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ABSTRACT: Radiotherapy, which is routinely used to treat a wide range of oncological disorders, primarily affects the
malignant tissue in the targeted area, but also have negative effects in the surrounding tissues. Pelvic radiotherapy
causes early and late effects on the colon and rectum. Resveratrol (RVT) has been revealed to have a number of
pharmacological effects in a variety of experimental models and clinical circumstances, therefore it has piqued the
interest of scientists in recent years. In this study, we aimed to investigate the potential protective effects of resveratrol
(RVT), a strong antioxidant, anti-inflammatory and anti-mutagenic agent, against toxicity of colonic and rectal tissues
seen in the early and late stages after pelvic radiation. The treatment durations of the current study were designed as
one week and ten weeks interval by following radiation exposure. Sprague Dawley rats were divided into 5 groups (8
animals/group) as the control, radiation-early effects (Rd-E), radiation-late effects (Rd-L), and RVT-treated Rd-E (Rd-
E+RVT) and RVT-treated Rd-L (Rd-L+RVT) groups. lonizing radiation was performed to the pelvic area that covers
colon and rectum in single fraction of 20 Gy in a linear accelerator using with 6 MV photon energy. RVT was orally
administered (10 mg/kg/day) immediately following the radiation exposure and continued daily for 1 and 10 weeks
for early and late groups, respectively. Pelvic radiation caused a significant decrease in glutathione level, while
malondialdehyde levels, myeloperoxidase activity and 8-hydroxydeoxyguanosine were increased in both Rd-E and Rd-
L groups in the colon and rectum tissues. Additionally, light microscopic evaluations (H&E staining) revealed
degeneration of epithelium and inflammatory cell infiltration in the colonic and rectal tissues in radiation groups. RVT
treatment reversed all conducted biochemical parameters and ameliorated histomorphological changes following early
and late effects of pelvic radiation in tissues. In conclusion, resveratrol may be a candidate as a radioprotector for normal
tissues during and after radiotherapy.

KEYWORDS: Resveratrol, early and late effect of radiation, pelvic radiation, radioprotection, oxidative stress, 8-
OHdG.

1. INTRODUCTION

Pelvic radiation is frequently used to treat various oncological pathologies including prostate, colon and
rectal cancers [1]. However, the major limitation of this treatment modality is its toxicity on healthy tissues
surrounding the target volumes. Thus, the colon and rectum are at high risk as they receive considerable doses
of ionizing radiation during abdominal and pelvic radiation radiotherapy [2]. Underlying mechanism in the
development and progression of radiation-induced tissue injury are the induction of reactive oxygen species
(ROS) and consequently changes in the inflammatory responses followed by molecular changes in the cell [3].
Radiotherapy produces ROS by decomposition of H>O, resulting in hydroxyl radical (*OH), superoxide
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radical (O2¢-) and hydrogen peroxide production [4]. As a consequence of the production of these substances,
radiation therapy disturbs the chemical structures of DNA, lipids and proteins, as well as activation of early
response transcription factors and signal pathways and causes functional alterations [5]. Radiotherapy has the
ability of forming single-strand and double-strand breaks in the DNA by splitting chemical bonds on the
double helix structure [6]. These undesired effects should be somewhat prevented or reduced and antioxidants
can be beneficial to overcome the adverse effects of radiation therapy. Antioxidant molecules can contribute
to the body defense system by blocking excessive formation of free radicals, and prevent tissue injury. Thus,
development of natural products that inhibit or scavenge the ROS has received great attention as cancer
prevention agents.

Resveratrol (3,4",5-trihydroxystilbene; RVT), a stilbene-type phytoalexin, is found naturally in the skin
of plants such as blueberries, cranberries, grapes, peanuts and pines and is useful in resisting environmental
stress and fungal infections [7]. RVT attracted great interest after 1992, when it was demonstrated to be
responsible for some of the cardioprotective effects of red wine [8]. Since then, numerous studies have shown
that RVT exerts beneficial effects on a wide range of pathologies including various cancers, heart diseases and
ischemic organ injuries [9, 10]. RVT is known to have multiple biological activities such as antioxidant, anti-
inflammatory and anti-carcinogenic activities [11, 12]. As reported before in the literature, the effects of pelvic
radiation in the early stage appear within a few days to weeks. However, life-threating consequences occur
after the second week and in later stages following the radiation therapy [13]. In the light of information
mentioned above, the aim of the present study was to investigate the protective effects of RVT treatment on
the early and late periods of radiation-induced oxidative damage in the colon and rectum tissues in a rat model
of pelvic irradiation.

2. RESULTS

2.1. Tissue MDA and GSH levels

As an indicator of lipid peroxidation, MDA levels of colon and rectum tissues are seen in Table 1. In the
colon tissue; MDA levels were shown to be significantly higher (p<0.001) in the Rd-E and Rd-L groups (22.26
+1.23 and 22.47 1.1 nmol/ g tissuse, respectively) compared to the control (11.34 + 1.09 nmol/ g tissuse). RVT
treatment reversed these effects significantly in the Rd-E+RVT and Rd-L+RVT groups (p<0.001; 21.41 + 1.16
and 15.44 + 0.88 nmol/ g tissuse, respectively). Additionally, irradiation exposure diminished the endogenous
GSH levels in the colon. On the other hand, the significant reduction in GSH levels was restored back to control
level in the Rd-E+RVT and Rd-L+RVT groups (p<0.01). In the rectum tissue; MDA levels were significantly
increased (p<0.001) in the Rd-E and Rd-L groups (26.44 + 0.83 and 21.05 = 1.50 nmol/ g tissuse, respectively)
respect to the control (12.62 + 0.88). Moreover, GSH levels were statistically diminished by irradiation exposure
in the Rd-E and Rd-L groups (p<0.001) compared to the control group. On the other hand, RVT treatment
significantly reversed these effects and reduced the tissue MDA levels while increasing the GSH levels (Table
1).

2.2. Tissue Myeloperoxidase activity

Myeloperoxidase activity, a remarkable indicator of neutrophil infiltration in the injured tissue, was
found significantly elevated in the colon tissue of the Rd-E and Rd-L groups as compared to the control
(p<0.001). In the Rd-E+RVT and Rd-L+RVT groups, RVT treatment significantly decreased the MPO activities
of colon tissue. Similar findings were seen in the rectum tissue, MPO activities were significantly elevated by
irradiation exposure in the Rd-E and Rd-L groups compared to control group. RVT treatment in the Rd-E+RVT
and Rd-L+RVT groups reduced the MPO activities in rectum tissue (20.87 +1.45 and 18.21 + 1.38 U/ g tissue,
respectively) to a level comparable to the control group (Table 1).

2.3. The tissue 8-OHdG levels

Quantitative biomarker of oxidative DNA damage was assessed using 8-OHdG ELISA kit. The level of
8-OHdG were significantly (p<0.001) higher in the Rd-E and Rd-L groups respect to control group in both the
colon and rectum tissues. In the colon tissue, RVT treatment effectively reduced 8-OHdAG levels in the early
and late period of radiation groups (6.01 + 1.63, p<0.01; 4.66 = 1.02, p<0.001, respectively) (Table 1). Similar
findings were seen in the rectum tissue and RVT treatment decreased 8-OHdG levels in the early and late
period of irradiation groups (p<0.01) compared to Rd-E and Rd-L, respectively (Table 1).
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Table 1. Malondialdehyde (MDA), glutathione (GSH) and 8-Hydroxydeoxyguanosine (8-OHdG) levels, and
myeloperoxidase (MPO) activity in the colon and rectum tissues of rats.

Groups MDA . GSH . MPO . 8-OHdG
(nmol/g tissue) (umol/g tissue) (U/g tissue) (ng/ml)
Colon
Control 11.34 £1.09 18.55+£2.6 12.63 £0.23 413+£0.88
Rd-E 27.26 £1.23* 6.6 £1.52™ 35.98 £ 2.3** 9.25 +1.55"*
Rd-E+RVT 21.41 £1.16+++ 9.65 * 0.45*+ 23.69 + 1.85+++ 6.01 £1.29++
Rd-L 2247 +1.1™ 10.62 + 0.67 2532 +1.13™ 827 +1.1*
Rd-L+RVT 15.44 + 0.88### 14.68 + 0.95## 17.78 + 2.54### 4.66 £ 0.91###
Rectum
Control 12.62 +£0.88 3.70£0.38 15.37£0.31 3.27+£0.63
Rd-E 26.44 £ 0.83 0.57 £0.10* 28.53 £ 2.09** 8.37 £1.22
Rd-E+RVT 21.61 £ 1.13+++ 1.36 £ 0.14+++ 20.87 +1.45+++ 5.93 £ 0.74++
Rd-L 21.05 +1.5™ 1.37 £ 0.16™ 24.30 +1.48™ 8.26 £1.18™
Rd-L+RVT 17.12 £ 1.1### 2.05 £ 0.38## 18.21 + 1.38### 5.12 £ 0.72##

Data are represented as mean * standard deviation (n=8).
*p<0.01, ** p<0.001 compared to the control group.
++ p<0.01, ++* p<0.001 compared to the Rd-E group.
## p<0.01, ### p<0.001 compared to the Rd-L group.

2.4. Light Microscopic Findings

Regular colonic and rectal mucosa and submucosa were observed in control group. Degenerated surface
and glandular epithelium, inflammatory cell infiltration and submucosal edema were observed in radiation
early period (Rd-E) in both colonic and rectal tissues. RVT treatment ameliorated colonic mucosa in radiation
early period but, moderate degeneration of surface and glandular epithelium, inflammatory cell infiltration
and mild submucosal edema were observed in rectal tissue. Mild degeneration in surface and glandular
epithelium, inflammatory cell infiltration and submucosal edema were observed in radiation late period (Rd-
E) in both colonic and rectal tissues. Quite regular surface and glandular epithelium, mild inflammatory cell
infiltration were observed in Rd-L+RVT group in both colonic and rectal tissues (Figure 1). When the
histopathological scoring was evaluated statistically, it was observed that the damage in both tissues (rectum
and colon tissues) increased in the Rd-E and Rd-L groups compared to the control group (p<0.001). When the
radiation exposure groups were compared among themselves, it was statistically determined that the damage
of the Rd-E group was higher than the Rd-L Group but the damage was higher versus to control group. The
groups receiving RVT treatment and radiation groups were compared among themselves and it was observed
that the damage in the RVT treated groups was statistically lower in both colonic and rectal tissues (p<0.001)
(Table 2).

Table 2. Mean scores of histopathological lesions and Kruskal Wallis Test result on comparison between
each group; differences between pairs of means were further elucidated with a Tamhane post hoc test.

MeantSD
Groups Colon Rectum
Control 0.50 £ 0.50 0.50 £ 0.50
Rd-E 9.75£1.90™ 10.50 £ 1.20™
Rd-E+RVT 5.88 £0.99+++  6.25+0.46++
Rd-L 8.80 £ 0.76™ 8.5+0.53™
Rd-L+RVT 4.88 £ 0.64###  5.63 £ 0.52###
Chi-Square 35.130 36.688
df 4 4
p-value 0.001 0.001

Data are represented as mean * standard deviation (n=8).
*** p<0.001 compared to the control group.
+++ p<0.001 compared to the Rd-E group.
### p<0.001 compared to the Rd-L group.
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Figure 1: Representative light micrograps of experimental groups are seen. Regular colonic (A) and rectal (A1) mucosa
and submucosa are seen in control group. Degenerated surface (arrow) and glandular (c) epithelium, inflammatory cell
infiltration (arrowhead) and submucosal edema (*) are observed in both colonic (B) and rectal (B1) tissues of Rd-E group.
Quite regular colonic (C) mucosa and submucosa, moderate degeneration in surface (arrow) and glandular (c) epithelium,
inflammatory cell infiltration and mild submucosal edema in rectum (Cl) are seen in Rd-E+ RVT group. Mild
degeneration in surface (arrow) and glandular (c) epithelium, inflammatory cell infiltration (arrow) and submucosal
edema (*) are seen in colon (D) and rectum (D1) of Rd-L group. Quite regular surface (arrow) and glandular (c) epithelium,
mild inflammatory cell infiltration (arrowhead) is seen in both colon (E) and rectum (E1) tissues of Rd-L+RVT group.
H&E staining, original magnification: x200
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3. DISCUSSION

The colon and rectum tissues are the most frequently affected tissues due to pelvic radiation [14].
Clinical symptoms of gastrointestinal injury can arise during or soon following radiotherapy [2]. However,
there is a lack of knowledge about the protective effects of RVT treatment for the early and late periods of
pelvic radiation. The results of this study demonstrated that ionizing pelvic radiation causes oxidative damage
in the colon and rectum tissues as demonstrated by increased 8-OHdG and lipid peroxidation levels and
decreased GSH storages. RVT treatment decreased the MDA levels and restored GSH storages in these tissues,
therefore, RVT may be considered to be protective against the oxidative damage. Along with these findings,
oxidative damage of the colon and rectum is followed by neutrophil infiltration in both early and late periods
after pelvic radiation. On the other hand, RVT treatment prevented the ionizing radiation-induced MPO
activity increases as well as 8-OHdG level increases in both colon and rectum tissues.

Pelvic radiotherapy is one of the primary treatment options for various oncological pathologies. The
mechanism of action of radiation therapy is based on destroying neoplastic cells however it may also result in
undesired side effects on surrounding normal tissues. Colon and rectum are the potential target organs and
life-threatening complications of these organs may emerge during radiotherapy [15]. Although used in
treatment of various cancers, ionizing radiation has ability to cause oxidative DNA damage in adjacent healthy
cells and it is classified as possibly carcinogenic to humans in Group 2B by IARC (International Agency for
Research on Cancer) in 2000 [16]. DNA damage due to radiation therapy is generally by highly unstable *«OH
radical produced from the hydrolysis of water within the cells. *OH and other free radicals can interact with
primarily DNA bases and, to a lesser extent, DNA sugars. The interaction of *OH radical with the DNA
nucleobases, such as guanine, results in the formation of 8-hydroxy-2'-deoxyguanosine (8-OHdG) or its
tautomer 8-oxo-7-hydro-2'-deoxyguanosine (8-oxodG) [17]. In recent years, the numerous studies, focused on
the relationship between the 8-OHdG and oxidative DNA damage, and demonstrated that 8-OHdG can be
used as an important biomarker to detect oxidative stress related damages [18, 19]. In the present study, 8-
OHJG level increased in colonic and rectal tissues following irradiation. Administration of RVT reduced these
freeradicals’ level in early and late effect groups. These findings suggest that RVT showed antioxidative effects
and protected DNA damage on irradiated tissues.

ROS have been demonstrated to be one of the main direct causes of radiation-induced damage and
exposure to radiation results in the increased production of ROS and other free radicals. Besides DNA, due to
their high reactivity, ROS can also readily react with lipids as well as sensitive enzymes and proteins. Notably,
unsaturated fatty acids containing double bonds are susceptible to attack by ROS to yield the lipid radicals
[20]. Lipid peroxidation is considered to be an important cause of damage to cells by altering membrane
rigidity and permeability, and has been believed to be a contributing factor for progression of ROS-mediated
tissue damage [21]. Additionally, the membrane proteins are attacked not only by *OH but also by lipid
radicals as a consequence of radiation exposure, therefore, the oxidative protein modifications have also been
recognized as they may play a role in the development and progression of the late effects of radiation injury
[20]. MDA is one of the most abundant byproducts of lipid peroxidation and is used as a biomarker for
determination of oxidative stress following radiation exposure. In previous studies, MDA was found to be
increased in the ovaries [22], ileum and colon [23] tissues of rats exposed to radiation therapy, and the
treatment with known antioxidant molecules decreased the elevated MDA levels in these tissues. Similarly,
the present study demonstrated that there is an increased lipid peroxidation in both early and late period of
pelvic radiation as demonstrated by the elevated MDA levels in colon and rectum tissues. On the other hand,
compared with the early and late period of radiation, administration of resveratrol was shown to reduce MDA
levels in these tissues. Contrary to the increase in MDA levels, GSH, an important antioxidant naturally found
in the body, has been depleted in early and late periods of radiation therapy in the colon and rectum tissues.
RVT treatment exerted a notable elevation of GSH levels in these tissues. These changes in the aforementioned
biomarkers showed that RVT treatment suppressed and ameliorated the oxidative stress induced injury in the
colon and rectum tissues in both early and late periods of pelvic radiation.

The pathological progresses of many diseases and acute inflammatory illnesses are linked to the
neutrophils’ capability to excrete a complex assortment of agents that can impair normal cells and dissolve
connective tissue. Inflammatory response can occur in the pathogenesis of tissue injury in radiotherapy.
Studies have shown that radiation therapy has the ability to stimulate macrophages, monocytes and
fibroblasts, which in turn release pro-inflammatory cytokines, and consequently maintain the inflammatory
and fibrogenic processes of radiation damage [24, 25]. MPO, an indicator of inflammatory response, plays an
essential role for normal neutrophil function, and when neutrophils are triggered by various stimulants, MPO
is excreted from the cells. Activated neutrophils can generate or exacerbate tissue damage through massive
secretion of ROS by activating elastase, proteases and MPO [23]. Previous studies have reported that
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radiotherapy increased MPO activity in hepatic, colonic, ileal tissues and mouth mucosa [26, 27]. In our study,
similarly, we found that MPO activity increases in both early and late effect groups and RVT ameliorates these
radiation-induced damages in the colon and rectum tissues. Furthermore, light microscopic findings of the
colon and rectum tissues that degenerated epitheliums and inflammatory cell infiltrations was found to be
correlated with increased MPO activity in both early and late periods of radiation. RVT treatment also reduced
these degenerative effects of radiation therapy by revealing moderate inflammation in the tissues. It seems
that RVT reversed neutrophil infiltration in both colonic and rectum tissues, where oxidative damages were
also relieved by RVT, it may be suggested that the anti-oxidative role of RVT in these tissues includes
depressing of neutrophil releases.

4. CONCLUSION

Although radiotherapy is a key treatment options in many oncological pathologies, the toxicity of this
treatment modality in healthy tissues is a major concern in the clinical practice. Ionizing radiation can induce
damage in healthy tissues in both acute and late phases. There is a growing interest in exploring new
therapeutic agents that may reduce early and late side-effects of radiotherapy. In conclusion, the findings of
our study indicate that resveratrol strikingly alleviates the toxic effects of ionizing radiation by inhibiting of
neutrophil infiltration and reducing oxidative stress and DNA damage in colon and rectum tissues of rats in
both early and late effects. Thus, we can conclude that resveratrol treatment may be beneficial to prevent
damage to healthy tissues during and following radiotherapy. Further preclinical and clinical studies are
required to suggest resveratrol as a radioprotector in clinical settings.

5. MATERIALS AND METHODS

5.1. Chemicals

Resveratrol, 3-Carboxy-4-nitrophenyl disulfide (DTNB), dimethyl sulfoxide (DMSO), o-dianisidine, 2-
thiobarbituric acid (TBA), trichloroacetic acid (TCA), were purchased from Merck KGaA (Darmstadt,
Germany); ELISA kit for 8-hydroxy-2'-deoxyguanosine (8-OHdG) was obtained from Elabscience
Biotechnology Inc. (Houston, USA). All other chemical were used in analytically grade.

5.2. Animals

The experimental protocols of the present study were approved by a local Animal Care and Use
Committee (Approval ID: 08.2014.mar). Sprague Dawley rats with the body weight of 250 to 300 g were used
in this study. Animals were housed in polypropylene cages at room temperature (22 + 2°C) with 12 h light/12
h dark cycle. Animals were fed with a standard rat pellet and water was available ad libitum.

5.3. Experimental Design

Sprague Dawley rats were randomly divided into 5 experimental groups with 8 rats in each: control
(C), radiation-early effects (1 week) (Rd-E), radiation-late effects (10 weeks) (Rd-L), Rd-E + resveratrol (Rd-
E+RVT) and Rd-L + resveratrol (Rd-L+RVT). Radiation was performed to the pelvic area that covers colon
and rectum in single fraction of 20 Gy in a linear accelerator using with 6 MV photon energy. Resveratrol was
given 10 mg/kg orally for 1 week in the Rd-E+RVT group and for 10 weeks in the Rd-L+RVT. Upon
completion of the experimental protocol, all animals were decapitated, and colon and rectum tissues were
excised. For biochemical assays, tissue samples of each organ were separately kept at -20°C until
determinations of malondialdehyde (MDA), glutathione (GSH) levels, myeloperoxidase (MPO) activity and
8-OHdG measurements. For histopathological examination, tissue samples were stored in 10% neutral
buffered formalin at room temperature.

5.4. Tissue MDA and GSH levels

MDA levels were determined by monitoring TBA reactive substance formation as described previously
[28]. Colon and rectum tissues were homogenized in ice-cold 10% trichloroacetic acid, then centrifuged at 3000
rpm for 15 min. Supernatant was collected and the reaction between same volume of TBA and supernatant
was monitored to determine tissue MDA levels at 100°C based on the level of absorbance at 532 nm in a
spectrophotometer (Beckman Coulter DU 73, Fullerton, California, USA). The results were expressed as nmol
MDA /g tissue. GSH levels were measured with modified Ellman procedure in the colon and rectum tissues
by a spectrophotometer at 412 nm [29]. Results were expressed as pmol GSH/ g tissue.
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5.5. Tissue Myeloperoxidase activity

MPO activity was assayed in a procedure similar to that described by Hillegas et al. [30]. Colon and
rectum tissue samples were homogenized in ice-cold 50 mM potassium phosphate buffer (PB) containing 0.5%
hexadecyltrimethylammonium bromide (HETAB), and ethylenediaminetetraacetic acid (EDTA) then
centrifuged at 12.000 rpm and 4°C for 10 minutes. Aliquots were added to 2.9 mL of reaction mixture consist
of 50 mM PB, o-dianisidine and 20 mM H2O2 solution at 37°C. One unit of enzyme activity that caused a
change in absorbance measured with spectrophotometer at 460 nm for 3 minutes. MPO activity was expressed
as U/ g tissue.

5.6. Enzyme-linked Immunosorbent Assay (ELISA) for 8-Hydroxydeoxyguanosine (8-OHdG)

The small pieces of tissues were rinsed in ice-cold PBS (phosphate buffered saline, 0.01M, pH=7.4) to
remove excess blood. Then, tissue pieces were weighed and homogenized in ice-cold PBS with a glass
homogenizer. The homogenates were then centrifuged for 5 min at 5000xg and supernatants were collected.
The 8-OHdG levels were measured with 8-OHdG ELISA Kit (Cat. No: E-EL-0028, Elabscience Biotechnology
Inc., Houston, USA) by according to the manufacturer’s instructions. Briefly, standards (5 different
concentrations) or samples were added into the appropriate wells in duplicate and then incubated at 37°C.
Followed by the chromogenic reaction, the absorbance was measured at 450 nm using a microplate reader
(Epoch, BioTek Instruments, Inc., Winooski, USA). The content of 8-OHdG in the tissue samples was expressed
as ng/ml.

5.7. Light microscopic preparation

Colon and rectum samples were fixed with 10% neutral formaldehyde, dehydrated with ascending alcohol
series and cleared with toluene and embedded in paraffin. Approximately 5 um thick sections were stained
with hematoxylin and eosin (H&E) for histological evaluation at light microscope (Olympus BX51, Tokyo,
Japan) and photographed with digital camera (Olympus DP72, Tokyo, Japan). Assessment of the intestinal
injury was performed by using the previously described criteria: Damage/necrosis (0: none, 1: localized, 2:
moderate, 3: severe); Submucosal edema (0: none, 1: mild, 2: moderate, 3: severe); Inflammatory cell infiltration
(0: none, 1: mild, 2: moderate, 3: severe); Vasculitis (0: none, 1: mild, 2: moderate, 3: severe); Perforation (0:
absent, 1: present), with a maximum score of 13 [31].

5.8. Statistics

Statistical analysis was carried out using SPSS 17.0 (SPSS Inc, Chicago, IL, USA). All results are given as
mean + standard deviation (SD); groups of data were compared with ANOVA followed by Tukey’s multiple
comparison tests; p<0.05 was considered as significant.
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