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ABSTRACT

Extensive research has been focused on radiation-induced brain injury. Animal and human studies have shown that
flavonoids have remarkable toxicological profiles. This study aims to investigate the neuroprotective effects of quer-
cetin in an experimental radiation-induced brain injury. A total of 32 adult male Wistar-Albino rats were randomly
divided into four groups (control, quercetin, radiation, and radiation+quercetin groups, with eight rats in each
group). Doses (50 mg/kg) of quercetin were administered to the animals in the quercetin and radiation+quercetin
groups; radiation and radiation+quercetin groups were exposed to a dose of 20 Gy to the cranium region. Tissue
samples, and biochemical levels of tissue injury markers in the four groups were compared. In all measured para-
meters of oxidative stress, administration of quercetin significantly demonstrated favorable effects. Both plasma
and tissue levels of malondialdehyde and total antioxidant status significantly changed in favor of antioxidant activ-
ity. Histopathological evaluation of the tissues also demonstrated a significant decrease in cellular degeneration and
infiltration parameters after quercetin administration. Quercetin demonstrated significant neuroprotection after
radiation-induced brain injury. Further studies of neurological outcomes under different experimental settings are

required in order to achieve conclusive results.
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INTRODUCTION
The efficacy of radiotherapy in brain metastases, primary central
nervous system tumors and various tumors is known, and radiother-
apy has been used for a long time. With increasing doses of radio-
therapy, the rate of tumor control increases. At the same time, the
risk of normal brain tissues being affected is also increased, which in
turn results in an increased risk of complications. Therefore, tumor
control, in a sense, is dependent on the radiotherapy tolerance of
normal brain tissue [1, 2]. Brain injury due to radiation is a continu-
ous and dynamic process. Based on the time-course of the clinical
picture, it can be classified into three phases, namely: acute, early

delayed, and late delayed [3]. The mechanisms of the radiation-
induced brain injury corresponding to these clinical findings are not
fully understood. Theories about after-irradiation ischemia due to
direct destruction of brain parenchymal cells and damage to the
vascular system, have been developed [4, S].

Recent research on radiation-induced brain injury has benefited
from using animal models. In particular, rats have been used to elicit
a variety of pathological changes (e.g. vascular lesions, edema,
necrosis and demyelination) [4]. At the molecular, cellular and
tissue levels, neuroinflammation, epigenetic and histopathological
changes, apoptosis, impaired cell proliferation and differentiation,

© The Author(s) 2018. Published by Oxford University Press on behalf of The Japan Radiation Research Society and Japanese Society for Radiation Oncology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/ /creativecommons.org/licenses/
by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial

re-use, please contact journals.permissions@oup.com

. 404


http://www.oxfordjournals.org
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

and other radiation-induced phenomena can be observed. In radi-
ation damage, radiation dose, fractionation and volume play an
important role.

The basic effect of ionizing radiation occurs in two ways, either
by causing cell death or by the mechanism of indirect action. The
actual injury is caused by the indirect mechanism. Ionized radiation
generates reactive oxygen species (ROS) that are created by the ion-
ization of water in the environment. The resulting ROS lead to the
oxidation of macromolecules such as proteins, DNA and lipids, and
mediate the damaging effect of ionizing radiation in biological sys-
tems. As a result, lipid peroxidation and protein oxidation products
increase [6-8]. The antioxidant system is a protective mechanism
that fights against oxidants; it consists of many antioxidants that are
derived from exogenous/endogenous sources. Antioxidant drugs or
agents that neutralize ROS have been reported to reduce ionizing
radiation-induced injury [2, 7, 9, 10]. Quercetin (3,3',4',5,7-penta-
hydroxyflavone) is a flavonoid found in many vegetables and fruits.
Animal and human studies have shown that it has a remarkable toxi-
cological profile [11, 12]. In addition to its effects on cardiovascular
diseases, cancers, infections, inflammatory processes, gastrointestinal
tract function, diabetes, and nervous system disorders, its neuropro-
tective properties have recently been reported as well [13, 14].

Various in vitro studies in experimental animals and humans have
provided supportive evidence for neuroprotective effects of quercetin
against both neurotoxic chemicals as well as in various models of
neuronal damage and neurodegenerative diseases [13-25]. Although
many hypotheses have been developed, the precise mechanisms of
these protective effects have not been fully explored. While its neu-
roprotective properties are known, literature on the role of quercetin
in ionizing radiation—induced brain injury is still in its infancy. To
our knowledge, this study is the first one to investigate the neuro-
protective effects of quercetin against brain injury after ionizing

radiation.

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

Animals and experimental protocol
After the study was approved by the Animal Experiments Local
Ethical Committee of Zonguldak (Turkey), Bulent Ecevit
University (BEUN) School of Medicine, 2017-10-06/04, 32 adult
male Wistar-Albino rats weighing 300-350 g were randomly divided
into four groups. All of the rats included in the study were obtained
from BEUN Experimental Animals Research Unit, and all of them
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 daily schedule (12:12 h light/dark) until the day
of the experiment. During the experiment, the care of the laboratory

animals was in accordance with international guidelines.
The control group was given only physiological saline (PS)
(n = 8); group QUER was given Quercetin SO mg/kg body weight
(BW) daily in distilled water and 0.25 ml PS for 15 days (n = 8); group
RAD was given only irradiation (n=38); and group RAD+QUER
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was given Quercetin 50 mg/kg BW daily in distilled water and 0.25 ml
PS for 1S days and then irradiated (n = 8). At the end of 1S days, the
animals of group RAD and group RAD+QUER were exposed to a
dose of 20 Gy to the cranium region. All rats were decapitated at 7
days after exposure to radiation.

Irradiation

Simulation of a rat was done with a 1 mm slice computerized tom-
ography scan, and the dose calculation was performed with the
Eclipse treatment planning system version 8.9 (Varian Medical
Systems, Palo Alto, CA, USA). Anaesthetized (90 mg/kg ketamine
and 10 mg/kg xylazine ip.) rats in the prone position were sub-
jected to cranium irradiation with a single dose of 20 Gy of photons
using a 6 MV linear accelerator (Clinac, Varian Medical Systems,
Palo Alto, CA, USA) at a dose rate of ~1 Gy/min, with the source—
axis distance technique, with 1.0 cm of bolus material on the surface.
Animals were returned to their home cages following irradiation.
Control animals were anaesthetized but were not exposed to
radiation.

Chemical analysis

Tissue samples were homogenized with phosphate-buffered saline
(pH 7.4) using a glass Teflon homogenizer (Ultra Turrax IKA T18
Basic) after cutting the tissues into small pieces with scissors (for
2 min at 5000 rpm). The homogenate was then centrifuged at 5000 g
for 15 min. The supernatant was used for the analysis. Serum and tis-
sue levels of total antioxidant status (TAS) and malondialdehyde
(MDA) were measured by colorimetric method using TAS and a
MDA kit (Oxford Biomedical Research, Oxford, USA) in accordance
with the manufacturer’s protocol.

Histopathological evaluation

Brain samples taken from rats were fixed in 10% formalin for 12 h
and then embedded in paraffin. Five-micron-thick sections were
taken from the tissues and stained with hematoxylin and eosin stain.
The white matter of the brain tissue was examined in the four
groups. Seven parameters were evaluated: hypertrophy in astrocytes,
microglial reaction, inflammatory reaction, vascular telengiectasis,
endothelial enlargement, edema, and axonal damage. The damage
severity score in the tissue and cells was determined. Each criterion
was scored from 0 to 3 (0 = normal; 1 = mild damage; 2 = moder-
ate damage; 3 = severe damage), similar to the study of Takahashi
et al. [26].

Statistical analysis
Statistical analyses were performed in SPSS 19.0 package software.
The descriptive statistics of the measurement variables, consisting of
median, minimum and maximum values, are provided. The
Shapiro-Wilk test was used for the normal distribution test, the
Kruskal-Wallis test was used for comparison of the four independ-
ent groups, and the Mann-Whitney U-test with Bonferroni correc-
tion was used for subgroup comparisons. Ql, Q3, median,
minimum and maximum values are presented with box plots. We
considered the 95% confidence interval, and a P value <0.05 was
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considered statistically significant in all statistical comparisons in the
study.

RESULTS
The values for MDA and TAS in plasma and tissues are presented
in Table 1.

Plasma changes
The median plasma MDA level of the control group was 3.96
pmol/l (2.97-5.03) and was significantly increased to 7.77 pmol/l
(6.23-8.34) in the RAD group (P <0.001). In the RAD+QUER
group, this value decreased significantly to 4.44 pmol/1 (3.84-6.28)
(P=0.031), (Fig. 1A).

The median plasma TAS level of the control group was 0.35
mmol/l Trolox equivalent (0.32-0.38) and was significantly decreased
to 0.30 mmol/l Trolox equivalent (0.29-0.32) in the RAD group
(P=0.009). In the RAD+QUER group, this value increased signifi-
cantly to 0.36 mmol/LTrolox equivalent (0.34-0.38) (P =0.001),
(Fig. 1B).

Tissue changes
The median tissue MDA level of the control group was 54.15
nmol/g wet tissue (44.60-70.40), and the median tissue MDA level
was significantly increased in the RAD group to 95.95 nmol/g wet
tissue (88.60-110.70) (P < 0.001). In the RAD+QUER group, this
value significantly decreased to 58.95nmol/g wet tissue
(50.50-63.30) (P = 0.033), (Fig. 1C).

The median tissue TAS level of the control group was
19.85 pmol Trolox equivalents/g (15.70-22.70) and was signifi-
cantly decreased in the RAD group, at 15.10 pmol Trolox equiva-
lents/g (13.50-16.30) (P < 0.001). In the RAD+QUER group, this
value was significantly increased to 23.05 pmol Trolox equivalents/g

(21.80-25.40) (P < 0.001), (Fig. 1D).

Histopathological evaluation
Control and QUER groups had normal histomorphologic structure
in the brain cortex. In the RAD group, astrocytes showed diffuse
hypertrophy, numerical increase and light clusters in nuclear chroma-
tin. The microglial cell reaction was diffuse but relatively light. The
inflammatory cell reaction was diffuse; in particular, the lymphocyte
response was observed. Vascular dilatation, congestion and swelling
degeneration in endothelial cells were widely observed. Edema was

Table 1. Values of MDA and TAS in plasma and tissue

more prominent, especially around veins, and Rosenthal fibrils were
frequently distinguished (Fig. 2A-E). In the RAD+QUER group,
hypertrophy in astrocytes became less frequent. Chromatin clusters
had disappeared. The microglial cell reaction diluted. The inflamma-
tory cell reaction was milder. Vascular dilatation and endothelial
damage were not significant. Edema was milder (Fig. 2F). A signifi-
cant change in damage scores between the groups was detected
(P < 0.05), (Fig. 3).

DISCUSSION

Radiotherapy is a widely used method in the treatment of central
nervous system tumors. The goal is to apply minimal damage to
healthy tissues while delivering an effective dose to the target lesion.
Despite protective measures, side effects cannot be prevented com-
pletely. The mechanism of tissue damage caused by radiation is not
fully understood [27]. In this study, for the first time, biochemical
and histopathologic changes were observed by creating a cerebral
tissue injury model with single-dose radiation.

There are many studies on neural damage and radiation doses,
and no consensus has been formed [1, 2, 4, S, 7, 8, 10]. During
radiotherapy, ionizing radiation has been shown to interact with bio-
logical systems to produce excess ROS, leading to significant cell
damage in terms of DNA, proteins, and membrane lipids. Production
of excessive oxygen radicals shifts the balance between pro-oxidant
and antioxidant systems towards the pro-oxidant system. ROS also
reduces the intracellular concentration of antioxidants. ROS produc-
tion is considered to be an important cause of radiation-induced tis-
sue damage [8, 18, 27, 28]. The increase in lipid peroxidation is
accompanied by an increase in free radical compounds in neuronal
cells. Neural membranes in the brain are affected more rapidly by
free radicals, especially because they are rich in unsaturated fatty acids,
and a higher lipid peroxidation is observed. Therefore, with the
increase in the formation of free radicals, both the structure and func-
tion of neurons are affected [2, 6, 27].

Publications suggesting that radiation-induced brain injury can
be reduced by the use of agents that inhibit the action of ROS have
been reported [2, 7, 10]. Specific evidence exists on the neuropro-
tective effects of quercetin [13-16, 21]. Studies show that quercetin
can exert neuroprotection and antagonize oxidative stress [18, 19].
Oxidative stress occurs when ROS accumulate in cells, from either
excessive production or insufficient neutralization, causing damage
to proteins, lipids and DNA. Mitochondria are a major contributor
of cellular ROS; ROS produced in the mitochondria can also target

Control

QUER

RAD RAD+QUER

MDA plasma (pmol/1) 3.96 (2.97-5.03)

TAS plasma (mmol/] Troloxequivalent) 0.35 (0.32-0.38)
MDA tissue (nmol/g wet tissue) 54.15 (44.60-70.40)

TAS tissue (pmol Troloxequivalents/g) 19.85 (15.70-22.70)

4.59 (3.12-6.21)
0.36 (0.33-0.38)
52.80 (44.90-66.30)

20.15 (17.40-24.60)

7.77 (6.23-8.34)° 4.44 (3.84-6.28)°

0.30 (0.29-0.32)* 0.36 (0.34-0.38)°
95.95 (88.60-110.70)*  58.95 (50.50-63.30)°

15.10 (13.50-16.30)% 23.05 (21.80-25.40)"

*Shows significant differences between Control and RAD groups (P < 0.05).
Shows significant differences between RAD and RAD+QUER groups (P < 0.05).
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Fig. 1. Q1, Q3, median, minimum and maximum values are presented with box plot. (A) Levels of plasma MDA (pmol/1) (B)
Levels of plasma TAS (mmol/ITroloxequivalent) (C) Levels of tissue MDA (nmol/g wet tissue) (D) Levels of tissue TAS
(pmol Troloxequivalents/g) in groups.

Fig. 2. Effects of radiation on brain cortex in RAD group. (A) Astrocytes showed diffuse hypertrophy (H&E, x40). (B)
Vascular dilatation, congestion and endothelial cell enlargement (H&E, X40). (C) Microglial infiltration (H&E, x20). (D)
Inflammatory reaction and congestion (H&E, X20). (E) Edema and prominence of Rosenthal fibers (H&E, x40). (F) In RAD
+QUER group: hypertrophy in astrocytes became less frequent, chromatin clusters had disappeared, the microglial cell
reaction diluted, the inflammatory cell reaction was milder, vascular dilatation and endothelial damage were not significant,
and edema was milder.
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Fig. 3. Levels of damage scores in groups.

the electron transport chain, resulting in a cycle in which ROS pro-
duction increases, followed by ATP depletion and ultimately cell
death [29, 30]. Based on these premises, the identification of novel
compounds that can counteract oxidative stress, and potentially
become therapeutics, has drawn considerable interest from academic
scholars recently. Natural compounds have received much attention
in this regard, and polyphenols such as quercetin have been
investigated.

There are also publications advocating the effect of the pro-
oxidant properties of quercetin in cell defense, as well as its antioxi-
dant properties [31]. In addition, the effects of polyphenols on
neuroinflammation have also been studied. It has been suggested
that some isoflavones reduce microglial activation and cause the
subsequent release of proinflammatory factors, and polyphenols
may have beneficial anti-inflammatory properties [32]. Quercetin
has been shown to reduce lipopolysaccharide-induced nitric oxide
release from a mouse neuroglia cell line [33]. In addition, quercetin
also inhibits cytokine production by astrocytes [34].The cellular/
molecular mechanisms for the anti-inflammatory effects of quercetin
are not known, but a possible pathway may be related to induction
of PON2 which has anti-inflammatory activity in addition to its anti-
oxidant activity [30].

MDA, which is created as a result of the reaction between poly-
unsaturated fatty acids and free radicals, is an end product of MDA
lipid peroxidation. It changes the membrane properties by causing
cross-connection among lipids, proteins, and nucleic acids. So,
MDA is one of the best-known products of lipid oxidation and it
can be used as a marker of cell membrane injury [35]. TAS is used
to assess the antioxidant status of biological samples, and it can
evaluate the antioxidant response against the free radicals. In serum
samples, TAS measures mainly the antioxidant activity of albumin
and uric acid. It also measures the antioxidant activity of ascorbic
acid, a-tocopherol and bilirubin [36]. In this study, oxidative and
antioxidant activities induced by radiation in the brain were evalu-
ated by MDA and TAS measurements in brain tissue and blood. A
significant increase was observed in the RAD group, whereas the
MDA values of the blood and the tissue were low in the control
group (P < 0.001). There was a significant decrease in both para-
meters in the RAD+QUER group (P <0.001). A significant
decrease was observed in the RAD group, whereas the TAS values

of blood and tissue were high in the control group (P < 0.001).
A significant increase was observed in both parameters in the
RAD+QUER group (P < 0.001). Musik et al. reported a decrease
in TAS in selenium-administered rats. They recommended
measuring TAS rather than determining changes in individual
antioxidants [37].

In addition, histopathological evaluation of brain tissue was per-
formed. Hypertrophy, microglial reaction, inflammatory reaction,
vascular telengiectasis, endothelial enlargement, edema and axonal
damage in astrocytes were evaluated. While the brain tissues were
normal in the control and QUER groups, the RAD group showed
diffuse hypertrophy, and numerical increase and mild clustering of
nuclear chromatin in the astrocytes. The microglial cell reaction was
diffuse but relatively mild. The inflammatory cell reaction was dif-
fuse, and the lymphocyte response was especially observed. Vascular
dilatation, congestion and swelling degeneration in endothelial cells
were widely observed. Edema was more prominent, particularly
around the veins, and Rosenthal fibrils were frequently distin-
guished. In the RAD+QUER group, mild hypertrophy in astrocytes
was generally observed. Chromatin clusters had disappeared. The
microglial cell reaction became less frequent. The inflammatory cell
reaction was milder. Vascular dilatation and endothelial damage
were not significant. Edema was milder. In our study, congestion of
the lumen of the capillaries with erythrocytes, and a decrease in the
frequency of neuronal degeneration in the cerebral cortex also char-
acterized the RAD group. The most distinctive histological changes
after irradiation were vascular telengiectasis, swelling degeneration
in endothelial cells, and edema. After radiation, based on these
observations, it can be said that vascular systems may be responsible
for radiation-induced brain damage. This observation needs to be
further investigated at a molecular and genetic level. These degen-
erative changes in the brain cortex in group RAD were significantly
reduced in the RAD+QUER group. These damages may also vary
with radiation volume and exposure time [4]. Due to increased per-
meability of small vessels, these damages cause edema in the brain
tissue and migration of the inflammatory cells.

In response to RAD, astrocytes undergo proliferation, exhibit
hypertrophic nuclei, and show increased expression of glial fibril-
lary acidic protein. Conditioned medium from irradiated microglial
cells has been shown to induce astrogliosis, which might contribute
to radiation-induced edema. However, the exact role of astrocytes
in the overall pathogenesis of late radiation-induced brain injury is
still unclear, but they are likely to have a contribution by interact-
ing with both vascular and other parenchymal elements in the
brain [38].

Biochemical and histopathological results show that oxidative
stress is increased in the neural tissue damage induced by radiation.
Quercetin treatment reduces this effect. Based on these findings,
radiation-induced tissue injury can be reduced by lipid peroxidation
of quercetin and its positive effects on the antioxidant system.

A limitation of our study is that we analyzed only certain bio-
chemical and histopathological parameters. We found that quercetin
exhibits protective and therapeutic effects on radiation-induced
brain injury in rats; however, additional experimental and clinical
studies are required to confirm our findings before quercetin treat-
ment for radiation-induced brain injury can be used clinically.



CONCLUSIONS

Quercetin demonstrated significant neuroprotection after radiation-

induced brain injury. Further studies of neurological outcomes

under different experimental settings are required in order to

achieve conclusive results.
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