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Abstract

0z

Aim: The aim of this study was to evaluate the protective use of
quercetin in a rat model of radiation-induced enteritis and colitis.

Methods: Twenty four adult rats were randomly divided into four
groups. Group SHAM was given only physiological saline, group QUER
was given quercetin 50 mg/kg for 15 days, group RAD was given only
irradiation and group QUER+RAD was given quercetin 50 mg/kg, and
then irradiated. Twenty four hours after the exposure to radiation,
all rats were euthanized for the evaluation of the ileum and colon
morphology and biochemical measurements.

Results: Compared with the SHAM group, the serum malondialdehyde
(MDA) level was significantly higher in group RAD (p=0.004) and
was significantly decreased in group QUER+RAD (p=0.015). The
MDA levels in the ileum and colon tissues were significantly higher
in group RAD (p=0.004 and p=0.002, respectively), while treatment
with quercetin significantly reduced lipid peroxidation in both tissues
in group QUER+RAD (p=0.015 and p=0.009, respectively). Compared
with the control group, the serum total antioxidant status (TAS) level
was significantly lower in Group RAD (p=0.002) and was significantly
increased in group QUER+RAD (p=0.009). TAS in the ileum and colon
tissues were significantly lower in group RAD (p=0.002 and p=0.002)
and were significantly higher in both tissues in group QUER+RAD
(p=0.002 and p=0.002, respectively).

Conclusion: This study confirmed that, in the model of radiation-
induced ileitis and colitis in rats, quercetin effectively decreased oxidative
stress and inflammatory damage to both ileum and colon tissues.

Keywords: Quercetin, intestine damage, oxidative stress, radiation,
rat

Amac: Bu c¢alismanin amac rat modelinde radyasyona bagh
olusan enterit ve kolit tedavisinde quercetin'in koruyucu rollinu
degerlendirmektir.

Yontemler: Yirmi dort yetiskin rat randomize olarak dért gruba ayrild.
Group SHAM'a sadece salin, grup QUER’e 15 glin boyunca 50 mg/
kg quercetin, grup RAD'a sadece radyasyon ve grup QUER+RAD'a
15 glin boyunca 50 mg/kg quercetin ardindan radyasyon uygulandi.
Radyasyon maruziyetinden 24 saat sonra ileum ve kolon morfolojisi
ve biyokimyasal parametrelerin degerlendirilmesi icin ratlara 6tenazi
uygulandi.

Bulgular: SHAM grubuyla karsilastirildiginda, serum malondialdehit
(MDA) seviyesi grup RAD'da istatistiksel olarak anlamli derecede yliksek
(p=0,004) ve grup QUER+RAD'da diistik bulundu (p=0,015). ileum ve
kolon dokularindaki MDA seviyesi grup RAD'da anlamli olarak daha
yiksek (sirasiyla; p=0,004 ve p=0,002) idi. Grup QUER+RAD'da ise her
iki dokuda azalmis olarak bulundu (sirasiyla; p=0,015 ve p=0,009).
Kontrol grubuyla karsilastinldigi zaman, serum total antioksidan
kapasite (TAK) seviyesi grup RAD'da istatistiksel olarak anlamli derecede
dustik (p=0,002) ve grup QUER+RAD’da ise yiiksek bulundu (p=0,009).
ileum ve kolon dokularindaki TAK seviyesi grup RAD'da istatistiksel
olarak anlamli derecede dustk iken (sirasiyla; p=0,002 ve p=0,002),
grup QUER+RAD'da ise her iki dokuda da anlamli derecede yiksek
bulundu (sirasiyla; p=0,002 ve p=0,002).

Sonug: Bu calisma, ratlarda olusturulan radyasyona bagli ileit ve kolit
modelinde quercetin’in, hem ileum hem de kolon dokularina oksidatif
stres ve enflamatuvar hasari etkili bir sekilde azalttigini dogrulamistir.

Anahtar Sozciikler: Quercetin, intestinal hasar, oksidatif stres,
radyasyon, rat
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Introduction

Radiotherapy (RT) has an important place in the
treatment of abdominopelvic cancers (1). The most
important reason for limiting the RT dosage is that, during
RT, normal tissues are exposed to radiation along with
the cancerous tissues (2,3). After the bone marrow, the
gastrointestinal system (GIS) is the region most sensitive
to the effects of radiation because of its rapid mitotic
activity and, following RT, radiation-induced enteritis and/
or colitis generally occur (4,5). During radiation exposure,
inflammatory cells are activated, causing mucosal damage.
Several studies have shown that, in the pathology
associated with RT, there is crypt cell destruction along
the GIS tract, a decrease in the number and size of villous
structures, and an increase in ulcerative and necrotic areas
(6-8).

Although the mechanism behind the above phenomena
is not yet fully understood, reactive oxygen species that
emerge in the mitochondria during radiation are thought
to be harmful to proteins, lipids, and nucleic acids (6,9).
In previous studies, chemical agents and oral nutritional
supplements were used to reduce these complications
associated with RT (1,3,7,10,11).

In vitro studies have shown flavonoids to have anti-
inflammatory and anti-oxidant properties in a wide
range of biological and pharmacological systems (12,13).
Animal experimental studies have shown that the anti-
inflammatory effects of flavonoids are mediated through
the inhibition of reactive oxygen or nitrogen compounds
(14). Flavonoids may also show anti-inflammatory effects
by inhibiting pro-inflammatory activities of enzymes such
as cyclooxygenase, lipoxygenase, and inducible nitric oxide
synthase (14).

Quercetinis a potent anti-oxidant and anti-inflammatory
flavonoid, which is found abundantly in onions, broccoli,
apples, grapes, wine, tea, and leafy green vegetables (15).
It shows anti-ulcerative, anti-hypertensive, anti-depressant,
and anti-inflammatory properties with effects on various
cellular pathways (16). In addition to platelet aggregation
inhibition, it also shows protective effects against oxidative
damage and cytotoxicity (17). The aim of this study was to
evaluate the protective use of quercetin in a rat model of
radiation-induced enteritis and colitis.

Methods

Chemicals

Quercetin was purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA).

Animals and Experimental Protocol

Approval for this study was granted by the Animal
Experiments Local Ethics Committee of Zonguldak (Turkey)
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Bllent Ecevit University Faculty of Medicine (2016-41-
06/10). All procedures conformed with international
guidelines on the care and use of experimental animals.

In total, 24 adult male Wistar albino rats, each weighing
300-350 g, were divided randomly into four groups. The
rats were obtained from the Bullent Ecevit University
Experimental Animals Research Unit. All were fed with
standard rat pellets and housed in temperature- and
humidity-controlled (23+1°C and 55% relative humidity)
rooms that were lit on a 12/12-h light/dark basis until the
day of the experiment.

Group SHAM was given only physiological saline (PS)
(no RT; n=6), group QUER was given quercetin at 50 mg/
kg body weight (BW) daily in distilled water and 0.25
mL of PS for 15 days (no RT; n=6), group RAD was given
only radiation (RT, n=6), and group QUER+RAD was given
guercetin at 50 mg/kg BW daily in distilled water and
0.25 mL of PS for 15 days and then irradiated (RT+QUER;
n=6). At the end of 15 days, the animals in groups RAD
and QUER+RAD were exposed to a dose of 10 Gy to the
abdominopelvic region. All rats were decapitated 24 h
after exposure to radiation.

Irradiation

The experimental model of anaesthetised rats for
irradiation was used, as described by Gultekin et al.
(18). The animals in groups RAD and QUER+RAD were
anaesthetised with an intraperitoneal injection of 100 mg/
kg ketamine, then four rats in the prone position were
administered a single non-ethal dose of 10 Gy using a
6-MV linear accelerator at a dose rate of ~1 Gy/min with
the source axis distance (SAD) technique and a 1.0-cm
bolus material on the surface. A computed tomography
simulation of a rat was performed with 1-mm slices, and a
dose calculation was performed with the Eclipse treatment
planning system (version 8.9; Varian Medical Systems,
Palo Alto, CA, USA). The animals were returned to their
home cages following irradiation. Control animals were
anaesthetised but not exposed to radiation. All irradiations
were performed between 08:00 and 09:30 A.M.

Chemical Analysis

Tissue samples were cut into small pieces and then
homogenised in phosphate-buffered saline (pH 7.4) using a
glass-Teflon homogeniser (Ultra Turrax IKA T18 Basic) for 2
min at 5.000 rpm. The homogenate was then centrifuged
(5.000 g, 15 min). The supernatant was used for the
analysis. Serum and tissue levels of total antioxidant status
(TAS) and malondialdehyde (MDA) were measured using
a colorimetric method with a TAS and MDA kit (Oxford
Biomedical Research, Oxford, USA) in accordance with the
manufacturer’s protocol.
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Histopathology

Histological examinations of the samples collected
from the colon and ileum were conducted using a
modified version of the method described by Odabasi et
al. (5) and Howarth et al. (19). Microscopic assessment
of each specimen was performed to determine the
mucosal, submucosal, and muscularis externa thickness in
the ileum and colon. Using a x100 eyepiece micrometer,
measurements were taken of the mucosal, submucosal,
and muscularis externa thicknesses at 20 representative
sites.

Histopathology of the lleum

For the examination of the ileum in the four groups,
thicknesses of the submucosa, muscularis externa, and
mucosa were measured. Then, the ileum and colon
histopathology was graded with a modified version of the
technique described by Howarth et al. (19) and the severity
of the damage was determined using the damage severity
score (DSS). The four groups were examined in terms
of 12 parameters, defined as villus tip erosion, severity
of neutrophil leukocyte reaction in the lamina propria,
severity of eosinophil reaction in the lamina propria,
severity of nuclear changes, severity of fibrinoid changes
in the vascular wall, severity of changes in fibroblasts in
the mucosa, severity of brush border damage, severity
of lymphocyte reaction, villus tip fusion, mitosis, crypt
abscess, blood vessel or lymphatic dilation, and ulcer form.
Each criterion was scored from 0 to 3 (O=normal, 1=mild
damage, 2=moderate damage, 3=severe damage) in each
area for a maximum of 36 points.

Histopathology of the Colon

As in the ileum, the submucosa, muscularis externa,
and mucosal thicknesses were measured for the colon.
Colon histopathology was graded using the same method
and the severity of damage was determined using the
DSS (19). The four groups were examined in terms of 11
parameters, defined as colon surface epithelial erosion,
severity of neutrophil leukocyte reaction in the lamina
propria, severity of eosinophil reaction in the lamina

propria, severity of nuclear changes, severity of fibrinoid
changes in the vascular wall, severity of changes in
fibroblasts in the mucosa, severity of lymphocyte reaction,
mitosis, crypt abscess, blood vessel or lymphatic dilation,
and ulcer form. Each area was scored with a maximum of
33 points.

Statistical Analysis

All analyses were performed with the “R" software
(version 3.3.2). Descriptive statistics were stated as mean
+ standard deviation, median, minimum, and maximum
values for continuous variables. Conformity to a normal
distribution was assessed with the Shapiro-Wilk test.
Differences between the four groups were evaluated with
ANOVA and the Kruskal-Wallis test. Tukey and Bonferroni-
corrected Mann-Whitney U tests were used as post hoc
tests for ANOVA and the Kruskal-Wallis test, respectively.
For all statistical comparisons, a value of p less than 0.05
was considered to indicate statistical significance.

Results

The results of the biochemical assessments of
peroxidation and anti-oxidant capacity parameters are
shown in Tables 1 and 2.

Biochemical Parameters

MDA is associated with lipid peroxidation. Compared
with the SHAM group, the serum MDA level was
significantly higher in group RAD (p=0.004) and was
significantly decreased in group QUER+RAD (p=0.015)
(Table 1). The MDA levels in the ileum and colon tissues
were significantly higher in group RAD (p=0.004 and
p=0.002, respectively) (Table 1) (Figure 1), while treatment
with quercetin significantly reduced lipid peroxidation in
both tissues in group QUER+RAD (p=0.015 and p=0.009,
respectively) (Table 1) (Figure 1).

TAS activity indicates anti-oxidant capacity. Compared
with the control group, the serum TAS level was
significantly lower in group RAD (p=0.002) and was
significantly increased in group QUER+RAD (p=0.009)
(Table 2). TAS levels in the ileum and colon tissues were

Table 1. Malondialdehyde levels of experimental groups

lleum Colon Plasma

(nmol/g wet tissue) (nmol/g wet tissue) (pmol/L)
Group SHAM 77.15 (27.60-85.70)? 40.85 (14.30-56.50)° 3.51(3.10-5.32)*°
Group QUER 96.10 (32.20-125.0)¢ 56.05 (43.10-85.70)¢ 4.36 (3.10-6.10)°
Group RAD 145.3 (85.0-90.0)¢ 104.75 (70.1-140.0)2<< 6.83 (4.23-8.37)*<¢
Group QUER+RAD 65.05 (42.1-134.0)%¢ 63.5 (26.2-166.8)° 5.19 (3.50-5.41)°
p value 0.022 0.005 0.011

QUER: Quercetin, RAD: Radiation
Values are reported as median (minimum and maximum value), (n=6)
abede; Statistically significant with Bonferonni corrected Mann-Whitney U test
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significantly lower in group RAD (p=0.002 and p=0.002,
respectively) (Table 2) (Figure 1) and were significantly
higher in both tissues in group QUER+RAD (p=0.002 and
p=0.002, respectively) (Table 2) (Figure 1).

Histopathological Analysis

The ileum and colon tissues were normal in group
SHAM and damaged, to varying degrees, in the other
groups. No ulcers or crypt abscesses were observed in any
group. There was no capillary or lymphatic dilatation and
no mitotic figure was determined in any animal in any of
the groups.

Thus, ileum damage was scored from a maximum
of 24 points on eight criteria and colon damage from
a maximum of 21 on seven criteria. The ileum damage
scores were calculated as 3.25+2.21 in the SHAM group,
19.20+2.26 in the RAD group, 6.90+1.68 in the QUER
group, and 11.05+£3.01 in the QUER+RAD group. A
statistically significant difference was found between the
SHAM group and the RAD group (p<0.001) and between
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Figure 1. Levels of ileum tissue malondialdehyde (A), colon
tissue malondialdehyde (B), ileum tissue total antioxidant status
(C) and colon tisue total antioxidant status (D) in group’s (n=6).
Statistically significant with Bonferonni corrected Mann-Whitney
U test
*p<0.05 as compared to group SHAM, **p<0.05 as compared to group
RAD
MDA: Malondialdehyde, TAS: Total antioxidant status
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the RAD group and the QUER+RAD group (p<0.001),
(Table 3).

The colon damage scores were calculated as
1.70£1.17 in the SHAM group, 11.75+2.14 in the RAD
group, 5.05£1.39 in the QUER group, and 7.02+4.34 in
the QUER+RAD group. A statistically significant difference
was found between the SHAM group and the RAD
group (p<0.001) and between the RAD group and the
QUER+RAD group (p=0.003) (Table 3).

Histopathological Analysis of the lleum

Histological changes in the ileum are shown in Figure 2.
Statistically significant differences were observed among
the four groups with respect to mucosal, submucosal, and
muscularis externa thickness values (p<0.001). Between
the SHAM group and the RAD group, a statistically
significant difference was found in submucosal thickness
and the muscularis externa thickness (p<0.05), but there
was no statistically significant difference in mucosal
thickness (p>0.05). Between the RAD group and the
QUER+RAD group, a statistically significant difference was
found in submucosal thickness (p<0.05), but there was
no statistically significant difference in muscularis externa
thickness or the mucosal thickness (p>0.05).

A statistically significant difference was observed in
regard to the brush border, villus tip erosion, villus fusion,
nuclear changes, fibrinoid changes in the vascular wall,
and proliferation in the fibroblasts between the groups
(p<0.001), between the SHAM and RAD groups (p<0.001),
and between the RAD and QUER+RAD groups (p<0.001).

A statistically significant difference was observed with
respect to lymphocytes in the lamina propria in the ileum,
polymorphonuclear leukocytes, and eosinophil reaction
between the groups (p<0.001), between the SHAM
and RAD groups (p<0.001), and between the RAD and
QUER+RAD groups (p<0.001).

Histopathological Analysis of the Colon

Histological changes in the colon are shown in Figure
3. A statistically significant difference was found between
the four groups in terms of mucosal, submucosal, and

Table 2. Total antioxidant status levels of experimental groups

lleum Colon Plasma

(umol trolox equivalents/g) (umol trolox equivalents/g) (mmol/L trolox equivalent)
Group SHAM 73.45 (51.90-98.20)*° 26.15 (14.3-56.5) 0.384 (0.370-0.402)°
Group QUER 71.80 (49.0-85.0)¢ 21.75 (16.80-50.70)° 0.377 (0.354-0.402)°
Group RAD 17.80 (10.10-27.70)2<¢ 11.30 (6.80-14.10)><¢ 0.332 (0.318-0.350)<¢
Group QUER+RAD 45.4 (30.20-56.30)04¢ 19.45 (17.60-43.60)° 0.355 (0.341-0.384)°¢
p value <0.001 0.003 0.001

QUER: Quercetin, RAD: Radiation

Values are reported as median (minimum and maximum value), (n=6)
abede: Statistically significant with Bonferonni corrected Mann-Whitney U test
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Table 3. Demage severity scores of both ileum and colon tissues

lleum Colon
Group SHAM 3.25%2.222b¢ 1.70+1.172bc
Group QUER 6.90+1.68%d¢ | 5.05+1.392d¢
Group RAD 19.20£2.26°4F | 11.75+2.14b4f
Group QUER+RAD 11.05+3.01%¢f | 9.60+2.47¢<f
p value <0.001 <0.001

QUER: Quercetin, RAD: Radiation
Values are reported as mean + standard deviation, (n=20)
abedef: Statistically significant with Bonferonni corrected Mann-Whitney U test

;

Figure 2. Histopathological examinations of hematoxylin and
stain-stained rat tissue: lleum (x200). A) group SHAM, B) group
RAD, C) group QUER and D) group QUER+RAD

muscularis externa thickness values (p<0.001). Between
the SHAM group and the RAD group, a statistically
significant difference was found in submucosal thickness,
muscularis propria thickness, and mucosal thickness
(p<0.05). Between the RAD group and the QUER+RAD
group, a statistically significant difference was found
in submucosal thickness (p<0.05), but there was no
statistically significant difference in muscularis propria
thickness or mucosal thickness (p>0.05).
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Figure 3. Histopathological examinations of hematoxylin and
stain-stained rat tissue: Colon (x200). A) group SHAM, B) group
RAD, C) group QUER and D) group QUER+RAD

A statistically significant difference was observed
in terms of surface epithelial erosion, nuclear changes,
fibrinoid changes in the vascular wall, and proliferation in
the fibroblasts between the groups (p<0.001), between
the SHAM and RAD groups (p<0.001), and between the
RAD and QUER+RAD groups (p<0.001).

A statistically significant difference was observed with
regard to lymphocytes in the lamina propria in the colon,
polymorphonuclear leukocytes, and eosinophil reactions
between the groups (p<0.001), between the SHAM
and RAD groups (p<0.001), and between the RAD and
QUER+RAD groups (p<0.001).

Discussion

In this study, significant changes were observed in
serum MDA and TAS levels in RT-induced ileum and colon
tissues of irradiated rats. The normalisation of elevated
tissue and serum MDA levels and the decreased TAS
levels following RT may indicate that quercetin improved
RT-induced damage in the colon and ileum tissues in rats
by reversing the RT-induced lipid peroxidation and anti-
oxidant capacity.

In the treatment of malignancies, RT, chemotherapy,
and surgery together have been the most commonly
applied methods and have been used with success for
120 years (20). In GIS, urological, and gynaecological
malignancies, RT is usually applied to the abdominal and
pelvic regions. Upon exposure to radiation in these areas,
inflammatory cells are activated and, as a result, there is
mucosal damage, destruction of crypt cells, a decrease in
the number and size of villous structures, and an increase
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in ulcerative and necrotic areas (6-8). The most important
mechanism in the emergence of this damage is an
increase in free radicals associated with RT. Oxygen-free
radicals cause lipid peroxidation in plasma and organelle
membranes, causing an increase in MDA.

By measuring levels of MDA, which is an end-product
of lipid peroxidation, an indirect estimation of lipid
peroxidation can be made. This measurement is valuable
because lipid peroxidation reflects cell death directly (21).
During oxidative stress, which is created in association with
RT, the anti-oxidant capacity is affected (22). In the current
study, MDA and TAS measurements were performed in the
ileum and colon tissues and in serum to estimate oxidative
stress associated with RT in the ileum and colon tissues.

Several methods have been established, ranging from
surgical tests to medical treatments, to reduce or prevent
the formation of GIS pathologies caused by RT (23). One of
these methods is the use of anti-oxidants. The hypothesis
of the present study was that quercetin, as a flavonoid
with anti-oxidant effects, could improve the adverse
effects of irradiation. In the current study, when the ileum
and colon tissue MDA and TAS values and the serum MDA
and TAS values were examined, a statistically significant
difference was observed between the SHAM group and
the groups subjected to RT, this was evaluated as an effect
on RT-induced oxidative stress. Furthermore, a statistically
significant difference was observed in both the ileum and
the colon tissue MDA and TAS values and the serum MDA
and TAS values after RT in the rats administered quercetin
pre-treatment.

These results were evaluated as an increasing anti-
oxidant effect of quercetin and inhibiting the effects of
lipid peroxidation. In several experimental animal models,
it has been shown that quercetin has protective effects
against tissue damage (24-28). Ozyurt et al. (26) reported
that quercetin could provide protection for the kidneys and
bladder in radiation-induced toxicity in an animal model.
Similarly, in an experimental colitis model, Joo et al. (27)
reported that quercetin could ameliorate inflammatory
responses by reducing oxidative stress and neutrophil
activation.

There is a negative effect on the lives of ~50% of
patients receiving pelvic RT because of GIS symptoms
(23). This negative effect on quality of life is of a moderate
to severe level in 20%-40% of patients, depending on
the type of tumour (23,29). In the current study, the DSS
was used to assess the severity of the damage created in
the ileum and the colon. The DSS described by Howarth
et al. (19) in the jejunum and ileum was modified for
this purpose. For the DSS calculation, 12 parameters
were evaluated for the ileum and 11 parameters for the
colon. However, at the end of the study, no ulcers, crypt
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abscesses, capillary or lymphatic dilation, or mitotic figures
were seen in any of the ileum or colon samples in any of
the four groups, thus, the DSS calculation included eight
histopathological parameters for the ileum and seven for
the colon. When the calculated DSSs were examined,
there was greater damage in both the ileum and the colon
in the rats subjected to RT compared with the SHAM
group. In the rats administered quercetin pre-treatment,
the RT-induced damage in both ileum and colon tissue was
reduced. These findings support the study hypothesis and
demonstrate that quercetin reduced and/or could delay
morphological tissue damage.

When tissue histopathology was examined in the rats
subjected to radiation, no statistically significant change
was observed in ileum mucosal thickness or in colon
submucosal, muscularis propria, or mucosal thickness,
compared with those in the SHAM group. This was
thought to be due to the early-stage pathological changes
resulting after exposure of the ileum and colon tissue to a
single dose of radiation. It was thought that the reason for
these changes could have been hyperplasia in the ileum
villi and fibroplasia forming in the wall layers with oedema
in the colon lamina propria.

In the ileum and colon samples of all four groups, no
ulcers, structural changes in crypts, or crypt abscesses
were observed. There was no capillary or lymphatic
dilatation and no mitotic figure was seen in any group.
These results were considered to be due to the radiation
regime that was used. A single dose of 10 Gy of radiation
was applied to the rats using a 6-MV linear accelerator at
a dose rate of ~1 Gy/min with the SAD technique and a
1.0-cm bolus material on the surface. The total radiation
dose applied to the related area of patients receiving RT
is the most important factor in the emergence of early-
and late-stage findings of GIS damage (30). Other factors
in GIS damage include fraction size and the frequency of
radiation application (20).

Study Limitations

In a study by Shukla et al. (31), patients receiving RT
between 8:00 and 10:00 A.M. were compared with those
receiving RT between 6:00 and 8:00 PM. It was reported
that, in the morning patient group, there were a greater
number of cases and more severe diarrhoea. In the current
study, the rats were subjected to RT between 8:00 and
9:30 A.M. and because of the weight control of the rats
included in the study, diarrhoea was not determined. This
was a significant limitation of the study. However, because
the RT applied in the study was a single dose and the
study was terminated 24 h after the application of RT, it is
not considered to have changed the results.
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Conclusion

The results of this study confirmed that, in the model
of radiation-induced ileitis and colitis in rats, quercetin
effectively decreased oxidative stress and inflammatory
damage to both ileum and colon tissues.
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