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Abstract

Resveratrol, a polyphenol compound with reported antioxidant and anti-carcinogenic effects, a wide
range of molecular targets, and toxicity only at extreme doses, has received considerable attention.
We evaluated the radioprotective effect of orally administered resveratrol on the frequencies of
chromosome aberrations in irradiated mouse bone marrow cells. CBA/CaJ mice were divided into
four groups: (1) no treatment, (2) resveratrol only, (3) radiation only, and (4) resveratrol and radiation.
Resveratrol treatment (100 mg/kg daily) was initiated 2 days prior to irradiation. Bone marrow was
then harvested at 1 and 30 days after a single dose of 3 Gy whole-body v radiation. A statistically
significant (P < 0.05) reduction in the mean total chromosome aberration frequency per metaphase
at both times postirradiation in the resveratrol and radiation group compared to the radiation-only
group was observed. This study is the first to demonstrate that resveratrol has radioprotective effects
in vivo. These results support the use of resveratrol as a radioprotector with the potential for
widespread application.

INTRODUCTION

lonizing radiation has been shown to induce DNA damage, which can lead to mutagenesis and
carcinogenesis, depending on the total dose, dose rate and animal species (1-3). Growing
concern about radiation damage to normal tissues from occupational, therapeutic and
accidental exposures has heightened the need for nontoxic protective compounds and has
prompted interest in the use of dietary compounds and medicinal plants for radiation protection
(4,5). One dietary compound, resveratrol (trans-3,5,4'-trihydroxy-stilbene), which is found in
a wide variety of plant species including grapes, peanuts, blueberries, bilberries, cranberries,
lingonberries and the weed Polygonum cuspidatum (6,7), has received considerable attention
for its reputed health benefits as a cardioprotector and chemopreventive agent (8). Its
antioxidant effects, its ability to induce apoptosis and cell cycle arrest, and its low toxicity
make resveratrol an attractive candidate for radioprotection of normal cells and cancer
prevention.

Resveratrol’s antioxidant properties are mediated by its ability to scavenge free radicals and

to promote the activities of antioxidants such as glutathione and antioxidant enzymes such as
superoxide dismutase and catalase (9,10). Other studies have revealed resveratrol’s ability to
induce apoptosis in cancer cells through caspase activation and upregulation of CD95-CD95L
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signaling (11); to activate p53-dependent transcription activity (12); to activate the MAP
kinases, ERK, JNKs and p38 kinase (13); to decrease expression of the anti-apoptosis
oncoprotein Bcl2 (14); and to induce Bax expression (15). Resveratrol also modulates cell
cycle distribution in a concentration- and tissue-specific manner, resulting in suppression of
cell cycle progression and cell cycle arrest at Go/G1 phase, the G4/S transition, S phase, the S/
G, transition, and Go/M phase (16). Further, resveratrol has been shown to inhibit expression
of cyclins D1, D2 and E and to decrease expression of CDKs 2, 4 and 6 (16,17); induce WAF1/
p21 (17); decrease hyper-phosphorylation of the retinoblastoma protein (17); and inhibit
ribonucelotide reductase (18). While some studies have reported a resveratrol-induced increase
in DNA synthesis (16), one study reported a dose-dependent biphasic effect on DNA synthesis
(19). It has been speculated that slowing the cell cycle would benefit the cell by allowing
increased time for repair; however, to our knowledge, increased DNA repair has not been
demonstrated using resveratrol.

A relatively nontoxic compound with multiple molecular targets, resveratrol has the potential
to act as a radioprotector in normal cells exposed to the damaging effects of ionizing radiation.
The goal of the study reported here was to determine whether resveratrol (100 mg/kg per day)
initiated 2 days prior to 3 Gy whole-body v irradiation would result in a reduction in radiation-
induced damage to bone marrow cells in mice.

MATERIALS AND METHODS

Animals

Nine-week-old male CBA/CaJ mice weighing 24.7 + 0.7 g obtained from Jackson Laboratory
were used in this study. Mice were allowed to acclimate for approximately 1 week prior to use.
The mice were housed and maintained according to the approved standards in the Laboratory
Animal Resources facility at Colorado State University (CSU). During each phase of the study,
mice were observed daily for general condition and activity levels. Any signs of illness or
mortality were recorded and investigated. The Animal Care and Use Committee at CSU
approved all animal handling and experimental protocols.

Treatment Groups

Radiation

A total of 80 10-week-old male CBA/CaJ mice were divided into two sets (1 day and 30 days)
of four groups each, 10 mice each, as follows: (1) no treatment, (2) resveratrol only (100 mg/
kg), (3) radiation only (3Gy), and (4) resveratrol + radiation (100 mg/kg and 3 Gy). One and
30 days after whole-body irradiation, bone marrow from each mouse was individually
harvested and processed; slides were prepared and metaphase chromosome aberrations scored
as described below.

For radiation exposure, mice were placed as a group of five into a well-ventilated plexiglass
container. A total dose of 3 Gy vy radiation given at a dose rate of 1.18 Gy/min was delivered
using a 137Cs irradiator (J. L. Shepherd model 81-14).

Resveratrol Dose and Administration

Resveratrol (3,4',5-trihydroxy-trans-stilbene, Sigma-Aldrich) was dissolved in 100% ethanol
to a concentration of 50 mg/ml. Prior to gavage, the resveratrol/ethanol dose was diluted as
follows: 0.05 ml of resveratrol (50 mg/ml) in 0.2 ml distilled water for a final concentration of
10 mg/ml. Individual mice in each designated group received a resveratrol dose of 100 mg/kg
administered by gavage every 24 h for 2 days prior to irradiation and again on the day of
irradiation, 30 min prior to radiation exposure. For mice in the 30-day group, the resveratrol/
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ethanol mixture was added to the drinking water at a rate of 50 mg resveratrol per 100 ml,

beginning on the morning after irradiation and continuing until the final day of the study period.
The resveratrol stock and resveratrol water combination were protected from light by covering
the container with aluminum foil. The resveratrol water combination was changed regularly.

Bone Marrow Collection

Colchicine (0.1 ml of a 0.5% solution) was administered by intraperitoneal (i.p.) injection into
each mouse 1 h prior to bone marrow collection. Bone marrow was flushed from each femur,
tibia and radius with PBS. The PBS bone marrow mixture was centrifuged at 1000 rpm for 5
min at 4°C. The cell concentrate was then placed into an incubation mixture (9 ml 0.075 M
KCI, 1 ml EDTA trypsin, 200 pl colcemid), mixed and incubated for 30 min at 37°C. After
incubation, 5 ml fresh fixative (3:1 methanol:acetic acid) was added, mixed and centrifuged at
1000 rpm for 5 min. Cells were washed with fresh fixative two more times. The supernatant
was decanted, a small amount of fixative was added, and cells were dropped onto clean, wet
microscope slides and allowed to dry.

Scoring of Chromosome Aberrations

Slides with bone marrow metaphase cells were stained with 10% Giemsa (Sigma-Aldrich) for
7 min, rinsed, air dried and mounted with a glass cover slip. The slides were coded and blinded,;
then 25 metaphases with 38—40 chromosomes each were scored for aberrations. Chromosome
aberrations observed in bone marrow metaphases were scored as follows: (1) fragments
(chromosome and chromatid types), identified as un-rejoined acentric fragments derived from
a chromosome or chromatid severance, including terminal deletions and interstitial deletions;
(2) chromatid (or isochromatid) gaps, identified as an achromatic site along the length of a
chromatid that was less than the width of the chromatid; (3) dicentrics, identified as a
chromosome (or chromatid) end joined to another chromosome (or chromatid); and (4)
Robertsonian translocations, identified as two chromosomes joined at their centromeres
(chromosome type). All bone marrow metaphases were scored in the same fashion to allow
consistent comparisons. Figure 1 shows representative photomicrographs of metaphase bone
marrow cells from each treatment group 1 day postirradiation. After scoring, the slides were
unblinded and results were compiled according to the respective treatment group. As a result
of the relatively poor morphology of metaphase spreads derived directly from bone marrow,
categories of aberrations were combined and tallied to give a total that was used for statistical
calculations.

Statistical Analysis

RESULTS

For statistical analysis, the following categories were compiled: (1) fragments: chromosome
and chromatid types combined, (2) gaps: chromatid and isochromatid types combined, (3)
dicentrics: only chromatid types observed, (4) Robertsonian translocations: chromosome type,
and (5) total aberrations. Statistical analysis consisted of evaluation of these aberration
frequencies per time for each treatment group. Total aberrations represent the sum of all
chromosome and chromatid aberration types observed. The data are presented as the mean
number of chromosome aberrations per bone marrow metaphase + SD. Since the data exhibited
non-normality and heteroscedasticity, the non-parametric Kruskal-Wallis ANOVA was used
for overall comparisons between the four treatment groups at the two times, and Wilcoxon
rank-sum tests were used to compare chromosome aberration frequencies between pairs of
groups.

All chromosome aberration frequencies were found to vary by treatment group and time (Table
1 and Fig. 2 and Fig. 3). Fragments were the most common aberration type observed in the
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radiation and resveratrol + radiation groups, followed by gaps, dicentrics and Robertsonian
translocations. For fragments and total chromosome aberration frequencies, the Kruskal-Wallis
ANOVA P value was less than 0.0001 at days 1 and 30, while for gaps and dicentrics the P
value was less than 0.001 at day 1 but not at day 30 (Table 2). Low mean levels of total
background chromo-some aberrations, fragments, gaps, dicentrics and Robert-sonian
translocations were observed in the bone marrow metaphase cells scored at days 1 and 30 for
the untreated group. In the resveratrol group, lower mean numbers of background chromosome
aberrations, fragments, gaps, dicentrics and Robertsonian translocations at day 1 and 30 were
noted compared to the no treatment group. However, the difference between the no treatment
and resveratrol groups did not rise to the level of statistical significance for any aberration
category. The radiation group had the highest mean level of total chromosome aberrations,
fragments, gaps, dicentrics and Robertsonian translocations at days 1 and 30 after radiation
exposure. On day 1, the resveratrol + radiation group had the second highest mean levels of
total chromosome aberrations, fragments, gaps, dicentrics and Robertsonian translocations;
however, on day 30, the mean levels of total chromosome aberrations fragments, gaps,
dicentrics and Robertsonian translocations for the resveratrol + radiation group were similar
to those of the no treatment group (Fig. 2 and Fig. 3).

Statistically significant differences (P < 0.05) were found on day 1 postirradiation when
comparing the means for total chromosome aberrations, fragments, gaps, dicentrics and
Robertsonian translocation frequencies between the no treatment and radiation groups,
resveratrol + radiation and resveratrol groups, and resveratrol + radiation and no treatment
groups. However, only the mean frequencies for total aberrations, fragments and gaps were
significantly different when comparing the resveratrol + radiation and radiation groups (Table
2). On day 30, statistically significant differences (P < 0.05) were found between the means
for total chromosome aberrations for the resveratrol + radiation and radiation, radiation and
no treatment, and resveratrol + radiation and zesveratrol groups (Table 2). No statistically
significant difference was found for any chromosome aberration category (total, fragments,
gaps, dicentrics or Robertsonian translocations) between the resveratrol + radiation and no
treatment groups at day 30.

DISCUSSION

Resveratrol has been shown to sensitize cancer cells to the damaging effects of radiation in
vitro (20-22). One study examined the effect of resveratrol on ionizing radiation-induced
damage in normal cells (23). Unfortunately, this study did not clearly document whether
resveratrol combined with a single 5-Gy X-ray dose sensitized these normal cells to radiation-
induced DNA damage. Currently, there are no reports concerning the effects of combining
resveratrol and radiation in vivo. Our results indicate that resveratrol (100 mg/kg daily)
administered as a bolus each day for 2 days, then 30 min prior to 3 Gy whole-body irradiation
on the third day, and then daily in the drinking water until the end of the study period reduces
the mean total chromosome aberration frequency observed in bone marrow metaphases at 1
and 30 days postirradiation. The mean numbers of total chromosome aberrations per metaphase
were reduced 2.1-fold at 1 day and 2.8-fold at 30 days in the resveratrol + radiation group
compared to the radiation-only group. At 30 days postirradiation, the mean numbers of total
aberrations were not significantly different in the resveratrol + radiation group and the no
treatment group, indicating that resveratrol is effective at reducing the mean number of total
chromosome aberrations to nearly normal background levels within 30 days (Fig. 3). The
difference in the mean total chromosome aberration frequencies between the no treatment and
resveratrol groups was not statistically significant, indicating that resveratrol itself does not
induce observable chromosome aberrations at the 100 mg/kg oral dose.
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A review of the results of the experiments reported here provides three basic observations.
First, radiation-induced chromosome aberrations (total, fragments, gaps, dicentrics and
Robertsonian translocations) were significantly increased in the radiation-only group on day
1 compared to unirradiated mice at day 1. This was also true on day 30, except for dicentrics,
which had a frequency that was similar to background levels. Second, resveratrol significantly
reduced radiation-induced total aberrations, fragments and gaps on day 1 compared to the
irradiated mice but not dicentrics or Robertsonian translocations. At 30 days, resveratrol
significantly reduced radiation-induced total aberrations and fragments but not gaps, dicentrics
or Robert-sonian translocations. Third, resveratrol reduced radiation-induced total aberrations,
fragments, gaps and Robertsonian translocations to background levels (P > 0.05) at 30 days.

While the specific mechanism responsible for the observed effect of resveratrol on reducing
the frequency of chromosome aberrations was not evaluated in this study, a number of possible
mechanisms have been described in published studies. Since y radiation is known to induce
cellular damage in part though oxidative processes, it is possible that the significant reduction
in observed chromosomal damage observed in the resveratrol + radiation group compared to
the radiation group is the result of the direct antioxidant properties of resveratrol or that it
occurs indirectly through the induction of antioxidants like glutathione and increases in
enzymes like superoxide dismutase and catalase (9,10). The ability of resveratrol at
concentrations of 15-20, 30 and 100 uM to induce cell cycle arrest in S phase and/or at the
Go/M transition in leukemia cells (24,25) and potentially allow a longer period for
chromosomal repair after a DNA-damaging event could have contributed to reducing the
frequency of chromosome aberrations seen in metaphase spreads in the resveratrol + radiation
group. Induction of apoptosis in damaged or abnormal cells at concentrations of 10-200 uM
(11,14) would also facilitate a reduction in the observed frequency of chromosome aberrations
in the resveratrol + radiation group. It is likely that all these properties of resveratrol contribute
to the observed reduction in chromosome aberrations observed at each time examined in this
study.

The resveratrol dose selected in this study was expected to produce tissue concentrations
consistent with those (10-50 uM) that have been shown to have effects in vitro on molecular
targets. One study using an oral dose of 50 mg/kg achieved a liver and kidney concentration
of 25-30 uM, and resveratrol conjugates were still present at 3 h (26).

A number of studies of the toxicity of resveratrol using extremely large doses (2000 and

4000/3000 mg/kg in mice and 3000 mg/kg in rats) have shown renal toxicity (27, 28), while a
daily dose of 20 mg/kg in rats did not (29). In the study reported here, we found that resveratrol
at a daily dose of 100 mg/kg did not induce chromosome aberrations after 30 days of ingestion.

Bone marrow is a complex grouping of different cell types, including leukocytes, erythrocytes,
megakaryocytes and stromal cells at different stages of maturation. The exact kinetics of each
of these types of bone marrow cells in the mouse is unclear. However, studies evaluating bone
marrow cells and bone marrow stromal cells after irradiation (30-33) have shown that
radiation-induced aberrations in bone marrow-derived cell populations can persist for months
after irradiation (31) and that bone marrow stromal cells continue to show radiation-induced
alterations in the bone marrow stromal compartment in vitro 6 months after 2 Gy irradiation
(33). In addition, bone marrow stromal cells have reduced capacity for self-renewal and altered
blocking of apoptosis in attached hematopoietic stem cells after irradiation (32). These factors
likely contribute to the continued presence of bone marrow chromosome aberrations 30 days
after whole-body irradiation. With its wide range of cellular targets, it is possible that
resveratrol has beneficial effects not only on bone marrow hematopoietic cells but also on the
stromal compartment.
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In this study we determined that administration of resveratrol at a dose of 100 mg/kg daily,
initiated 2 days prior to 3 Gy whole-body irradiation, resulted in a statistically significant
reduction in the mean total chromosome aberration frequency in mouse bone marrow cells.
This reduction in chromosome aberration frequency is thought to be the result of a combination
of resveratrol’s previously identified cellular and molecular properties, including its
antioxidant activities and its ability to induce apoptosis and cell cycle arrest. Future studies
will investigate these possibilities using this in vivo model in an attempt to determine the
specific contribution from each mechanism. The potential for resveratrol to exert its
radioprotective and cancer-preventive properties to reduce or prevent radiation-induced acute
myeloid leukemia in at risk populations will also be evaluated.
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FIG. 1.
Photomicrographs of metaphase bone marrow cells 1 day postirradiation. Panel A: radiation

only, panel B: radiation + resveratrol, panel C: no treatment, and panel D: resveratrol only.
Arrows indicate chromosome fragments (f) and Robertsonian translocations (r).
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FIG. 2.

Total mean chromosome aberrations per bone marrow metaphase cell + SE day 1 after 3 Gy
whole-body irradiation. Statistically significant differences at the P < 0.05 level were found
when comparing the no treatment (No Tx) and radiation (RAD) groups and the radiation (RAD)
and resveratrol + radiation (RES + RAD) groups for mean total aberrations.
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FIG. 3.

Total mean chromosome aberrations per bone marrow metaphase cell + SE 30 days
postirradiation. Statistically significant differences at the P < 0.05 level were found when
comparing the no treatment (No Tx) and radiation (RAD) groups and the radiation (RAD) and
resveratrol + radiation (RES + RAD) groups for mean total aberrations.
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