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Abstract
Ellagic acid (EA) is a polyphenol found in grapes, pomegranates, walnuts, etc. exhibits anticancer properties. The current study was conducted to understand the radiosensitizing role
of EA on HeLa cells. Monotherapy of EA and radiation was initially studied on HeLa cells. The
addition of EA before the radiation treatment subsequently made DNA more susceptible to
damage thereby developing DNA beaks, which are known to be lethal for cell survival. This
was evaluated by performing comet and γ-foci formation assay. Other assays which included
cell-cycle distribution, clonogenic cell survival assay, mitochondrial membrane drop, and
apoptosis were performed to evaluate the effect of EA with radiation. Our results
demonstrate that, when cells were exposed to the combinatorial treatment of EA (10µM)
and 2Gy of γ-radiation there was augmented cell death, lesser cell-proliferation, reduction in
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the colony-forming ability, increased DNA tail length, more number of γ-foci persisting even
after 24h, enhanced apoptosis, augmented drop in the mitochondrial membrane potential
and a G1 cell-cycle arrest. These results suggest that EA exhibits not only anti-cancer
properties in terms of cell-death but also exhibits a radiosensitizing effect when given in
combination with γ-radiation. Thus, it can be concluded that EA not only exhibits anticancer
effects but also has potential in radiosensitizing HeLa cells.
Keywords
Ellagic acid; radiotherapy; HeLa; G1 arrest; γ-foci formation

1. Introduction
Although, cervical cancer exhibits a declining trend it remains a leading health issue for Indian
women [1]. Because of its great benefits radiotherapy remains the default choice of treatment for
advanced-stage cervical cancer patients. Nevertheless, clinicians face a major challenge of local
recurrence and radio-resistance in the course of treatment [2]. Acquiring tumor radio-resistance
can be attributed to the hypoxia in the microenvironment of the tumor [3, 4] and repair of the
damaged DNA in cancer cells [5]. Higher radiation dose can lead to several severe side effects
whereas a low dose may not be able to exert sufficient toxic effects on the tumor cells. Reducing
the radiation dose and increasing the radio-sensitivity are logical strategies in gaining improved
patient survival. In recent decades, a great deal of knowledge has been acquired on radiationinduced apoptosis paving the way in manipulating and controlling the cancer radio-response
which will subsequently promote in achieving better clinical outcomes [6]. Since the efficacy of
radiotherapy primarily depends on radiosensitivity, we strategized to use a herbal compound that
would not only act as an anticancer-radiosensitizing agent at low concentrations but also reduce
the severe side effects caused during the patient treatment [6]. Such compounds are known to
enhance the radiation-associated tumor cell killing [7-13]. Recent studies have shown differential
mechanisms of various polyphenols that prevent the incidence and development of cancer [14,
15]. Ellagic acid is one such polyphenol known for its anticancer activity in various cell lines which
includes prostate, breast, colorectal, skin, osteogenic sarcoma, cervical, etc. [4-6]. It naturally
occurs as phenol in grapes, pomegranates, nuts, black currents, strawberries, pecans, green tea
raspberries, and walnuts [8, 9, 16-18]. Our previous lab studies on EA have shown it to be a potent
anti-cancer and an antioxidant agent [8, 19, 20]. Seeram NP et al. reported the detection of EA in
human plasma at the highest concentration of 31.9 ng/ml after 1h post- ingestion, however, it was
speedily eliminated within 4h [21, 22]. Hence to overcome these limitations, diverse schemes for
oral administration have been suggested which include, self-emulsifying systems, inclusion
complexes, solid dispersions, polymorphs, and micro and nanoparticles [23]. In the current study,
our focus was to understand the effect of EA and 2Gy irradiation on DNA damage and its repair
kinetics, which was investigated by comet and gamma-foci formation respectively, cell cycle
distribution and apoptosis by propidium iodide incorporation, reproductive cell death by
clonogenic assay and drop in the mitocohondrial membrane potential by Mitotracker.
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2. Experimental
2.1 HeLa Cell Culture, EA Treatment, and Cell Irradiation.
The human cervical cell line HeLa was acquired from National Center for Cell Sciences, Pune,
India. The cells were grown in DMEM (Gibco Co. USA) supplemented with fœtal bovine serum (FBS)
10%, 100 units/ml penicillin, and 200μg/ml streptomycin (Gibco Co. USA). EA (E-2250) was
procured from Sigma. To prepare the stock solution, EA (1, 10, 100µM) was dissolved in DMSO and
stored at 4°C. Freshly prepared dilutions in media with FBS were used for all experiments. HeLa
cells were incubated in a humidified atmosphere at 37°C in a 5% CO2 environment. Radiation
Co

treatment on HeLa cells was performed at RT using 60 γ-rays at a dose rate of 1Gy/ min
(Bhabhatron-II, Panacea Technologies, and Bangalore, India). For combination treatments, EA was
added to the growing HeLa cultures 2-3h before irradiation.
2.2 Cell Viability by Trypan Blue
To determine the number of viable cells after the treatment of EA and radiation alone or in
combination the trypan blue assay was performed. The intact membrane of live cells excludes this
dye exhibiting a clear cytoplasm whereas the dead cells take up the dye exhibiting blue color. HeLa
cells were initially treated with 1, 10, 100 µM of EA. Cells were also given a monotherapy of 0, 2, 4,
6 Gy of radiation dose. The cell death was studied for EA and radiation doses as a single treatment.
Later a combination treatment of 10µM EA and 2Gy was imparted to the cells. 2-3h before the
radiation treatment HeLa cells were treated with 10 µM of EA. All the treatments were given for
24, 48, or 72h at normal culture conditions. Cell death was characterized by 0.04 % w/v trypan
blue. To understand the cell morphology and apoptotic cells phase-contrast images were taken at
48h.
2.3 Immunohistochemistry Studies for DSB
To evaluate the effects of combined treatment of EA and 2Gy on the number of DSBs, γ-foci
formations were studied. Cells were seeded on a coverslip with a cell density of 3x105. The
coverslips were placed in a culture plate 2-3h later when the HeLa cells were attached to the
coverslip. Media supplemented with FBS was added to the culture plates. The following day, cells
were treated with 10µM EA and or 2Gy irradiation. Cells were then fixed at various time points
(5mins, 15mins, 3h, and 24h) with 2% paraformaldehyde (PFA) to study the DNA repair kinetics.
Cells were permeabilized with Igepal and washed with PBS. A primary mouse monoclonal anti-γH2AX antibody was used to stain the foci. After the PBS wash, cells were stained with a secondary
antibody which was a goat- antimouse-Cy3 antibody. Antifade mounting media containing DAPI
was used to counter-stain the nuclei. Coverslips were placed upside down to score the foci under
the confocal microscope (510META, Carl Zeiss, Germany) with a 63X objective. 200 cells per
dose/time point were scored to calculate the average number of foci per cell.
2.4 Clonogenic Assay for Reproductive Potential
Cell survival was studied on HeLa cells after the treatment of the combination of EA and 2Gy
irradiation for 48h and 72h. Clonogenic assay was performed as described by Franken et al. [24].
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Initially cells were seeded in 6 well plates and placed in an incubator with 5% CO2 and 37°C. The
cells were then treated with 10µM EA and or radiation (0-6Gy). Culture media was replaced after
48 and 72h. HeLa cells were allowed to grow until adequate-sized colonies grew up to 12-14 days.
Cells were then stained with 0.5% crystal violet. Number of colonies formed per plate was noted
down to assess the surviving fraction.
2.5 Comet Assay for DNA Damage
Single-cell DNA damage can be studied by the comet assay. Different treatments can lead to
DNA damage. After cell permeabilization, thenegatively charged damaged and fragmented DNA
migrates to the anode when electrophoresed for 30 mins. The longer tail formation is associated
with a longer comet formed i.e. more is the damage of DNA. Intact DNA does not migrate. The
comet assay was performed as described by Olive and colleagues [25]. Slides were initially coated
with 1% low-grade melting agarose. Later cells exposed to various treatments were pelleted and
homogenized with 0.5% low melting agarose and pipetted on top of the pre-coated agarose slides.
The slides were exposed to chilled alkaline lysis buffer for 1h. The slides were electrophoresed at
30V for 20 mins. Finally, the slides were stained with propidium iodide and scored under the
fluorescence microscope (Leica).
2.6 Cell Cycle Analysis and Apoptosis by PI Flow Cytometric Assay
Cancer treatments are usually designed to push cancer cells to undergo apoptosis. In some
cases, the cells are also arrested in a particular phase of the cell cycle before undergoing apoptosis.
Apoptotic cells are characterized by a change in the shape of the nuclei and DNA fragmentation
that consequently leads to loss of DNA from the nucleus. PI is a DNA binding fluorochrome that
allows a precise evaluation of cellular DNA content by flow cytometric analysis [26]. In our
6
experiments, 1 x 10 cells were treated with radiation, EA alone, or in combination for 48h. HeLa
cells were washed with PBS, centrifuged, and re-suspended in 300µl of PBS. Fixation was done
with chilled 70% ethanol. Cells were then incubated with 1 mg/ml RNase for 1h at 37°C after the
PBS wash. Propidium iodide (PI) (50 µg/ml) was used to stain the DNA content. FACS was
performed using the Partec Cyflow cytometer.
2.7 Mitochondrial Membrane Potential (Δψm) Drop by Mitotracker
As mitochondria are associated with the cell’s capability to produce ATP for cellular processes
by oxidative phosphorylation; it is one of the major indicators of cell health. Certain dyes are
lipophilic cationic and have the potential to accumulate in the matrix space of the mitochondria in
an inverse proportion to the Δψm in a Nernstian fashion [27-29]. More the negative Δψm (more
polarized) more will be the accumulation of the dye. To understand the effect on the
5
mitochondrial potential of HeLa cells, 3x10 cells were grown on a sterile coverslip and then
treated with EA and or 2Gy radiation. 48h later cells were fixed for 20 mins with 4%
paraformaldehyde. They were then treated for 20 min with media containing 40 nM of MitoFlour.
Normal culture conditions were maintained during this incubation process. After a wash with a
warm medium, the cells were mounted with an anti-fade mounting medium with DAPI for
counterstaining. Images were procured by Carl Zeiss Confocal Microscope with a 63Xobjective.
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2.8 Statistics
All represented in vitro data have been performed at least three times, represented with ±
standard error of the mean. Prism Graphpad version 7 was used to analyze cell survival and
apoptosis, using statistical software using a non-parametric student’s t-test. Data is represented as
a mean + SD from 4 independent experiments and is statistically significant at p<0.05 as compared
to control (* p≤0.05, ** p≤0.01, *** p≤0.001, and **** p≤0.0001).
3. Results
3.1 EA Sensitizes HeLa Cells to γ-Radiation
To explore the drug sensitivity of HeLa cells were treated with different doses of EA (1, 10 and
100 µM) and the (%) cell death as observed in Figure 1A, left panel as observed using the trypan
blue assay. It was observed that 10µM of EA could kill cells effectively. Also, the best results were
obtained when HeLa cells were treated with EA for 48h. Also when HeLa cells were treated with
radiation doses (0-6Gy) and a dose-dependent increase in the cell death was observed (Figure 1A,
right panel). For all further experiments, 2Gy was selected as a dose for its clinical relevance. To
understand if the HeLa cells get radiosensitized by EA, they were exposed to combinatorial
therapy of EA and 2Gyradiation.
Figure 1B exhibits the cell death (%) for treatment of EA for 3-time points (24, 48, and 72h).
Significant cell death was observed in HeLa cells at 48h when treated with EA 10µM and 100µM.
Also, 2Gy γ-radiation treatment exhibits a significant amount of cell death. Although 4Gy and 6Gy
exhibits more cell-killing than 2Gy, in consideration of clinical relevance, 2Gy was selected for
further experimentations. Besides, the percentage of cell death in HeLa cells that underwent the
dual treatment of EA and 2Gy significantly enhanced when compared to the treatments in
standalone cases. Figure 1C depicts the colony-forming ability of HeLa cells after treatments of IR
alone or in combination if IR and EA (10µM). This can be deduced in the survival curve in the graph
of Figure 1C. The combined treatment of EA and 2Gy radiation exhibited steeper curves than the
curve of the radiation treatment alone. EA has significantly (p<0.05) been able to sensitize cells to
irradiation.
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Figure1 Enhanced radiation induced cytotoxicity in HeLa cells by ellagic acid.(A) Cell
death (%) of HeLa cells after individual treatment of EA and ionizing radiation at
various EA concentrations and radiation doses. Phase contract images included. (B)
Cell death of HeLa cells after irradiation and EA treatment alone or in combination at
24, 48 and 72h time-point as deduced by trypan blue assay. Phase contract images
included. (C) Histogram and pictorial representation of cell surviving fraction of HeLa
cells after EA (10 µM) treatment in combination with 2 Gy radiation as deduced by cell
survival assay. Data is represented as a mean + SD from 4 independent experiments
and is statistically significant at p≤0.05 as compared to control (**** p≤0.0001).
3.2 EA Enhances Radiation-Induced DNA Damage
Comet assay was performed to evaluate whether HeLa cells have increased DNA damage after
the combined treatment of EA and γ-radiation, to test if EA directly induced DNA damage (Figure
2). Figure 2A represents comets of treated HeLa cells. Irradiation with 2Gy increased the tail length,
and a significantly longer tail length (p<0.05) was observed in the EA + 2Gy treatment.
Interestingly, EA treatment alone did not exhibit a significant tail length (scale bar 10 µm). The
radiation dose of 2Gy induced more significant damage in HeLa cells than that of EA treatment
when compared to control. However, a prominent and statistically significant (p = 0.0001) DNA
damage was seen in the group which was treated with EA + 2Gy.
More than 100 cells were quantified per treatment and are represented in the histogram. A
study was performed to understand DNA repair kinetics. In Figure 2B nuclei were stained to study
the γ-H2AX foci formation which is a marker of DSB DNA damage. The nuclei are stained blue and
the γ-foci are stained red. Each red dot denotes a DSB. HeLa cells exhibited a clear increase in γPage 6/12
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foci after the combined treatment of EA and 2Gy than the treatment individually. After EA only a
minor increase in foci was found. The histogram in Figure 2B clearly shows the highest number of
foci been seen at the 15 min time point which reduced in the 3h and 24h.

Figure 2 EA mediated augmented radiation induced cytotoxicity exhibiting higher DNA
damage in form of comet tails with scale bar 10 µm. EA + 2Gy showed significantly
(p<0.001) more DNA damage than the other treatment groups (A) and gamma foci (B)
formation after the EA and radiation treatments alone or in combination. Data is
represented as a mean + SD from 4 independent experiments and is statistically
significant at p≤0.05.
3.3 EA Influences the Cell Cycle Distribution and Apoptosis in γ-Irradiated HeLa Cells
Post 48h, cell cycle distribution was studied (Figure 3A) in HeLa cells treated with EA, 2Gy, and
EA + 2Gy. In control cells, a high percentage of cells were observed in the G2 phase of the cell
cycle than the G1 phase. Amongst the single treatments of EA and 2Gy radiation, high G1 arrest
was seen in the cells treated with 2Gy. But enhanced effects were seen in cells that received the
dual treatment of EA and 2Gy. HeLa cells exhibited a significant (p<0.0001) arrest in the G1 phase
of the cellcycle.
Apoptosis was also measured 48h after the treatments of EA and 2Gy alone or in combination
by flow cytometry. In Figure 3A HeLa cells exhibited augmented apoptosis in the combinatorial
treatment as compared to control and individual treatments of EA and 2Gy. In the monotherapy
with EA, only a minor increase in apoptosis was seen which was a bit higher in 2Gy. The same can
be seen in Figure 3B, the right panel where the cells undergoing apoptosis are marked with red
arrows.
Figure 3C, left panel exhibits the drop in the mitochondrial potential of HeLa cells after EA and
2Gy irradiation treatment alone or in combination. A heightened drop in the mitochondrial
potential was observed in HeLa cells that underwent the dual treatment of EA and 2Gy radiation
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than the mono treatment of EA or 2Gy. It can be correlated with the diffusion of mitotracker dye
as seem to be heightened in EA + 2Gy as compared to the mono- treatment of EA or 2Gy.

Figure 3 Radiation induced cytotoxicity enhanced by EA through the mitochondria
pathway of apoptosis.(A) exhibits the cell cycle distribution and apoptosis after the
cells were treated with EA and radiation alone or in combination. The G1 population in
the treatment groups showed a significant (p<0.0001) arrest in the G1 phase as
compared to the control group. Also, apoptosis is significantly higher in EA, 2Gy and EA
+ 2 Gy than that compared to control (B) Drop in mitochondrial membrane potential
after HeLa cells were treated with EA and 2Gy alone or in combination. (C)
Morphological view of cells undergoing apoptosis (red arrow) and diffusion of
mitotracker from the treated cells leading to a drop in the membrane potential of
mitochondria. Data is represented as a mean + SD from 4 independent experiments
and is statistically significant at p≤0.05 as compared to control (* p≤0.05, ** p≤0.01,
*** p≤0.001 and **** p≤0.0001).
4. Discussion
Although conventional therapies like radio- and chemotherapy are used in cancer treatment for
decades, the limitation of abating the recurrence and radio-resistance remains a big challenge.
Researchers are therefore studying the adjuvants, which can, not only increase the toxicity to
tumor cells but also simultaneously impart radiosensitivity. Imparting radiotherapy often makes
these tumor cells radio-resistant. A radiosensitive tumor is easier to cure than a radio-resistant
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tumor, which subsequently leads to metastasis and local recurrence. It is, therefore, necessary to
understand that radio- sensitivity of tumors plays a critical role in determining the therapeutic
efficacy of radiotherapy. EA is one such adjuvant [8, 9, 11, 30] which has been showing potential in
anticancer studies (Figure 1). EA when used in combination with radiation, DNA integrity was
salvaged at a higher rate than the treatment of EA and or radiation alone. EA alone did not show
much damage to DNA. 10 µM of EA assisted in reducing the cell survival with radiation in
combination and induced HeLa cells radiosensitization. This proves that EA has the potential of
inducing radiosensitization in HeLa cells. To support this we performed various assays.
It is a known fact that γ-irradiation causes DNA double-strand breaks where DNA repair
proteins tend to accumulate. DNA damage was studied by the comet assay and the γ-H2AX foci
formation. It was seen the EA when combined with ionizing radiation showed maximum DNA
damage in form of the highest tail length as indicated in Figure 2A. This interestingly co-related
with the maximum γ-H2AX formation in the cells, which underwent the dual treatment. The peak
of H2AX phosphorylation was observed at 15 minutes after radiation exposure. Although the
number of foci is reduced (Figure 2B) after 24h they were still significantly high for the cells to
survive. This suggests that cancer cells attempted to repair the DNA damage but not all the
damage could be repaired. Although some of the foci or the DNA damage was repaired, a large
number of foci were still persistent indicating the difficulty of cell survival due to genomic
instability, which will subsequently, makes cells undergo apoptosis. Our results suggest the HeLa
cells when exposed to γ-irradiation lose their reproductive potential or colony-forming ability and
exhibit the incompetency to undergo proliferation when combined with EA. This subsequently
enabled the HeLa cell sensitization and prompted cell reproductive death (Figure 1C). These cells
could not regain their reproductive potential even after the supplementation of fresh media. This
indicates that even at 2Gy treatment, a low dose as 10µM EA can radiosensitize HeLa cells.
Consequently, this stimulates the checkpoint proteins arresting the advancement of the cell
cycle. Due to enhanced DNA damage in HeLa cells and compromised DNA damage repair and a
prolonged checkpoint arrest induced by EA, the cells were eventually arrested in the G1 phase of
the cell cycle. The combinatorial effects of EA and ionizing radiation were more pronounced. A
heightened G1 arrest was seen compared to monotherapies of EA and 2Gy ionizing radiation and
lead to apoptosis (Figure3A).
In cancer, one of the evident organelle dysfunction is observed in the mitochondria. The
mitochondrial membrane potential is an indicator of the health of the cell. Drop in the
mitochondrial potential is always associated with cells that would be pushed to apoptosis. There
was a significant decrease in the MMP of HeLa cells that were sensitized to EA before being
exposed to γ-irradiation. The commencement of apoptosis, alterations in MMP that lead to
cytochrome c release, and therefore a diffused green fluorescence was observed indicating the
loss of MMP. More the diffusion more is the loss of the mitochondrial membrane potential as can
be seen in. Also, the changes in the nuclei shape are associated with cells being pushed to
apoptosis. Some of the associated apoptotic alterations include the convolution of nuclei (Figure
3B), chromatin condensation, externalization of phosphatidylserine, DNA laddering, cell shrinkage,
etc. It can be concluded that a clinically relevant 2Gy radiation dose, when combined with a
concentration as low as 10µM of EA, has the potential to enhance the radiation effect in HeLa cells
by radiosensitizing the cells. This is indicated by inhibiting cell proliferation, arresting the cells in
the G1 phase, and inducing apoptosis through the mitochondrial-dependent apoptosis pathway.
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