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ABSTRACT

AIM: The present study was focused at evaluating the potential of rutin to improve the radiotherapeutic index
and thereby the cytotoxicity towards colon cancer cells.

MATERIALS AND METHODS: HT-29 cells were pre-treated with rutin and the effect on cell proliferation was
determined by MTT assay followed by exposure to radiation. After irradiation, experimental groups were sham
control, rutin alone, radiation alone, rutin along with radiation-treated HT-29 cells.

RESULTS: Cytotoxicity study illustrated that treatment of HT-29 cells with different concentrations of rutin re-
duced cell proliferation in a dose- and time-dependent manner. After irradiation, the HT-29 cells revealed that
the combined effect of 4 Gy radiation and rutin at 80 uM concentration showed a decrease in cell viability as
compared to rutin-alone treated and 4 Gy-alone irradiated HT-29 cells. Furthermore, the increase in apoptotic
cells, change from normal nuclei to abnormal nuclei, alterations in mitochondrial membrane potential, increase
in DNA damage, increase in levels of lipid peroxidative markers, and decrease in antioxidant status were ob-
served in 4 Gy- and rutin-treated group as compared to the other treated groups.

CONCLUSIONS: Combined effect of rutin and radiation in HT-29 cells leads to a more pronounced cell death
rate. Thus, rutin exhibits radiosensitizing effects on HT-29 cells (Tab. 4, Fig. 8, Ref. 42). Text in PDF www.elis.sk.
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Introduction

Colorectal cancer (CRC) is one of the leading causes of cancer
lethality. The frequency of colon cancer varies around the world.
Worldwide it accounts for approximately 1 million new cancers and
1.5 million deaths, equating with 10 % of all cancer deaths annually
(1). Cell lines derived from tumours and tissues comprise the most
frequently used living systems in modern biomedical research. HT-
29 cell line is a colon cancer cell line, tumourigenic in nature, isolat-
ed from the tumour of a 44-year-old Caucasian woman with colon
adenocarcinoma. All cancer cells hold mutation in combinations of
tumour suppressors and oncogenes. Mutation in pS3 gene is one
of the most common genetic changes in cancer cells. Such cancer
cells can implement various mechanisms to overrule apoptosis (2).

Apoptosis is a significant mode of cell death subsequent to
treatment with cytotoxic drugs or radiation in a variety of tumour

"Department of Biochemistry and Biotechnology, Faculty of Science,
Annamalai University, Annamalainagar, Tamilnadu, India, and *Medical
Physics Division, Dr. Kamakshi Memorial Hospital, No: 1, Radial Road,
Pallikaranai, Chennai, Tamil Nadu, India

Address for correspondence: Dr. N. Nalini, Department of Biochemis-
try and Biotechnology, Annamalai University, Annamalainagar-608002,
Tamilnadu, India.

Phoe: +91.4144.239141, Fax: +91.4144.238343

Acknowledgement: The authors gratefully acknowledge Dr. Kamakshi
Memorial hospital, Chennai, Tamil Nadu, India for providing the radiation
facilities necessary to carry out our research work.

types and may possibly play a considerable role in drug and radia-
tion enhancement (3). Mitochondrial membrane potential (A¥m) is
the main factor that determines cell survival and apoptosis. A¥m
is critical for maintaining the physiological function of the respi-
ratory chain to generate ATP. A significant loss of AYm depletes
cellular energy which subsequently leads to their death. Reactive
oxygen species (ROS) are important signalling molecules, but their
accumulation in pathological conditions leads to oxidative stress.
ROS can cause DNA damage (4), and reactive nitrogen species
(RNS) such as peroxynitrite also cause DNA damage. An excess
in ROS production can deregulate the equilibrium and cause lipid
peroxidation and protein oxidation. To prevent oxidative stress,
neutralization of excessive ROS is accomplished by antioxidant
enzymes to detoxify free radicals. Depending on the factors such
as metal-reducing potential, pH, solubility characteristics, and
chelating behaviour, the plant-derived antioxidant polyphenols
can possess both prooxidative and antioxidative properties (5).

Rutin is one of the flavonoids abundant in many plants, fruits,
and vegetables. The richest source of rutin is buckwheat, citrus
fruits (orange, grapefruit, lemon, lime) and berries (mulberry, ash
tree fruits, and cranberries). It comprises many pharmacological
properties like anticarcinogenic (6), antiinflammatory (7), anti-
proliferative (8), antihypercholesterolemic (9), cytoprotective,
vasoprotective, hepatoprotective (10) and neuroprotective (11)
effects. Rutin can scavenge free radicals and inhibit superoxide
radical production, as well as enhance the activities of antioxidant
enzymes (12).
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Cancer treatment involving radiotherapy and usage of high
doses of therapeutic agents might sometimes lead to non-particular
toxicities and even create radiation resistance and drug resistance.
To enhance the therapeutic index of radiotherapy, the research is
focused on chemotherapeutic agents to increase the efficacy of
radiotherapy (13). Such ideal strategy of combining anticancer
agents with radiation preferentially leads to more cell deaths when
compared to individual radiotherapy and chemotherapy regimens.
Radiosensitization is a technique which involves the combination
of chemotherapeutic agents and irradiation that are capable of kill-
ing cancer cells without affecting the normal cells. A number of
chemotherapeutic agents possessing radiosensitizing potential are
shown to be effective against many cancer cells. Radiosensitizing
agents can enhance sensitivity of cancer cells (14). To be clinically
efficient, a radiosensitizing agent should possess the capacity to
affect the tumour cells but not the normal cells (15). Nowadays
this mode of therapy has been improving the efficiency of cancer
treatment, and thereby decreasing the side effects. Thus our pres-
ent study is intended to investigate the effect of rutin, a potential
chemotherapeutic agent in combination with radiation on the pro-
liferation of HT-29 colon cancer cells.

Materials and methods

Chemicals

3-(4,5-dimethyl thiazol-2yl)-2, 5-diphenyl tetrazolium bro-
mide (MTT), trypsin EDTA, phenazinemethosulphate (PMS),
nitrobluetetrazolium (NBT), 5,5-dithiobis 2-nitro benzoic acid
(DTNB), reduced glutathione (GSH), reduced nicotinamide ad-
enine dinucleotide (NADH), reduced nicotinamide adenine di-
nucleotide phosphate (NADPH), low melting agarose and normal
melting agarose were obtained from Himedia Lab Limited, Mum-
bai. Rutin, ethidium bromide (EtBr), rhodamine123 and Hoechst
33258 were obtained from Sigma Aldrich Chemicals Co, USA.
All other chemicals utilized in our study were of analytical grade
and obtained from SD Fine Chemicals Limited, India.

Culture medium
RPMI 1640 medium with glutamine and without sodium bi-
carbonate was obtained from Sigma Aldrich Chemicals Co, USA.

Cancer cell lines
The colon cancer cell line (HT-29) used in the present study was
procured from National Centre for Cell Science (NCCS), Pune, India.

Maintenance of cells

HT-29 cells were grown as a monolayer in RPMI 1640 me-
dium with 10 % FBS and 2 % antibiotics. Stock cultures were
sub-cultured every 7th day after harvesting the cells with trypsin
EDTA and then seeding them in tissue culture flask to maintain
the exponential phase.

Rutin preparation

Cultured HT-29 cells were treated with different concentra-
tions of rutin ranging from 10-100 pM dissolved in 0.5 % dimethyl
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sulphoxide (DMSO) for 24 h while for each concentration six rep-
licates were processed (n = 6).

Cytotoxicity assay

The 50 % inhibitory concentration of rutin was determined by
MTT assay (16). HT-29 cells were grown in 96-well microtitre
plate (5x10%cells/well) for 24 h after seeding. The plates were in-
cubated with rutin at different concentrations (10 uM to 100 uM)
for 24 h, 48 h, and 72 h, respectively (tetraplicates for each con-
centration). The medium was refreshed and 20 ul of MTT solution
(5 mg/ml) was added. Then plates were incubated for 3 h in the
dark. The developed formazan crystals were solubilized in 100 pl
of DMSO. The developed colour was measured using an ELISA
reader (Bio Rad, USA) at wavelength of 570 nm with reference
wavelength of 630 nm. MTT results were analyzed by graphical
method, such that the graph of absorbance against the concentra-
tion of rutin was plotted and IC, concentration was determined.
To normalize the series of curves, the data were then converted
to percentage inhibition curve.

Irradiation protocol

HT-29 cells from each group were grown in T, tissue culture
flask and then exposed to a dose of 4 Gray (Gy) radiation (17) at
Dr. Kamakshi Memorial Hospital, Chennai, India.

Experimental groups

To elucidate the radiosensitizing effects of rutin, HT-29 cells
were treated with rutin (80 pM) for 24 h and then post-irradiated
with 4 Gy of X-ray radiation. The following were the experimental
groups, which are represented as

Group 1: Sham control,

Group 2: Rutin-treated (80 uM),

Group 3: irradiated (4 Gy)

Group 4: Rutin-treated (80 uM) + irradiated (4 Gy) HT-29
cancer cells.

Cell morphology assessment

Cellular morphology induced by treatment of HT-29 cells with
rutin and 4 Gy radiation was determined on staining with acridine
orange and ethidium bromide (AO/EtBr) by the method of Spector
etal (18). HT-29 cells were grown in 6-well plates (5x103cells/well)
for 24 h. The cells were then incubated with IC, dose of rutin and
4 Gy radiation for 24 h. After incubation, the cells were washed
with phosphate-buffered saline. Then the cells were subjected to
trypsinization and stained with AO/EtBr and viewed under a fluo-
rescent microscope (Carl Zeiss, Jena, Germany) with excitation
wavelength of 502 nm and emission wavelength of 526 nm. The
number of cells revealing characteristics of live cells, apoptosis,
and necrosis were counted manually.

Nuclear morphology assessment

Nuclear morphology was assessed to identify the nature of
HT-29 cells changing from normal nuclei to abnormal nuclei.
HT-29 cells were grown in 6-well plates (5x103cells/well) for 24
h. The cells were then incubated with the IC, dose of rutin and
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exposed to 4 Gy radiation for 24 h. After incubation, the cells were
washed with phosphate-buffered saline. The cells were then tryp-
sinized and placed on a glass slide, stained with Hoechst 33258,
and viewed under a fluorescent microscope (Carl Zeiss, Jena,
Germany) with excitation wavelength of 350 nm and emission
wavelength of 460nm.

Measurement of mitochondrial transmembrane potential (A'¥'m)

HT-29 cells placed in 6-well plates were treated for 24 h with
IC,, concentration of rutin and 4 Gy radiation. The cells were
stained with Rhodamine 123 dye after 12-h exposure. The mito-
chondrial depolarization patterns of the cells were observed un-
der a fluorescent microscope (Carl Zeiss, Jena, Germany) fitted
with a 377-355 nm filter at 400X magnification, and the number
of cells showing dark green fluorescence and diminished green
fluorescence were counted.

Estimation of DNA damage

DNA damage was estimated by alkaline single-cell gel elec-
trophoresis (comet assay) according to the method of Singh et al
(19). A volume of 200 pl of 1 % normal agarose in PBS at 65 °C
was layered gently on to a fully frosted microscopic slide, cov-
ered with cover slip, and placed over a frozen ice pack for about
5 min. The cover slip was removed after the gel had been set. The
cell suspension from one fraction to be analyzed was mixed with
1 % low melting agarose at 37 °C in 1 : 3 ratio. A volume of 100
ul of this mixture was applied on top of the gel, coated over the
slide, and allowed to set. A third coating with 100 pl of 1 % low
melting agarose was applied on the gel containing the cell suspen-
sion and was allowed to set. After solidification of the agarose, the
cover slips were removed and the slides were immersed in ice-cold
lysis solution and placed in a refrigerator at 4 °C for 16 h. After
removing slides from lysis solution, the slides were allowed to
stand in the electrophoresis buffer for about 20 min, after which
electrophoresis was carried out for 15 min. After electrophoresis,
the slides were removed, washed thrice in the neutralization buf-
fer, and gently dabbed dry. A few drops of the working solution
of EtBr were added on to the gel and the slide was covered with
a cover slip. The stained DNA in the cells was examined using a
fluorescent microscope.

Fig. 1. Chemical structure of rutin (C,H, O, ).

Tab. 1. 50 % inhibitory concentration of rutin on HT-29 cells.

HT-29 cells (IC,) 24h 48 h 72h
Rutin (M) 80314345  64.87 4541  52.95t4.57

Data are presented as means + SD of six sets of experiment in each group. Values
not sharing a common superscript letter (*©) differ significantly at p <0.05 (DMRT).
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Fig. 2. Effect of rutin on the proliferation of HT-29 cells evaluated by
MTT assay. Different concentrations of rutin (10—-100 pM) were used
and studied at 24 h, 48 h, and 72 h. The IC, value of rutin inhibits the
proliferation of HT-29 cells in a time-dependent manner.

Fig. 3. Morphological changes in HT-29 cells after rutin-alone, and
radiation-alone treatments and in combination (light microscopy);
(a) sham control cells, (b) cells treated with rutin (80 pM), (c) cells
treated with 4 Gy radiation, (d) cells treated with both rutin and 4
Gy radiation.

Assessment of lipid peroxidation

HT-29 cells were seeded in a T_ flask. After reaching 90 %
confluence, cells were treated with IC, | concentration of rutin for
24 h and 4 Gy radiation at a dose of 1.6 Gy/min. The cells were
harvested by trypsinization and washed with PBS. The cells were
suspended in 130 mM KCIl plus 50 mM PBS containing 10 uM
dithiothreitol and centrifuged at 20,000xg for 15 min (4 °C). The
supernatant was collected and used for biochemical estimations.
The concentration of TBARS in the cell lysate was determined
by the method of Niehaus and Samuelson (20). Similarly, the
concentration of PCC in the cell lysate was also analyzed by the
method of Levine et al (21).
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Assessment of antioxidant status

The activity of superoxide dismutase (SOD; EC 1.15.1.1) in
the cell lysate was determined by the method of Kakkar et al (22),
the activity of catalase (CAT; EC 1.11.1.6) by the method of Sinha
(23), and the activity of glutathione peroxidase (GPx; EC 1.11.1.9)
by the method of Rotruck et al (24), respectively.

Statistical analysis

All the data obtained were analysed by one-way analysis of
variance (ANOVA) followed by Duncan’s multiple range test
(DMRT) using a commercially available statistics software pack-
age (SPSS for windows, version 17.0, Chicago, USA). Results
were presented as means + SD; p < 0.05 were regarded as statis-
tically significant.

Results

Effect of rutin and radiation on cell cytotoxicity

The cytotoxic effects of rutin were examined on cultured HT-
29 cells by exposing the cells to concentrations ranging from 10
100 uM for 24 h, 48 h, and 72 h. The reduced formazon was dis-
solved in DMSO and the absorbance was read in a 96-well plate
microtitre reader. The graphs were plotted as percentage inhibition
against the concentration of the test compound. The IC, value of
rutin on HT-29 cells is shown in Table 1 and Figure 2. Rutin in-
duces cell death in a dose- and duration-dependent manner. Mor-
phological changes in HT-29 cells treated and untreated with rutin
and 4-Gy radiation are shown in Figure 3.

Effect of rutin and radiation on cell morphology

Cells treated with IC,  concentration of rutin for 24 h and
exposed to 4 Gy radiation were stained with AO/EtBr. AO/EtBr
staining of cells treated with both rutin and 4 Gy radiation showed
a higher percentage of cell death, whereas AO/EtBr staining of cells

Fig. 4a. Effect of rutin-alone and radiation-alone treatments or in
combination on HT-29 cells (AO/EtBr dual staining); (a) sham con-
trol cells, (b) cells treated with rutin (80 pM), (c) cells treated with
4 Gy radiation, (d) cells treated with both rutin and 4 Gy radiation.
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treated with rutin alone and 4 Gy radiation alone showed a lower
percentage of cell death (Fig. 4a). Quantitative data revealed that
rutin alone at 80 uM concentration exhibits death in 30 % of cells,
whereas on treatment with 4 Gy radiation alone the cell death oc-
curred in 50 % of cells and on treatment with rutin (80 uM) along
with 4 Gy radiation, the cell death occurred in 70 % of cells with
larger number of apoptotic bodies (Fig. 4b).

Effect of rutin and radiation on nuclear morphology

Hoechst 33258 staining of cells treated with rutin and 4 Gy
radiation revealed more cells with abnormal nuclear morpho-
logy such as chromatin condensation and nuclear fragmentation.
Hoechst 33258 staining showed that the HT-29 cells on treatment
with both rutin (80 uM) and 4 Gy radiation exhibited 80% of
abnormal cells, whereas after the treatment with rutin alone (80
uM) and 4 Gy radiation alone , the HT-29 cells showed the con-
version of normal nuclei into abnormal nuclei in 40 % and 55 %,
respectively. The differences between the treated and untreated
HT-29 cells were viewed under a fluorescent microscope and the
representative photomicrographs and graphical representations
are given in Figs 5a and Sb, respectively.

Effect of rutin and radiation on mitochondrial membrane po-
tential

HT-29 sham control cells showed intense green fluorescence
due to high mitochondrial transmembrane potential whereas cells
treated with both rutin and 4-Gy radiation stained with rhodamine
123 showed a progressive loss of green fluorescence at 12 h and
highly diminished fluorescence at 12 h due to a mild and complete
loss of mitochondrial transmembrane potential, respectively. The
differences between the untreated and treated cells were viewed
under a fluorescent microscope and the representative photomi-
crographs and graphical representations are shown in Figures 6a
and 6b.
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Fig. 4b. Quantitative data on the effect of rutin-alone and radia-
tion-alone treatments alone or in combination on HT-29 cells reveal
apoptosis and necrosis on staining with AO/EtBr.
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Fig. 5a. Effect of rutin-alone and radiation-alone treatments or in
combination on nuclear morphology of HT-29 cells (Hoechst 33258
staining); (a) sham control cells, (b) cells treated with rutin (80 nM),
(c) cells treated with 4 Gy radiation, (d) cells treated with both rutin
and 4 Gy radiation.

Fig. 6a. Effect of rutin-alone and radiation-alone treatments or in com-
bination on mitochondrial transmembrane potential of HT-29 cells;
(a) sham control cells, (b) cells treated with rutin (80 pM), (c) cells
treated with 4 Gy radiation, (d) shows cells treated with both rutin
and 4 Gy radiation.

Effect of rutin and radiation on DNA damage

Treatment with both rutin and 4 Gy radiation caused severe
DNA damage at 24 h (comet assay), whereas the cells treated with
rutin alone and 4 Gy radiation alone exhibited lower percentage
of DNA damage, as evidenced by the appearance of a prominent
comet with a tail. The differences between rutin-alone treatment,
radiation-alone treatment and the combined effect of both rutin
and 4 Gy radiation were viewed under a fluorescent microscope
and the representative photomicrographs and graphical represen-
tations are given in Figures 7a and 7b.

Effect of rutin and radiation on TBARS and PCC
Figures 8a and 8b show the effect of rutin and 4 Gy radiation
on TBARS and PCC in HT-29 cells. The levels of TBARS and
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(80 pM)
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Radiation
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Radiation
+ Rutin (80 uM)
[J Normal nuclei [ Abnormal nuclei

Fig. 5b. Quantitative data on the effect of rutin-alone and radia-
tion-alone treatments or in combination on HT-29 cells reveal apop-
tosis on staining with Hoechst 33258.
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Fig. 6b. Quantitative data on the effect of rutin-alone and radia-
tion-alone treatments or in combination on mitochondrial transmem-
brane potential in HT-29 cells.

PCC were low in sham control HT-29 cells. Upon treatment with
both rutin and 4 Gy radiation, the levels of TBARS and PCC were
significantly increased as compared to those in the cells treated
with rutin alone, 4 Gy radiation alone and untreated HT-29 cancer
cells. Moreover the combined effect of rutin and 4 Gy radiation on
lipid peroxidation was significantly more pronounced.

Effect of rutin and radiation on enzymatic antioxidants

Tab 2, 3 and 4 show the effects of rutin and 4 Gy radiation on
the activities of SOD, CAT and GPx in HT-29 cells. The results
obtained demonstrate that the treatment of HT-29 cells for 24 h with
both rutin and 4 Gy radiation significantly lowered the levels of en-
zymatic antioxidants, as compared to results obtained by treatment
with rutin alone, radiation alone and from untreated HT-29 cells.
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Fig. 7a. Effect of rutin-alone and radiation-alone treatments or in com-
bination on DNA damage of HT-29 cell lines; (a) sham control cells, (b)
cells treated with rutin (80 pM), (c) cells treated with 4 Gy radiation,
(d) cells treated with both rutin and 4 Gy radiation.
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Fig. 8a. Effect of rutin and radiation on TBARS in the HT-29 cancer
cells. Values are given as means £ S.D. for six experiments in each
group. Values not sharing a common marking (a,b,c) differ signifi-
cantly at p <0.05 (DMRT).

Discussion

Flavonoids are polyphenolic secondary metabolites of natural
origin and polyphenols are known to increase irradiation conse-
quences (25). Rutin, a flavonoid, is known to act against cancer
cells and reduce their proliferation by virtue of its prooxidant and
antioxidant effects (26). In recent years, colon cancer treatment
involves therapies which have been stretched out gradually. To
improve colon cancer therapeutic efficacy, chemotherapy and ra-
diotherapy are combined.

Apoptosis, the mode of programmed cell death is character-
ized by many morphological changes such as membrane bleb-
bing, nuclear DNA fragmentation, and phosphatidylserine (PS)
translocation across the plasma membrane (27). ROS generation
involves the activation of several signalling pathways leading
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Fig. 7b. Quantitative data on the effect of rutin-alone and radia-
tion-alone treatments or in combination on DNA damage in HT-29
cell lines.
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Fig. 8b. Effect of rutin and radiation on PCC in the HT-29 cancer cells.
Values are given as means + S.D. for six experiments in each group.
Values not sharing a common marking (a,b,c) differ significantly at
p <0.05 (DMRT).

to the induction of apoptosis, activation of transcription fac-
tors, mitogenesis and gene expression (28). Radiation-induced
apoptosis is known to play a significant role in determining cel-
lular radiosensitivity (29). In the present study, dual staining
of HT-29 cells subjected to combined treatment with rutin and
radiation revealed a larger number of apoptotic bodies, larger
rate of cell pyknosis, chromosomal condensation and nuclear
fragmentation as compared to those in sham control, rutin-alone
and radiation-alone treatment groups. Consistent with the above
results, Hoechst staining of HT-29 cells for nuclear morphology
revealed faint blue colour with irregularly shaped cells on treat-
ment with both rutin and 4 Gy radiation. The above data suggest
the marked cytotoxicity of the combination therapy (rutin and
radiation) as compared to rutin-alone and radiation-alone treat-
ments of HT-29 cell lines. In this context, our study has already
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Tab. 2. Effect of rutin and radiation on SOD in HT-29 cells (24 h).

Groups SOD (50% inhibition of NBT
reduction/min/mg protein)

Sham Control 22.54+1.51*

Rutin (80 uM) 23.97 +1.25°

4 Gy radiation 17.89 +1.03°

4 Gy radiation + Rutin (80 pM) 15.15+1.32¢

Data are presented as means + SD of six sets of experiment in each group. Values
not sharing a common superscript letter (*©) differ significantly at p <0.05 (DMRT).

Tab. 3. Effect of rutin and radiation on CAT in HT-29 cells (24 h).

Groups CAT (umoles of H,0,
consumed/min/mg protein)

Sham control 27.93+£0.97

Rutin (80 uM) 28.17 +0.81*

4 Gy radiation 21.34+0.95°

4 Gy radiation + Rutin (80 pM) 19.66 + 1.56¢

Data are presented as means + SD of six sets of experiment in each group. Values
not sharing a common superscript letter (*©) differ significantly at p <0.05 (DMRT).

Tab. 4. Effect of rutin and radiation on GPx in HT-29 cells (24 h).

Groups GPx (umoles of GSH
consumed/min/mg protein)

Sham control 17.35+0.84*

Rutin (80 uM) 18.79 £0.93*

4 Gy radiation 15.99 + 1.56°

4 Gy radiation + Rutin (80 pM) 12.71 + 1.32¢

Data are presented as means + SD of six sets of experiment in each group. Values
not sharing a common superscript letter (*©) differ significantly at p <0.05 (DMRT).

revealed the cytotoxic effects (high IC, concentration) of rutin
treatment alone.

Mitochondria are responsible for a variety of key proceedings
in the apoptotic process, such as changes in electron transport, gen-
eration of ROS and loss of mitochondrial transmembrane potential
(A¥m) (30). ROS impairs mitochondrial ATP synthesis and Ca?*
homeostasis leading to mitochondrial dysfunction. Bhosleetal (31)
have shown that the decrease in mitochondrial transmembrane po-
tential is the cause of cell death or necrosis. In our study we observed
that the combined effect of rutin and radiation treatment significantly
decreased the mitochondrial transmembrane potential in HT-29 cells
as compared to those in other treated groups. The loss in mitochon-
drial transmembrane potential can also be correlated with the en-
hanced apoptosis encountered on rutin and/or radiation treatment.

DNA damage plays a vital role in several human diseases in-
cluding cancer (32). ROS generation in cancer cells may lead to
DNA damage by the action of phytochemicals (33). Similarly, in
our study, an increased DNA damage (comet assay) was noted on
simultaneous treatment of HT-29 cells with rutin and X radiation as
evidenced by the increased comet tail length and density. This could
contribute to the increased rate of cell deaths in cancer cells and
these effects may be due to the generation of ROS in HT-29 cells.

Lipid peroxidation and oxidative stress are known to play a
vital role in numerous pathophysiological circumstances (34).
Nowadays, a well-known and widely recognized approach is to
study the consequences of free radicals by evaluating the oxidative
damage to cellular membranes (35). Similarly, protein oxidation
plays an important pathophysiological role and may affect protein

function in normal and pathological processes. The most frequent
precursor of protein oxidation indicator is the protein carbonyl
content (PCC) (36). In our present work, we noticed increased
concentrations of TBARS and PCC in HT-29 cells treated with
rutin which reveals its prooxidant role.

Depending on the factors such as solubility, chelating prop-
erty, pH, and metal-reducing capacity, plant-derived antioxidant
polyphenols act as both prooxidants and antioxidants. A number
of polyphenols exhibit prooxidant activity under certain condi-
tions such as higher doses, availability of metal ions (37), or due
to the hypoxic environment (as in the case of cancer cells) (38).
Damage to the biomolecules such as DNA, proteins and lipids in
cancer cells could also be possibly due to the prooxidant proper-
ties of polyphenols (39). Although rutin is a naturally occurring
antioxidant, at higher concentrations, rutin exhibits prooxidant
activity, which might interrupt the mitochondrial dehydrogenase
activity. This could explain the increased cytotoxicity of rutin at
higher doses. These findings again correlate with previous reports
which suggest that rutin possesses dual activities (26). In this con-
text, Yamanaka et al (40) have also reported that the polyphenol
caffeic acid exhibits prooxidant activity.

Moreover in our study HT-29 cells on the combined treatment
with rutin and X-radiation showed markedly elevated concentra-
tions of TBARS and PCC as compared to those on rutin-alone
treatment. These findings suggest the radiosensitizing potential of
rutin, which could be due to its ability to generate ROS. Thus, the
ability of rutin to act as a prooxidant in the present experimental
conditions could be a significant mechanism by which it induces
cell death. In this context, Chendil et al (41) have also reported
that plant-derived active principles show cytotoxic potential either
alone or in combination with radiation at different circumstances.

Innormal healthy cells, enzymatic and non-enzymatic antioxi-
dants serve to balance the intracellular production of ROS, thereby
delaying or inhibiting the oxidative destruction of molecular compo-
nents within the cells. The activities of superoxide dismutase (SOD),
catalase (CAT) and glutathione peroxidase (GPx) were markedly
reduced when the cells were treated with rutin and exposed to 4
Gy radiation. The reduced activities of the enzymatic antioxidants
(SOD, CAT, and GPx) would cause ROS accumulation resulting in
oxidative stress. The increased generation of free radicals can in turn
deplete the antioxidant levels in the cells. Thus, the reduced defence
of tumour cells to irradiation could be due to the decreased levels
of antioxidants (42). Together, these results suggest that treatment
with rutin combined with radiation enhances cytotoxicity which
could be attributed to its ability to act as a radiosensitizer.

To conclude, the treatment of HT-29 cells with rutin along with
radiation exposure caused a pronounced chemoradiotherapeutic
effect as confirmed by (i) the alterations in nuclear morphology,
(ii) loss of mitochondrial transmembrane potential, (iii) marked
induction of DNA damage, apoptosis, lipid peroxidation and (iv)
reduction in enzymatic antioxidants. The above-mentioned ef-
fects confirm not only the anticancer property of rutin but also its
ability to act as a radiosensitizer. These findings ultimately could
be useful in devising new strategies to improve the therapeutic
window in cancer treatment.
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