in normal cells. Results have shown 
that ICCM induced an increase in ROS generation as measured by 
DCHFDA fluorescent probe; it was a 2-fold increase as compared 
to the control group which was highly significant (p<0.001). Oleic 
acid treated cells did not show any increase in ROS generation. It was 
interesting to observe that, pretreatment of OA to the cells treated with 
ICCM resulted in a significant decrease of ROS production, when 
compared to the ICCM control group (p<0.01).

Figure 2 Measurement of reactive oxygen species (ROS) using DCHFDA(2,7-
dichlorodihydrofluorescein diacetate), as a florescence probe.

Estimation of lipid peroxidation 

Figure 3 gives the decrease in fluorescence of the DiOC6 probe 
as a sensitive indicator of lipid peroxidation. Here, we observed a 
significant decrease in the fluorescence, when cells were treated with 
only ICCM (p<0.01). However, an insignificant or no decrease was 
observed in either of the OA and combined OA with ICCM treated 
groups. Mitochondrial membrane potential (MMP) 
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Figure 3 Loss of fluorescence measurement in HaCaT cells using cis-parinaric 
acid (cPnA) as a sensitive indicator of lipid peroxidation.

Figure 4 shows images of the fluorescence intensity corresponding 
to mitochondrial membrane potential in the different treated groups 
as a visual comparison, visualized under the confocal microscope. 
We observed that when cells were treated with ICCM there was a 
significant decrease in the fluorescent intensity of the DiOC6 dye as 
compared to the control which glowed at a much brighter intensity. It 
was also observed that the OA treated group and the combined treated 
group showed similar fluorescence intensities as the control. 

Figure 4 Images show loss of mitochondrial membrane potential (MMP) 
captured under confocal microscopy.

Discussion
The bystander effect is a well-established biological response to low 

dose radiation in-vio and in-vitro.9,11,20–22 Results from our experiments 
in Figure 1 have shown that there was a significant decrease (p≤0.05) 
in survival after ICCM was transferred onto unexposed cells of the 
same cell line. Our results agree with previous published studies 
using the same cell line and radiation dose when clonogenic survival 
was used as the biological end point.11 The concentration of oleic 
acid in healthy human plasma ranges from approximately 50µM23 
to approximately 200µM24 due to several factors such as age, race, 
physical activity, diet and method of quantification. Due to the 
high variable nature of free oleic acid plasma levels we decided to 
choose a definitive concentration present in all types of humans and 
investigated its cytotoxicity on our cell line by including 10µM OA 
in the medium which did not reduce the clonogenic survival. These 
results were similar to Martins T et al, (2006) whose toxicity study of 
OA on a macrophage cell line (J774) showed that OA was toxic only 

at high concentrations (>200µM). Since physiological concentrations 
of OA being nontoxic we sought to investigate its protective effect 
against the bystander factors. In our study, we treated cells with 
10µM of OA prior to the ICCM and noticed a significant increase 
in clonogenic survival (p<0.05). Similarly, OA (50µM) incorporation 
protected cultured hamster fibroblasts from 95% oxygen-induced 
cytotoxicity increasing its cell survival.25 To our knowledge, this is the 
first study indicating that OA can protect normal cells, from the toxic 
effects induced by low dose radiation bystander factors. Work done 
by Pandey BN et al.,12 have demonstrated an increase in intracellular 
reactive oxygen species (ROSs) and alterations in mitochondrial 
membrane potential (MMP) in his medium transfer experiments. 
Since ROS and MMP are implicated in the bystander effect, we 
decided to investigate if OA could mitigate ROS and protect normal 
cells. Our results in Figure 2 have shown a significant 2-fold increase 
(p<0.001) in intracellular generation of ROS to cells exposed to 
ICCM, confirming Panday BN et al work. On the other hand, OA 
alone did not generate any significant levels of ROS, which agrees 
with the results reported by Smith GI et al.,26 showing that a high 
intake of fatty acids had little effect on markers of inflammation and 
oxidative stress in humans. However, interestingly OA pretreatment 
to the ICCM resulted in inhibiting ROS generation and decreased the 
fluorescence intensity significantly (p<0.01) when compared to ICCM 
exposed cells. Cell membranes are known to be the target sites for free 
radical damage and, therefore, we attempted to elucidate if oxidative 
stress caused lipid peroxidation in the ICCM exposed cells. We used 
DiOC6 probe as a sensitive indicator of lipid peroxidation and data 
from Figure 4 have shown a significant decrease in the fluorescence, 
when cells were treated with only ICCM (p<0.01) indicating that 
lipid peroxidation occurred in bystander cells. This was in accordance 
with the results of Chakraborty A et al.,27 who showed that oxidative 
stress in the bystander population was reduced by the presence of the 
membrane antioxidant, vitamin E, in the targeted cells, suggesting that 
lipid peroxidation may play a key role in mediating these bystander 
effects. Confirming Chakraborty’s suggestions, we replaced Vitamin 
E with OA and our results in Figure 3 have shown that, antioxidant 
properties of OA prevented oxidative stress induced lipid peroxidation 
in bystander cells exposed to ICCM. Confirming previous electron 
paramagnetic resonance (EPR) spectrometry studies regarding 
protective action of oleic acid against iron-induced oxidant stress, 
the incubation of endothelial cells with 5-20µM oleic acid decreased 
oxidative stress. Likewise, when U937 monocytes treated with 
docosahexaenoic acid (DHA) were exposed subsequently to 20µM 
oleic acid showed a 35-45% decrease in radical adduct formation 
also occurred, whereas incubation with polyunsaturated fatty acids 
such as linoleic acid increased lipid peroxidation.28 Mitochondria are 
the major source of ROS, since it has been estimated that 1±2% of 
consumed oxygen is converted into the superoxide anion (O2

−), mainly 
generated at complexes I and III of the electron transport chain. O2

− 

is converted into H2O2 by the mitochondrial SOD.29 Pandey BN and 
his colleagues (2011) have investigated the effect of ICCM, obtained 
from human promyelocytic leukemic cells (HL-60) γ-irradiated either 
with low-dose (5cGy) or high-dose radiation (1Gy) on unirradiated 
HL-60 and normal human blood lymphocytes showing alterations in 
mitochondrial membrane potential. Likewise, similar observations 
were seen in our confocal results Fugure 4 showing a decrease 
or loss in fluorescence intensity in ICCM treated cells indicating 
mitochondrial damage. Interestingly, there was no change in the 
fluorescence intensity of OA pretreated with ICCM which was as 
bright as the control group flourescence suggesting that OA was 
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responsible for the prevention and preservation of mitochondria 
from oxidative stress. Similar work done by Duval C et al.,30 and 
coworkers have shown that OA could counterbalance mitochondrial 
ROS generation elicited by antimycin A,31 in human ECV-304 cells, 
and that this antioxidant effect resulted from an epidermal growth 
factor receptor (EGFR) mediated glutathione peroxidase enzyme 
activation and subsequent ROS degradation. Our results have shown 
a correlation between antioxidant activities of OA and clonogenic 
survival that resulted in an increase in the number of colonies due to 
degradation of intracellular ROS generation via ICCM. 

Conclusion
Present results have allowed us to conclude that oleic acid 

protected normal cells against oxidative stress mediated cytotoxicity 
from low dose γ radiation induced bystander factors in normal 
human keratinocytes, HaCat. It seems that ROS were involved in the 
mechanism of bystander effect which was significantly suppressed 
when OA was present. Role of mitochondrial membrane potential 
was found in the mechanism of bystander effect. Our results suggest 
that oleic acid supplementation in diet or as neutraceuticals may 
help protect normal cells and tissues of cancer patients undergoing 
radiotherapy, victims of radiation accidents and astronauts receiving 
low dose radiation in space.  
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