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Resveratrol protects against irradiation-induced hepatic and ileal
damage via its anti-oxidative activity
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Abstract

The present study was undertaken to determine whether resveratrol (RVT) could ameliorate ionizing radiation-induced
oxidative injury. After a 10-days pre-treatment with RVT (10 mg/kg/day p.o.), rats were exposed to whole-body IR (800
cGy) and the RVT treatment was continued for 10 more days after the irradiation. Irradiation caused a significant decrease
in glutathione level, while malondialdehyde levels, myeloperoxidase activity and collagen content were increased in the liver
and ileum tissues. Similarly, plasma lactate dehydrogenase and pro-inflammatory cytokine levels, 8-hydroxy-2'-deoxygua-
nosine and leukocyte apoptosis were elevated, while antioxidant-capacity was reduced in the irradiated rats as compared with
the control group. Furthermore, Nat, Kt -ATPase activity was inhibited and DNA fragmentation was increased in the ileal
tissues. Resveratrol treatment reversed all these biochemical indices, as well as histopathological alterations induced by
irradiation. In conclusion, supplementing cancer patients with adjuvant therapy of resveratrol may have some benefit for a
more successful radiotherapy.
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acute adverse health effects within hours to weeks or
delayed effects within months to years after exposure.
The adverse effects on the liver and intestines may
result in severe complications, which may conse-
It is believed that cytokine activity may be one of the ~ quently cause the cessation of the radiation therapy
major mechanisms playing a role in the long-term [4,7]. Thus, these highly radiosensitive organs may
morbidity of the irradiation-induced oxidative tissue  frequently be considered as the dose limiting organs.

Introduction

Tissue injury from ionizing radiation ultimately
begins with oxidative stress from radiolytic hydrolysis
and formation of reactive oxygen species (ROS) [1].

damage [2]. It has long been recognized that the most
critical target of irradiation passing through living
tissues is the DNA [3]. Additionally, lipids and
proteins present in the structure of the cells are also
attacked by free radicals induced by irradiation [4].
Radiation-induced damage may be repairable, but in
some cases the repair is inaccurate [5,6], resulting in

Since radiation-induced cellular damage is attributed
primarily to harmful effects of free radicals, molecules
with direct free radical scavenging properties are
particularly promising as radioprotectors. Among
the best known radioprotectors, the sulphydryl com-
pounds cysteine and cysteamine [8,9] have some
serious side-effects and are considered to be toxic at
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the doses required for radioprotection. Similarly,
amifostine, which was tolerated well in radiothera-
peutic clinical trials, was reported to have some
undesirable side-effects [10]. Thus, regarding the
limited success of current biological modifiers target-
ing oxidative damage for radioprotection, there is
absolutely a need for more potent and less toxic
compounds, especially of herbal origin to boost
antioxidant defense.

Resveratrol (3,5,4’-trans-trihydroxystilbene; RVT),
a natural phytoalexin present in grapes, peanuts,
mulberries and red wine, has various pharmacological
effects, including anti-inflammatory properties, mod-
ulation of lipid metabolism and prevention of cancer
[11-14]. Its anti-inflammatory effect is related to
inhibiting oxidation, leukocyte priming and expres-
sion of inflammatory mediators. Recently, it has been
found to prevent and improve cardiovascular or
microcirculatory disorders by protecting the vascular
endothelium, modulation of lipid metabolism, in-
creasing cellular nitric oxide levels, as well as inhibit-
ing platelet aggregation [11-13,15]. Similarly,
Gresele et al. [16] demonstrated that resveratrol
activates eNOS, blunts the pro-inflammatory path-
way and inhibits ROS production. On the other hand,
RVT modulates the NO/NOS system, by increasing
iNOS and eNOS expression, NOS activity and NO
production [17].

Based on the aforementioned studies, using bio-
chemical and histopathological approaches, the pre-
sent study was aimed to examine the antioxidant and
radioprotective abilities of RVT against irradiation-
induced damage of the dose limiting organs, namely
liver and intestines.

Materials and methods
Experimental design

All experimental protocols were approved by the
Marmara University Animal Care and Use Commit-
tee. Male Sprague Dawley rats (200-250 g, 3 months
old) were obtained from Marmara University Animal
House and were kept at a constant temperature (22 +
1°C) with 12-h light and dark cycles. All chemicals
used in the study were purchased from Sigma
Chemical Co. (St. Louis, MO).

A group of rats received a 10-day pretreatment with
either 10 mg/kg/day RVT (99% purity; Mikrogen
Pharmaceuticals, Turkey; n=8) or vehicle (0.5%
carboxymethyl cellulose, CMC; n=8) by orogastric
gavage before they were exposed to irradiation and
the treatments were continued for the following 10
days after the irradiation. The rationale in choosing
the RVT dose is based on our previous studies
[18,19]. Rats received a single whole-body X-ray
irradiation (IR) of 800 cGy under ketamine anaes-
thesia (100 mg/kg intraperitoneally) with a linear
accelerator (Linac, Saturn 41, General Electric,

France) producing 6 MV photons at a focus. Animals
were returned to their home cages following irradia-
tion. Another set of rats that served as the control
groups were treated with either vehicle (n=8) or
RVT (#=8) in a similar manner as the irradiated
groups, but did not have irradiation. On the 11™ day
of irradiation, the rats were decapitated and trunk
blood was obtained for the measurement of pro-
inflammatory cytokines and for the evaluation of
oxidant—antioxidant status, leukocyte apoptosis and
hepatic functions. Ileum and liver samples were
obtained for the determination of tissue malondial-
dehyde and glutathione levels, myeloperoxidase ac-
tivity and collagen contents. Formation of reactive
oxygen species in both tissue samples was monitored
by using chemiluminescence (CL) technique. In the
ileal tissues, DNA fragmentation was analysed as an
indicator of mucosal apoptosis, while Nat-K*
ATPase activity was measured to evaluate membrane
transport function indirectly. Both the ileal and
hepatic tissues were also examined microscopically.

Blood assays

The hepatic function tests, aspartate aminotransfer-
ase (AST) and alanine aminotransferase (ALT) [20],
as well as lactate dehydrogenase (ILDH), an indicator
of tissue damage [21], were determined spectro-
photometrically using an automated analyser (Bayer
Opera biochemical analyzer, Germany). Using en-
zyme-linked immunosorbent assay (ELISA) kits spe-
cific for rat cytokines, plasma levels of tumour
necrosis factor-alpha (TNF-«), interleukin-1 beta
(IL-1p) and IL-6 were quantified according to the
manufacturer’s instructions and guidelines (Bio-
source Europe S.A., Nivelles, Belgium). The total
antioxidant capacity (AOC) in plasma was measured
by a colourimetric test system (ImAnOx, cataloge
n0.KC5200, Immunodiagnostic AG, D-64625 Ben-
sheim) according to the instructions provided by the
manufacturer. Plasma 8-hydroxy-2’-deoxyguanosine
(8-OHdG) content was determined by ELISA
method (Highly Sensitive 8-OHdG ELISA kit, Japan
Institute for the Control of Aging, Shizuoka, Japan)
in the extracted DNA solution. These particular assay
kits were selected because of their high degree of
sensitivity, specificity, inter- and intra-assay precision
and small amount of plasma sample required to
conduct the assay.

Ewvaluation of apoprosis and cell death in leukocytes

Apoptosis was induced by using phorbol myristate
acetate (PMA, Sigma-Aldrich, Taufkirchen,
Germany) as previously described with some mod-
ifications [22]. Briefly, erythrocytes from heparinized
blood samples of the groups were discarded using
erythrocyte lysis solution. White blood cells were
washed and re-suspended in phosphate buffer
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solution (PBS). For each apoptosis experiment, 1 x
10° cells/ml were distributed into two tubes. One tube
was induced for apoptosis using 100 ng/ml of PMA at
37°C for 2 h, while the other was incubated at the
same temperature without stimulation (control). To
demonstrate early apoptosis, cells were washed with
PBS following stimulation and were labelled with
annexin V (Biovision, Mountain view, CA) according
to manufacturer’s instructions. Briefly, 1ul of an-
nexin V was added to the tubes and cells were
incubated in the dark for 15 min. Once propidium
iodide (20 ng/ml, Sigma-Aldrich, Taufkirchen,
Germany) was added to label late apoptosis and cell
death, 10 000 cells were immediately acquired by
flow cytometry (FACS CANTO, Becton Dickinson,
Mountain View, CA). For analysis, lymphocytes and
neutrophils were separately gated according to their
granularity and size on forward scatter (FSC) vs Side
Scatter (SSC) plot by using Diva software (Becton
Dickinson, Mountain View, CA). Early apoptosis,
late apoptosis, necrosis and cell death were evaluated
on Fluorescence 1 (FL1 for Annexin V) vs Fluores-
cence 3 (FL3 for propidium iodide) plots. The
percentage of cells stained with only Annexin V was
evaluated as early apoptosis, while the percentage of
cells stained with both Annexin V and propidium
iodide was evaluated as late apoptosis and the
percentage of cells stained only with propidium
iodide was evaluated as cell death and/or necrosis.
Comparisons between the groups were performed by
using ratios of apoptosis and cell death. Ratios of
apoptosis and cell death were calculated by dividing
the percentage values of after-stimulation to those of
prior to stimulation for each individual sample.

Tissue chemiluminescence (CL) assay

Measurements were made at room temperature using
a Junior LB 9509 luminometer (EG&G Berthold,
Germany). Specimens (~ 0.1 g) were put into vials
containing PBS and 4-(2-Hydroxyethyl) piperazine-
1-ethanesulphonic acid (HEPES) buffer (0.5 M PBS
containing 20 mM HEPES, pH 7.2). ROS were
quantitated after the addition of either lucigenin or
luminol for a final concentration of 0.2 mM. Luminol
detects a group of reactive species, i.e. hydroxyl
radicals (OH'), hydrogen peroxide (H,O,), hypo-
chlorous acid (HOCI), while lucigenin is selective for
superoxide radicals (O, ) [23,24]. Counts were
obtained at 1 min intervals and the results were given
as the area under curve (AUC) for a counting period
of 5 min. Counts were corrected for wet tissue weight
(rlu/mg tissue) [25].

Tissue malondialdehyde and glutathione assays

Tissue samples (0.3-0.5 g) were homogenized with
ice-cold 150 mM KCI (w/v, 10%) for the determina-
tion of malondialdehyde (MDA) and glutathione

(GSH) levels using the homogenizer (Janke & Kunkel
IKA-Labortechnik Ultra-Turrax T25). Lipid perox-
idation was expressed in terms of MDA equivalents
using an extinction coefficient of 1.56 x 10° M ™'
cm ™! and results were expressed as nmol MDA/g
tissue [26]. GSH measurements were performed
using a modification of the Ellman procedure [27].
Briefly, after centrifugation at 2000 g for 10 min, 0.5
ml of supernatant was added to 2 ml of 0.3 mol/l
Na,HPO,4.2H,0 solution. A 0.2 ml solution of
dithiobisnitrobenzoate (0.4 mg/ml 1% sodium ci-
trate) was added and the absorbance at 412 nm was
measured immediately after mixing. GSH levels were
calculated using an extinction coefficient of 1.36 x
10* M~ ! cm ™!, Results were expressed in pmol
GSH/g tissue.

Measurement of tissue myeloperoxidase activity

Tissue MPO activity was measured in a procedure
similar to that documented by Hillegass et al. [28].
Tissue samples (0.3-0.5 g) were homogenized (w/v
10%) in 50 mM potassium phosphate buffer (PB, pH
6.0) and centrifuged at 41 400 g (10 min); pellets were
suspended in 50 mM PB containing 0.5% hexadecyl-
trimethylammonium bromide (HETAB). After three
freeze and thaw cycles, with sonication between cycles,
the samples were centrifuged at 41 400 g for 10 min.
Aliquots (0.3 ml) were added to 2.3 ml of reaction
mixture containing 50 mM PB, o-dianisidine and 20
mM H,O, solution. One unit of enzyme activity was
defined as the amount of MPO present that caused a
change in absorbance measured at 460 nm for 3 min.
MPO activity was expressed as U/g tissue.

Histopathological analysis and tissue collagen
measurement

Tissue samples were fixed in 10% (v/v) buffered p-
formaldehyde and prepared for routine paraffin
embedding. Tissue sections (6 pm) were then stained
with Hematoxylin and Eosin and examined under a
light microscope (Olympus-BH-2) by an experienced
histologist, who was unaware of the treatment con-
ditions.

Extra tissue samples that were fixed in p-formal-
dehyde and embedded in paraffin were cut (15 um)
and used for tissue collagen measurement as a free
radical-induced fibrosis marker. Evaluation of col-
lagen content was made according to the method
published by Lopez de Leon and Rojkind [29], based
on selective binding of the dyes Sirius Red and Fast
Green FCF to collagen and non-collagenous compo-
nents, respectively. Both dyes were eluted readily and
simultaneously by using 0.1 N NaOH-methanol (1:1,
v/v). Finally, the absorbances at 540 and 605 nm were
used to determine the amount of collagen and
protein, respectively.
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Tissue DNA fragmentation assay

Mucosal samples (0.10-0.15 mg) from ileum were
homogenized in 10 volumes of a lysis buffer (5 mM
Tris HCL, 20 mM ethylene diamine tetraacetic acid
[EDTA], 0.5% (v/v) t-octylphenoxypolyethoxyetha-
nol [Triton-X 100]; pH = 8.0). Two separate samples
of 1 mL were taken from the mucosal samples and
centrifuged at 25 000 g for 30 min to separate the
intact chromatin in the pellet from the fragmented
DNA in the supernatant [30]. The pellet was re-
suspended in 1 mL of Tri-EDTA buffer (pH = 8.0),
10 mM:1 mM, respectively. Both the supernatant and
the re-suspended pellet were assayed for the DNA
content by diphenylamine reaction described by
Burton [31]. Tricarboxylic acid (TCA, 25%) was
added to both tubes containing the re-suspended
pellet and supernatant and the tubes were kept at 4°C
overnight. The samples were centrifuged then at 4°C
and 25 000 g for 30 min. The supernatants were
discarded and 5% freshly prepared TCA was added
to the pellets in both tubes. The tubes were shaken
for 20 min at 95°C and freshly prepared diphenyla-
mine (DPA) solution (15 mg DPA dissolved in 1 mL
glacial acetic acid with the addition of 1 pLL concen-
trated sulphuric acid) was added in a volume twice
the samples. After the samples were left at 37°C for
4 h, optical densities were read then at 595 nm.

Measurement of tissue Na™*, K -ATPase activity

Measurement of Nat, KT-ATPase activity is based
on the measurement of inorganic phosphate released
by ATP hydrolysis during the incubation of homo-
genates with an appropriate medium containing 3
mM ATP as a substrate. The total ATPase activity was
determined in the presence of 100 mM NaCl, 5 mM
KCl, 6 mM MgCl,, 0.1 mM EDTA, 30 mM Tris—
HCI (pH 7.4), while the Mg® " -ATPase activity was
determined in the presence of 1 mM ouabain. The
difference between the total and the Mg® " -ATPase
activities was taken as a measure of the Na™, K-

ATPase activity [32]. Tissue samples (0.3-0.5 g) were
homogenized in 0.32 M sucrose (w/v: 10%). The
reaction was initiated with the addition of the homo-
genate sample and after a 5-min pre-incubation
period at 37°C Na,ATP was added. Following a 10-
min re-incubation, the reaction was terminated by the
addition of ice-cold 6% perchloric acid. The mixture
was then centrifuged at 3500 g and Pi in the super-
natant fraction was determined by the method of
Fiske and Subbarow [33]. The specific activity of the
enzyme was expressed as nmol Pi mg ! protein h .
The protein concentration of the supernatant was
measured by the Lowry et al. [34] method.

Statistics

Statistical analysis was carried out using GraphPad
Prism 3.0 (GraphPad Software, San Diego, CA). All
data were expressed as means + SEM. Groups of data
were compared with an analysis of variance (AN-
OVA) followed by Tukey’s multiple comparison tests.
Values of p < 0.05 were regarded as significant.

Results

Plasma AST/ALT levels and LDH activity, used as
indices of hepatic injury and of generalized tissues
damage, were increased significantly in irradiated
animals (p < 0.001), while RVT administration pre-
vented these elevations (p <0.001; Table I).In the
vehicle-treated IR groups, TNF-«, II-15 and IL-6
levels were significantly increased (p <0.001) when
compared to control groups treated with -either
vehicle or RVT, while this IR-induced rise in plasma
pro-inflammatory cytokines was reduced (p < 0.05—
0.001) when the rats received RVT treatment before
and after irradiation (Table I). Similarly, oxidative
DNA marker 8-OHdG was increased in the plasma of
vehicle-treated irradiation groups, while total antiox-
idant capacity (AOC) was depressed significantly
(p<0.001). On the other hand, RVT treatment in

Table I. Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST), lactate dehydrogenase (LDH) activity, TNF-«,
IL-1p, IL-6, total antioxidant capacity (AOC; pg/ml) and 8-hydroxy-2'-deoxyguanosine (8-OHdG) levels of the vehicle or resveratrol

(RVT) treated control and irradiated groups. For each group, n =8.

Control Irradiation

Vehicle-treated RVT-treated Vehicle-treated RVT-treated
AST (U/) 27.243.7 30.2+2.9 103.2 +9.9%** 51.2452FFF
ALT (UN) 33.3+2.8 34.3+1.8 63.0+4.5%** 36.7+3.3"7++
LDH (U/T) 1495+119 1396 +208 4703 +341%** 2539+301*%, 7+ "
TNF-o (pg/ml) 7.4+1.3 7.9+1.1 36.2+4.1%** 14.0+23%7+F
IL-15 (pg/ml) 6.0+0.5 5.3+0.7 44.946.6%** 20.3 4 2%** +
IL-6 (pg/ml) 2.840.3 3.340.3 4] 5%** 15+1.5%,F++
AOC (pg/ml 334+11 349+15 43 4 4xx* 194 +22%*x + ++
8-OHdG (ng/ml) 0.3340.03 0.3440.03 5.8440.4%** 3.740.1%*%* +++

*p <0.05, ***p <0.001; compared to control group; " p <0.05, © ¥ *» <0.001 compared to untreated IR group. Data are given as mean +

SEM and each group consists of eight rats.
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irradiated rats reduced the plasma 8-OHdG level and
prevented the reduction in AOC (p < 0.001, Table I).

Annexin V stainings alone were evaluated as early
apoptosis, while annexin V along with propidium
iodide stainings were evaluated as late apoptosis.
Both early and late apoptosis ratios in neutrophils
were significantly higher in the vehicle-treated irra-
diation groups when compared to control groups
(p<0.05-0.001, Figure 1A and B). In addition,
irradiation has significantly induced neutrophil death
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Figure 1. (A) Early apoptosis, (B) late apoptosis and (C) cell
death of neutrophils obtained from vehicle- or resveratrol-treated
rats induced with irradiation. Early and late apoptosis and cell
death ratios were calculated by dividing the values of after-
stimulation to the values obtained without phorbol myristate
acetate stimulation. *p <0.05 and ***p <0.001 compared with
vehicle-treated control group; **p<0.01, ¥+ *p<0.001 com-
pared with vehicle-treated irradiation group. Data are given as
mean +SEM and each group consists of eight rats.

(p<0.001; Figure 1C). Similar results were obtained
for the early and late apoptosis and cell death ratios of
lymphocytes from vehicle-treated rats that had irra-
diation (p < 0.01-0.001, Figure 2A—C). On the other
hand, RVT administration abolished the apoptotic
effect of irradiation on both neutrophils and lympho-
cytes and prevented the cell death ratio in both types
of leukocytes (p <0.001, Figures 1 and 2).

Luminol and lucigenin chemiluminescence (CL)
values of both hepatic and ileal tissues were found to
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Figure 2. (A) Early apoptosis, (B) late apoptosis and (C) cell

death of lymphocytes obtained from vehicle- or resveratrol-treated
rats induced with irradiation. Early and late apoptosis and cell
death ratios were calculated by dividing the values of after-
stimulation to the values obtained without phorbol myristate
acetate stimulation. **p <0.01 and ***p <0.001 compared with
vehicle-treated control group; T tp<0.01, ©**p<0.001 com-
pared with vehicle-treated irradiation group. Data are given as
mean +SEM and each group consists of eight rats.
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be significantly higher in the irradiated and vehicle-
treated groups than those in the control groups (p <
0.05; p<0.001). RVT treatment, however, given
prior to and after irradiation, completely suppressed
ROS generation in these tissues, as detected by both
probes (p <0.05; p<0.001; Figure 3).

As compared to those of the control groups, MDA
levels in the hepatic and ileal tissues were significantly
higher in the irradiated group that has received
vehicle treatment (p < 0.001, Figure 4), while treat-
ment with RVT significantly (p <0.001) prevented
the lipid peroxidation in both tissues. In accordance
with these, GSH levels in the studied tissues of
vehicle-treated rats were depressed significantly fol-
lowing irradiation (p<0.01-0.001; Figure 5) and
RVT treatment prevented the depletion of GSH in
both tissues (p < 0.05). Similarly, MPO activity was
significantly increased in the liver and ileum of
vehicle-treated irradiated groups (p < 0.001), indicat-
ing increased tissue neutrophil infiltration [16], while
RVT treatment decreased, but not completely pre-
vented irradiation-induced neutrophil infiltration in
these tissues (p < 0.001, Figure 6).

Collagen contents in the hepatic and ileal tissues of
vehicle-treated and irradiated group were markedly
increased as compared to control group, implying
enhanced tissue fibrotic activity due to irradiation
(p<0.05-0.001, Figure 7). On the other hand, in the
rats that have received RVT treatment, tissue collagen
levels were not different than those of the non-
irradiated control rats.
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The activity of Nat-K* ATPase in the ileum of
the irradiated rats that received vehicle treatment was
significantly lower than that of the non-irradiated
control groups (p<0.001). However, when the
treatment regimen was replaced with RVT, irradia-
tion-induced reduction in ileal Na™-K* ATPase
activity was abolished (p < 0.05; Figure 8A). Con-
comitant with that, DNA fragmentation was elevated
in the ileal mucosae of irradiated rats with vehicle
treatment (p<0.001, Figure 8B), however RVT
treatment prevented the DNA damage induced by
irradiation (p <0.001).

The histopathological analysis in liver tissues of the
control groups showed regular morphology (Figure
9A), while in the liver of vehicle-treated irradiation
group, sinusoidal dilatations and degeneration of
hepatocytes were observed and the density of Kupffer
cells was increased (Figure 9B). On the other hand, in
the RVT-treated and irradiated group, the sinusoids
were regenerated and the hepatocytes demonstrated a
nearly regular morphology (Figure 9C).

Ileal tissues of the control groups showed a regular
morphology (Figure 10A) with intact epithelial and
glandular structures. In the irradiated group that has
received vehicle treatment, enlargement of goblet
cells, epithelial detachments and accumulation of
leukocytes were prominent (Figure 10B). However,
in the RVT-treated and irradiated group, the mor-
phology was nearly the same as the control group,
with a normal epithelial and glandular appearance
(Figure 10C).
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Figure 3. Luminol chemiluminescence (CL) in the (A) liver and (C) ileum tissues and lucigenin CL in the (B) liver and (D) ileum tissues
of vehicle or resveratrol-treated rats induced with irradiation. Groups of data were compared with an analysis of variance (ANOVA)
followed by Tukey’s multiple comparison tests. **p <0.01 and ***p <0.001 compared with vehicle-treated control group; *p <0.05,

+++

p<0.001 compared with vehicle-treated irradiation group. Data are given as mean +SEM and each group consists of eight rats.
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Figure 4. Malondialdehyde (MDA) levels in the (A) liver and (B)
ileum tissues of vehicle or resveratrol-treated rats induced with
irradiation. Groups of data were compared with an analysis of
variance (ANOVA) followed by Tukey’s multiple comparison tests.
*p <0.05 and ***p <0.001 compared with vehicle-treated control
group; T 7p<0.01 compared with vehicle-treated irradiation
group. Data are given as mean+SEM and each group consists of
eight rats.

Discussion

Radiation therapy is a common and effective tool in
the management of a wide variety of tumours and in
some cases it may be the single best treatment of
cancer. However, the radiosensitivity of normal
tissues adjacent to the tumour, which are unavoidably
exposed to radiation, limits therapeutic gain. The
present results demonstrate that whole-body irradia-
tion causes oxidative tissue damage in the liver and
ileum of the rats, as assessed by increased lipid
peroxidation and neutrophil infiltration, enhanced
fibrosis and decreased GSH levels. Treatment with
RVT, by depressing lipid peroxidation, neutrophil
infiltration and replenishing GSH content in these
tissues, demonstrated a protective effect against
oxidative injury due to irradiation. Furthermore,
RVT treatment attenuated irradiation-induced im-
pairment in liver functions and decreased irradiation-
induced elevations in plasma cytokines, LDH activity
and oxidative damage of DNA.
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Figure 5. Glutathione (GSH) levels in the (A) liver and (B) ileum
tissues of vehicle or resveratrol-treated rats induced with irradia-
tion. Groups of data were compared with an analysis of variance
(ANOVA) followed by Tukey’s multiple comparison tests. **p <
0.01 and ***p <0.001 compared with vehicle-treated control
group; ' p <0.05 compared with vehicle-treated irradiation group.
Data are given as mean+SEM and each group consists of eight
rats.

Irradiating biological material leads to a rapid burst
of ROS, generated primarily because of the ionizing
of water molecules [35], which then interact with
biological target molecules, causing lipid peroxidation
and DNA damage and subsequently resulting in cell
killing and mutations [36]. In the present study,
MDA, a marker of lipid peroxidation, was increased
in the liver and ileum of whole-body irradiated rats,
indicating the presence of radiation-induced oxidative
damage. Moreover, current CL data support that
tissue injury induced by irradiation involves the
generation of toxic oxygen metabolites. On the other
hand, RVT treatment with its antioxidant activity
prevented elevations in tissue MDA and attenuated
the increases in tissue luminol- and lucigenin-
enhanced CL levels, suggesting that RVT ameliorates
radiation-induced oxidative injury, in part, by scaven-
ging reactive oxygen radicals. In accordance with the
present findings, an in vitro study has recently shown
that the protective effects of RVT on UV-irradiated
skin cells involve a reduction in ROS production [37].
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Figure 6. Myeloperoxidase (MPO) activity in the (A) liver and
(B) ileum tissues of vehicle or resveratrol-treated rats induced with
irradiation. Groups of data were compared with an analysis of
variance (ANOVA) followed by Tukey’s multiple comparison tests.
**p <0.01 and ***p <0.001 compared with vehicle-treated control

group; "t *p<0.001 compared with vehicle-treated irradiation

group. Data are given as mean+SEM and each group consists of
eight rats.

Cell’s ability to counteract ROS over-production
depends on the capacity of the endogenous antiox-
idant defenses, whereas radiation exposure alters the
balance of these defense systems [38]. It has been
demonstrated that irradiation causes significant in-
creases in MDA levels along with significant de-
creases in the antioxidant enzyme activities, such as
superoxide dismutase (SOD) and catalase (CAT) and
glutathione peroxidase (GSH-Px) [39,40]. In the
current study, RVT treatment preserved the hepatic
and ileal GSH stores that were depleted in the non-
treated irradiated group, suggesting the antioxidant
and free-radical scavenging effects of RVT. In accor-
dance with the present results, it was shown that RVT
maintains the levels of glutathione during oxidative
stress and stimulates the enzymes involved in glu-
tathione synthesis [11,41]. Furthermore, it was
shown that RVT provided cardioprotection by pre-
venting the reduction in GSH/GSSH ratio in
ischemic cardiomyocytes, suggesting the role of
RVT in the regulation of intracellular redox environ-
ment [42]. Similarly, decreases in SOD and CAT
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Figure 7. Collagen contents in the (A) liver and (B) ileum tissues
of vehicle or resveratrol-treated rats induced with irradiation.
Groups of data were compared with an analysis of variance
(ANOVA) followed by Tukey’s multiple comparison tests. *p <
0.05 and ***p <0.001 compared with vehicle-treated control
group; T Tp<0.01 and T T Tp<0.001 compared with vehicle-
treated irradiation group. Data are given as mean +SEM and each
group consists of eight rats.

activities induced by other oxidants, such as doxor-
ubicin or lipopolysaccharide, were also reversed with
RVT treatment [43,44].

Both clinical and experimental studies have shown
that irradiation is perceived by tissue macrophages
and monocytes, which in turn secrete IL-1, TNF-«
[2,45,46] and thereby perpetuate the inflammatory
and fibrogenic processes of radiation damage [2].
Activated neutrophils can induce or exacerbate tissue
injury through the production of oxygen metabolites
[47] by activating cytotoxic enzymes such as elastase,
proteases, lactoferrin and MPO [48]. As evidenced in
the present study, ionizing radiation resulted in
increased serum TNF-¢, II-1§ and IL-6 levels,
indicating the role of these pro-inflammatory cyto-
kines in radiotherapy-induced toxicity. Accordingly,
the presence of increased neutrophil accumulation, as
assessed by elevated MPO activity in the liver and
ileum, indicates that radiation-induced oxidative
injury in these tissues involves the contribution of
neutrophil accumulation. Moreover, the current find-
ings show that irradiation-induced toxicity is
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Figure 8. (A) Nat*-K* ATPase activity and (B) DNA fragmen-
tation (%) in the ileum tissues of of vehicle or resveratrol-treated
rats induced with irradiation. Groups of data were compared with
an analysis of variance (ANOVA) followed by Tukey’s multiple
comparison tests. ***p <0.001 compared with vehicle-treated
control group; Tp<0.05 and * T Tp<0.001 compared with
vehicle-treated irradiation group. Data are given as mean +SEM
and each group consists of eight rats.

associated with enhanced apoptosis of leukocytes and
gut mucosal cells. On the other hand, RVT depressed
the plasma levels of cytokines, effectively inhibited
apoptosis and prevented neutrophil recruitment,
suggesting that the protective effect of RVT against
radiation-induced oxidative injury of the liver and
ileum may involve its inhibitory effect on tissue
neutrophil infiltration and neutrophil-derived cyto-
kine response.

It has been suggested that LDH activity was
abnormally increased and Na*, K*-ATPase activity
was greatly inhibited when tissues and organs were
injured [49]. More specifically, Keelan et al. [50]
have shown that external abdominal irradiation-
induced alterations in intestinal morphology and
function were associated with reduced intestinal
Nat, K*-ATPase activity. Similarly, Lebrun et al.
[51] have also reported that following 8 Gy
y-radiation, which led to malabsorptive diarrhoea in
rats, Nat, KT-ATPase activity in small intestinal
mucosa was decreased. The results of our study are in
agreement with these observations, since plasma
LDH level was significantly increased as an indicative

v o

Figure 9. (A) Control liver with sinusoids (arrow) and hepato-
cytes, Kuppfer cells (arrowheads), central vein (cv); (B) Radiated
liver, moderate dilation of sinusoids (arrow), the devastating
degeneration of hepatocytes (arrowheads); (C) resveratrol treated
liver,showing the regenerated morphology with restored sinusoids
(arrows) and hepatocytes (arrowheads) and Kupffer cells (*).
(original magnifications, %200 and insets x400).

of generalized tissue injury and ileal Na®, K-

ATPase activity was decreased due to oxidative

membrane damage. On the other hand, RVT treat-
ment reversed these changes and improved the
histological appearances, indicating its protective
effects against irradiation-induced oxidative stress.
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Figure 10. (A) Control group, well designed epithelium (arrow)
and goblet cells (*), (B) Radiated group, detachment of epithelium
and congestion in the lamina propria (arrowheads), degenerated
glands (arrow) and enlarged goblet cells (*) were observed; (C)
Resveratrol-treated group, the epithelial layout was regenerated
(arrows) and there appeared minimal congestion. (Original magni-
fications, x 200 and insets x400.)

In vital organs, irradiation-induced oxidative injury
can result in the development of progressive fibrosis
and organ failure [52], a major factor in limiting the
radiation dose that can be applied safely to cancer
patients. In our study, collagen contents of the liver
and ileum were significantly increased following

irradiation, indicating enhanced tissue fibrotic activ-
ity, while RVT treatment attenuated the fibrotic
activity by its antioxidant properties. In support of
these findings, we have previously shown that 10 mg/
kg dose of the antioxidant resveratrol had exerted
hepato- and gastroprotection against oxidative injury
and exerted antifibrotic action on the injured tissues
[19,53]. The present study is the first to demonstrate
the protective effect of RVT on radiation-induced
oxidative damage of the hepatic and ileal tissues, as
well as of the leukocytes. On the other hand, it was
previously shown that RVT acts synergistically with
ionizing radiation to inhibit tumour cell survival,
implicating that RVT can act as a potential radiation
sensitizer, without inducing or enhancing sponta-
neously occurring apoptotic death in normal hema-
topoietic progenitor cells [54]. Moreover, the natural
antioxidant RVT inhibits carcinogenesis in animal
models through the inhibition of tumour initiation
and progression processes [55-58].

In conclusion, the most important and innovative
conclusion of the present work is that RVT, by its
antioxidant properties, protects the vulnerable organs
against oxidative damage. These results suggest that
supplementing cancer patients with adjuvant therapy
of RVT may aid in the alleviation of the side-effects
due to radiation-induced oxidative organ injuries.
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