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Abstract

lonizing radiation can induce cellular oxidative stress through the generation of reactive oxygen species, resulting in cell damage
and cell death. The aim of this study was to determine whether the antioxidant effects of the flavonoid fisetin (3,7,3',4'-tetrahy-
droxyflavone) included the radioprotection of cells exposed to y-irradiation. Fisetin reduced the levels of intracellular reactive
oxygen species generated by y-irradiation and thereby protected cells against y-irradiation-induced membrane lipid peroxida-
tion, DNA damage, and protein carbonylation. In addition, fisetin maintained the viability of irradiated cells by partially inhibiting
y-irradiation-induced apoptosis and restoring mitochondrial membrane potential. These effects suggest that the cellular protective
effects of fisetin against y-irradiation are mainly due to its inhibition of reactive oxygen species generation.
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INTRODUCTION 1998), neuroprotective (Zbarsky et al., 2005), and neurotroph-

ic (Maher et al., 2006) effects. While the antioxidant activity of
lonizing radiation induces high cellular levels of reactive fisetin has been reported in human retinal pigment epithelial

oxygen species (ROS), including superoxide anions, hydroxyl cells (Hanneken et al., 2006) and macrophages (Wang et al.,
radicals, and hydrogen peroxide (Dubner et al., 1995), result- 2006), whether this activity also mediates protection against
ing in oxidative stress and cellular injury (Sies, 1983). The oxidative stress and cell damage induced by y-irradiation has

damage to irradiated cells in part reflects the macromolecular not yet been determined. Thus, this study investigated the
targets of ROS, primarily DNA, protein, and lipid. In addition, ability of fisetin to inhibit cell damage in Chinese hamster lung
ROS-mediated disruption of the mitochondrial membrane is a fibroblasts exposed to y-irradiation, and the underlying mecha-
trigger for apoptosis (programmed cell death), in which apop- nisms conferring protection.
totic factors are released from the damaged mitochondria into
the cytosol (Simon et al., 2000).

Flavonoids are a group of low-molecular-weight polyphe- MATERIALS AND METHODS
nolic compounds synthesized by members of the plant king-
dom. Their wide-ranging biological activities include antioxi- Reagents
dant, anti-inflammatory, and anti-tumor effects (Middleton and Fisetin was purchased from Fluka (Buchs, Switzerland). 2',
Kandaswami, 1992; Middleton et al., 2000; Beecher, 2003). 7'-Dichlorodihydrofluorescein diacetate (DCF-DA) and Hoechst
The flavonoid fisetin (3,7,3',4'-tetrahydroxyflavone; Fig. 1A) 33342 were purchased from Sigma (St. Louis, MO, USA). 5,5,

is a natural component in many fruits and vegetables, such 6,6'-Tetrachloro-1,1",3,3'"-tetraethylbenzimidazolylcarbocyanine
as strawberry, apple, persimmon, grape, onion, and cucum- iodide (JC-1), and diphenyl-1-pyrenylphosphine (DPPP) were
ber (Arai et al., 2000), and it has been demonstrated to have purchased from Invitrogen (Carlsbad, CA, USA, and Poole,
anti-cancer (Sung et al., 2007), anti-angiogenic (Fotsis et al., Dorset, UK, respectively). Antibodies against Bcl-2, Bax, cas-
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pase-9, and caspase-3 were from Santa Cruz (Santa Cruz,
CA, USA).

Cell culture and irradiation

Chinese hamster lung fibroblasts (V79-4) from the Ameri-
can Type Culture Collection (Rockville, MD, USA) were grown
in Dulbecco's modified Eagle's medium containing 10% heat-
inactivated fetal calf serum, streptomycin (100 pg/ml), and
penicillin (100 units/ml). The cultures were maintained in a
37°C incubator in a humidified atmosphere of 5% CO,. Irradi-
ated cells were exposed to 10 Gy of y-irradiation at 1.5 Gy/
min using a °Co y-ray source (MDS Nordion C-188 standard
source, Jeju National University, Jeju, Republic of Korea).
Control cells were cultured and treated as described but were
not irradiated.

Intracellular ROS

Cells were pre-treated (or not) with 2.5 ug/ml fisetin for 1 h
and then irradiated as described above. After further incubation
for 24 h at 37°C, DCF-DA was added to a final concentration
of 25 uM and the fluorescence of 2',7'-dichlorofluorescein was
measured with a flow cytometer (Becton Dickinson, Mountain
View, CA, USA) and a Perkin Elmer LS-5B spectrofluorom-
eter (Rosenkranz et al., 1992), respectively. In addition, the
generation of intracellular ROS was imaged. First, 2x10° cells/
well were seeded into a cover-slip-loaded 6-well plate. Six-
teen hours after plating, cells were treated with fisetin for 1
h and then irradiated with 10 Gy of y-rays. Twenty-four hours
later, DCF-DA was added to each well to a final concentration
of 100 uM and cells were incubated for an additional 30 min
at 37°C. After washing with phosphate-buffered saline (PBS),
the stained cells were mounted in mounting medium (DAKO,
Carpinteria, CA, USA) on a microscope slide and were then
observed by confocal microscopy, and images were collected
using the Laser Scanning Microscope 5 PASCAL program
(Carl Zeiss, Jena, Germany).

Lipid peroxidation assay

Lipid peroxidation was estimated using the fluorescent
probe DPPP as described by Okimoto et al. (2000). Image
analysis was carried out as follows: 2x10° cells/well were
seeded into a cover-slip-loaded 4-well glass slide and then
treated (or not) with fisetin for 1 h, after which they were ir-
radiated as described above. Forty-eight hours later, DPPP
was added to each well to a final concentration of 5 uM and
the plate was incubated for an additional 15 min in the dark.
The cells were then processed and imaged as described in
the previous section. Lipid peroxidation was also assayed by
the thiobarbituric acid (TBA) reaction (Ohkawa et al., 1979).
Cells were treated with fisetin for 1 h and then subjected to
10 Gy of y-irradiation. After incubation for 48 h at 37°C, cells
were washed with cold PBS, scraped, and then homogenized
in ice-cold 1.15% KCI. A 100 ul aliquot of the resulting lysate
was mixed with 0.2 ml of 8.1% sodium dodecylsulfate, 1.5 ml
of 20% acetic acid (pH 3.5), and 1.5 ml of 0.8% TBA. The
mixture was made up to a final volume of 4 ml with distilled
water, heated to 95°C for 2 h, and then cooled to room tem-
perature. Five ml of a mixture of n-butanol and pyridine (15:1,
v/v) was added to each sample with shaking. The sample was
centrifuged at 1,000xg for 10 min, and the supernatant was
isolated and its absorbance at 532 nm was measured with
a spectrophotometer. The amount of TBA-reactive substance

(TBARS) was determined using a standard curve prepared
with 1,1,3,3-tetrahydroxypropane.

Single-cell gel electrophoresis (comet assay)

The degree of oxidative DNA damage was determined by
an alkaline comet assay (Singh, 2000; Rajagopalan et al.,
2003). Cells were pre-treated (or not) with fisetin and sub-
jected to 10 Gy of y-irradiation, and then harvested after 48 h.
The resulting cell suspensions were mixed with 75 pl of 0.5%
low melting agarose at 39°C and spread on fully-frosted mi-
croscope slides pre-coated with 200 pl of 1% normal melting
agarose (NMA). After solidification of the agarose, the slides
were covered with another 75 ul of 0.5% low melting agarose,
immersed in a lysis solution (2.5 M NaCl, 100 mM Na-EDTA,
10 mM Tris, 1% Triton X-100, and 10% DMSO, pH 10) for 1
h at 4°C, and then subjected to electrophoresis in 300 mM
NaOH and 10 mM Na-EDTA (pH 13) for 40 min to allow for
DNA unwinding and expression of alkali-labile damage. Next,
an electrical field was applied (300 mA, 25 V) for 20 min at 4°C
to draw the negatively charged DNA toward the anode. After
electrophoresis, the slides were washed three times for 5 min
at 4°C in a neutralizing buffer (0.4 M Tris, pH 7.5), stained with
75 pl of propidium iodide (20 pg/ml), and observed with a fluo-
rescence microscope and image analyzer (Kinetic Imaging,
Komet 5.5, UK). The percentage of total fluorescence in the
tail and the tail length were determined in 50 cells per slide.

Protein carbonyl formation

Cells were plated and treated (or not) with fisetin, and 1 h
later cells were subjected to 10 Gy of y-irradiation, followed by
incubation at 37°C for 48 h. The amount of protein carbonyl
formation was determined using an Oxiselect protein carbonyl
ELISA kit (Cell Biolabs, San Diego, CA, USA) according to the
manufacturer’s instructions. Cellular protein was isolated us-
ing protein lysis buffer (50 mM Tris (pH 7.5), 10 mM EDTA (pH
8), and 1 mM phenylmethanesulfonyl fluoride) and quantified
using a spectrophotometer.

Cell viability

The effect of fisetin on cell viability was determined in a
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] bromide
(MTT) assay, which is based on the reduction of a tetrazo-
lium salt by mitochondrial dehydrogenase in viable cells (Car-
michael et al., 1987). Cells were treated (or not) with fisetin
and subjected to y-irradiation as described above. Forty eight
hours later, 50 ul of MTT stock solution (2 mg/ml) was added
to each well, to generate a total reaction volume of 200 pl.
After incubation for 4 h, the plate was centrifuged at 800xg for
5 min, and the supernatants were discarded. The formazan
crystals remaining in each well were dissolved in 150 pl of
DMSO and the absorbance at 540 nm was measured with a
scanning multi-well spectrophotometer. Cell viability was also
assessed by trypan blue exclusion assay. Briefly, cells were
treated (or not) with fisetin and subjected to y-irradiation and
plated onto 24-well plates (2x10° cells/well). Forty eight hours
later, cells were trypsinized, pelleted by centrifugation and re-
supended in serum free media and stained with trypan blue.
Dead (stained blue) and live (unstained) cells were counted
on Neubauer hemacytometer.

Nuclear staining with Hoechst 33342
Cells were treated with fisetin and then exposed to y-irra-
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diation as described above. After incubation for 48 h at 37°C,
1.5 ul of the DNA-specific fluorescent dye Hoechst 33342
(stock 10 mg/ml) was added to each well and the plates were
incubated for 10 min at 37°C. Stained cells were visualized
by fluorescence microscopy and imaged with a CoolSNAP-
Pro color digital camera to determine the degree of nuclear
condensation.

Mitochondrial membrane potential (Ay ) analysis

To measure Ay _, cells treated (or not) with fisetin were ex-
posed to 10 Gy of y-irradiation. After incubation for 48 h at
37°C, cells were harvested, washed, and then incubated with
the mitochondrial-membrane-permeable dye JC-1 (10 pug/ml
in PBS) for 15 min at 37°C. The stained cells were analyzed
by flow cytometry (Troiano et al., 2007). In addition, cells were
harvested and processed as described above except that cells
were incubated with the dye for 30 min. The stained cells were
washed with PBS and the cover-slips were mounted onto
microscope slides using mounting medium. The slides were
examined using a confocal microscope, and images were col-
lected using the Laser Scanning Microscope 5 PASCAL pro-
gram (Carl Zeiss, Jena, Germany) (Cossarizza et al., 1993).

Western blot analysis

Cells were treated with fisetin, exposed to 10 Gy of y-irra-
diation, and then incubated for a further 48 h at 37°C. Har-
vested cells were washed with PBS, lysed in lysis buffer (120
mM NaCl, 40 mM Tris (pH 8), and 0.1% NP-40), and centri-
fuged at 13,000%g for 15 min. Aliquots of the lysates (50 pg of
protein) were boiled at 95°C for 5 min and electrophoresed on
SDS-PAGE gels. Proteins in the gels were transferred onto
nitrocellulose membranes for blotting and the membranes
were subsequently probed with primary antibodies to Bcl-
2, Bax, caspase-9, and caspase-3 and then with secondary
immunoglobulin G horseradish peroxidase conjugates. After

enhanced chemiluminescence using a Western blotting detec-
tion kit (Amersham, Buckinghamshire, UK), the protein bands
were visualized with a luminescent image analyzer.

Statistical analysis

All values are expressed as means * standard error of the
mean (S.E.M.) based on triplicate measurements. The data
were subjected to an analysis of variance (ANOVA) using
Tukey’s test to analyze differences. Significance was defined
as p<0.05.

RESULTS

The effects of fisetin on y-irradiation-induced ROS genera-
tion

In our system, the optimal dose of fisetin was 2.5 ug/ml,
as higher concentrations resulted in cytotoxicity (data not
shown). Accordingly, this dose was used to study the radical-
scavenging effects of fisetin on the ROS generated in irradiat-
ed Chinese hamster lung fibroblasts. Twenty-four hours after
irradiation, flow cytometry showed a peak fluorescence inten-
sity of 243 (arbitrary units) in fisetin-treated irradiated cells
compared to 313 in irradiated cells not treated with the flavo-
noid (Fig. 1B). ROS levels following y-irradiation, as detected
spectrofluorometrically, were lower in cells pre-treated with
fisetin than in cells that were not pre-treated (Fig. 1C). These
results were confirmed by confocal microscopy, which showed
that red fluorescence intensity, indicative of ROS, was lower in
fisetin-treated y-irradiated cells than in non-treated y-irradiated
cells (Fig. 1D).

Effects of fisetin on y-irradiation-induced lipid peroxida-
tion, DNA damage, and protein oxidation
The ability of fisetin to inhibit membrane lipid peroxidation,
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Fig. 1. Effect of fisetin on the levels of intracellular ROS generated following y-irradiation (A) Chemical structure of fisetin (3,7,3',4"-tetrahy-
droxyflavone) (B-D) ROS-scavenging effects of fisetin in cells exposed to y-irradiation. Cells were treated with 2.5 ug/ml fisetin and 1 h later
were exposed to 10 Gy of y-irradiation. After incubation for 24 h, cells were stained with DCF-DA and intracellular ROS were detected using (B)
flow cytometry, (C) fluorescence spectrophotometry, and (D) confocal microscopy. *Significantly different from non-irradiated control cells

(p<0.05) and "significantly different from 10 Gy-irradiated cells (p<0.05).
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Fig. 2. Inhibitory effects of fisetin on y-irradiation-induced cellular damage. Cells were treated with 2.5 ug/ml fisetin and 1 h later were
exposed to 10 Gy of y-irradiation. After incubation for 48 h, lipid peroxidation was assayed by (A) DPPP fluorescence and (B) the level of
TBARS. *Significantly different from non-irradiated control cells (p<0.05) and “significantly different from 10 Gy-irradiated cells (p<0.05). (C)
Representative images showing cellular DNA damage as detected in an alkaline comet assay. *Significantly different from the control (p<0.05)
and *significantly different from irradiated cells (p<0.05). (D) Protein oxidation as determined by measuring the level of carbonyl formation.
*Significantly different from control cells (p<0.05) and *significantly different from irradiated cells (p<0.05).
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Fig. 3. Inhibitory effect of fisetin on y-irradiation-induced cell death.
Cells were treated with 2.5 pug/ml fisetin and 1 h later were ex-
posed to 10 Gy of y-irradiation. Cell viability was determined 48 h
later using (A) the MTT assay and (B) trypan blue exclusion assay.
*Significantly different from control cells (p<0.05) and *significantly
different from 10 Gy-irradiated cells (p<0.05).

cellular DNA damage, and protein oxidation in y-irradiated cells
was investigated. Lipid peroxidation in Chinese hamster lung
fibroblasts, as visualized microscopically in cells stained with
the fluorescent probe DPPP and by the generation of TBARS,
was induced by y-irradiation but this induction was partially
inhibited by pre-treatment with fisetin (Fig. 2A and 2B). The
damage to cellular DNA induced by y-irradiation was detected
using an alkaline comet assay. In irradiated fisetin-treated
cells, 17% of the DNA was in the comet tail compared to 32%
in irradiated untreated cells (Fig. 2C). Protein carbonyl forma-

tion, which is a biomarker for cellular oxidative damage (Stadt-
man, 1993), was detected in cells exposed to y-irradiation but
this was partially prevented in fisetin-treated cells (Fig. 2D).

Effect of fisetin on y-irradiation-induced apoptotic cell
death

The protective effect of fisetin on cell survival in irradiated cells
was also measured by using MTT test and trypan blue exclu-
sion dye assay. MTT results demonstrated that whereas 72% of
untreated cells survived after y-irradiation, this was increased to
82% following fisetin pre-treatment (Fig. 3A). Trypan blue exclu-
sion dye assay results were consistent to the MTT results; 77%
of cell viability in y-irradiated cells and 90% of cell viability in
y-irradiated cells with fisetin treatment (Fig. 3B).

To determine whether the cytoprotective effect of fisetin in-
volves the inhibition of apoptosis induced by y-ray exposure,
the nuclei of irradiated cells pre-treated or not with fisetin were
stained with Hoechst 33342 and assessed by microscopy.
Non-irradiated control cells had intact nuclei while there was
significant nuclear fragmentation in irradiated cells, indicative
of apoptosis (Fig. 4A). However, there was a significant reduc-
tion in nuclear fragmentation in irradiated cells pre-treated for
1 h with fisetin. These morphological observations were con-
firmed by qualitative assessment of mitochondrial membrane
potential (Ay, ). During apoptosis, mitochondrial membrane
pores become leaky (Zamzami et al., 1995), which induces
the loss of A\um (Zamzami et al., 1996; Cai et al., 1998). In
irradiated cells stained with JC-1, FL-1 fluorescence intensity
was increased indicating a loss of Ay _ (Fig. 4B), which was
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Fig. 4. Mechanisms by which fisetin protects against y-irradiation-induced apoptotic cell death. Cells were treated 2.5 pg/mi fisetin and 1 h
later were exposed to 10 Gy of y-irradiation, and then incubated for 48 h. (A) Formation of apoptotic bodies (arrows) was examined in cells
stained with Hoechst 33342. (B, C) The mitochondrial membrane potential (Ay,,) of JC-1-stained cells was analyzed by flow cytometry and
confocal microscopy. (D) Cell lysates were electrophoresed and Bcl-2, Bax, cleaved caspase-9, and cleaved caspase-3 were detected by

immunoblot analysis using the corresponding.

partially prevented in fisetin-treated irradiated cells. These
changes in Ay, could be followed microscopically. JC-1 forms
oligomeric mitochondrial aggregates that emit red fluores-
cence in non-apoptotic cells, whereas JC-1 remains a mono-
mer that emits green fluorescence in apoptotic cells (Reers et
al., 1991). While non-irradiated control cells exhibited intense
red fluorescence localized to the mitochondria, there was a
decrease in mitochondrial red fluorescence and an increase
in green fluorescence in y-irradiated cells, consistent with a
disruption of Ay _ (Fig. 4C). However, the level of red fluores-
cence was much higher and the level of green fluorescence
was lower in cells treated with fisetin for 1 h prior to irradiation
than in non-treated irradiated cells.

Disruption of Ay causes the release of cytochrome ¢ and
subsequently caspase activation (Regula et al., 2003). During
apoptosis, Bcl-2 (a negative regulator of apoptosis) prevents
mitochondrial membrane pore formation whereas Bax (a posi-
tive regulator of apoptosis) has the opposite effect (Zamzami
et al., 1995). Bax expression was higher and Bcl-2 expression
was lower in y-irradiated cells than in control cells (Fig. 4D),
suggesting that the vy-irradiation-induced loss of Ay _ follows
downregulation of Bcl-2 and upregulation of Bax. Mitochon-
drial membrane disruption by y-irradiation was followed by
activation of caspase-9 (39 kDa) and its target, caspase-3 (17
kDa), both of which were reduced in fisetin-treated irradiated
cells (Fig. 4D).

http://dx.doi.org/10.4062/biomolther.2013.017

DISCUSSION

Fisetin is a flavonoid with high trolox-equivalent antioxida-
tive activity. As a hydrophobic compound, it readily traverses
the cell membrane to accumulate in cells, where it exerts its
antioxidant effects (Ishige et al., 2001).

The exposure of cells to ionizing radiation can lead to the
increased generation of ROS, including hydroxyl radicals,
superoxide anions, singlet oxygen, and hydrogen peroxide,
which are major effectors of cellular damage. ROS attack vital
cellular structures, in particular the cell membrane, DNA, and
protein, and the damage they cause accordingly can be lethal
(Riley, 1994; Halliwell and Gutteridge, 1999). ROS-scavenging
agents, which include flavonoids, act as radioprotectors (Spitz
et al., 2004; Gudkov et al., 2006). In this study, fisetin was
found to inhibit DNA damage in cells exposed to y-irradiation
and to protect cell membrane lipids and cellular proteins from
radiation-induced peroxidation and carbonylation, respective-
ly. Together, these effects of fisetin increased the viability of
irradiated cells. y-irradiation was previously shown to induce
cell death via apoptosis (Kim et al., 2007; Lee et al., 2007),
as evidenced by the formation of apoptotic bodies, the loss
of Ay_, and changes in apoptosis-related protein expres-
sion. During apoptosis, the loss of mitochondrial membrane
integrity is due to ROS generation; however, we found that
fisetin partially restored cell viability by inhibiting y-irradiation-
induced Ay disruption.

Thus, while fisetin was previously shown to exert anti-can-
cer (Sung et al., 2007), anti-angiogenic (Fotsis et al., 1998),
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neuroprotective (Zbarsky et al., 2005), neurotrophic (Maher
et al., 2006), and antioxidant (Hanneken et al., 2006) activi-
ties, our data add to this list by demonstrating that fisetin has
cytoprotective effects against y-irradiation-induced apoptosis
through its ROS-scavenging abilities.
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