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ABSTRACT

Background: The heart is the major dose-limiting organ for radiotherapy of ma-
lignant tumor in the mediastanal region.

Objective: This study aims to investigate the radio protective effects of Hesperi-
din (HES) as a natural flavonoid after localized irradiation of the rat’s mediastinum
region.

Material and Methods: In this experimental study, we divided sixty male
rats into 4 groups (n=15). First group: Sham which received PBS; second group:
Hesperidin only (100 mg/kg/day orally) for one week; third group: Radiation that
received single dose of 20 Gy gamma radiation using Co-60 unit and the forth group:
Radiation+HES that underwent the same dose of radiation and received HES for 7
days prior irradiation. Each group was divided in two branches. Early sampling from
subgroup one was done 4-6 hours after irradiation to determine troponin-1 level
changes. Rats of second subgroups were killed 56 days after irradiation for histo-
pathological evidence.

Results: Inradiation group, troponin -1 serum level had a significant increase in
comparison with sham group (P<0.05). Histopathological evaluation of second sub-
group showed there was a significant difference between sham and radiation group
in some parameters. Inflammation (p=0.008), pericardial effusion (P=0.001), and
vascular plaque (P=0.001) had an increase in the irradiation group. Oral administra-
tion of hesperidin significantly decreased all the above factors when was compared
with irradiation group (P>0.016).

Conclusion: Oral administration of Hesperidine for seven days prior radiothera-
py may decrease troponin-1 and cardiac injury due to radiation.
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Introduction
arcinoma and cardiovascular diseases are the two major reasons
for death in the world [1]. Radiotherapy is a powerful treatment to
improve the survival rate of individuals who have suffered from
cancer. In spite of the advantages, there are some side effects. When the
cancerous site is irradiated, some healthy tissues are exposed to radia-
tion; then the activity of the tissue is affected [2].
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Radiation-induced heart damage is one of
the life-threatening side effects of radiothera-
py. By the mid-1960s, when a large amount
of information for Hodgkin’s lymphoma pa-
tients, who were treated with high doses of
radiation, was obtained, the heart was known
as an organ resistant to radiation. Based on
many clinical studies and experiments were
conducted, it has been indicated that the heart
is one of the critical organs in radiotherapy.
Heart disease after radiotherapy is one of the
main long-term effects in survivors of Hodg-
kin’s lymphoma, breast and lung cancers that
can arise in the following statements: Pericar-
dial, myocardial, Valvular and Coronary artery
diseases, Conduction abnormalities, and car-
diovascular death.

One of the mechanisms used to reduce
normal tissue damage is the use of radiopro-
tectors. If before or immediately after radia-
tion therapy the Radioprotectors exist in the
environment, the healthy tissues’ response
changes. The best known Radioprotectors are
Sulthydryl compounds such as cysteine and
Cystamine. However, these compounds can
cause serious side effects such as nausea and
vomiting and have considerable toxicity in re-
quired doses for radiation protection.

The ability of some materials in reducing
damage caused by ionizing radiation was first
released in 1949 [3]. Research on radio-pro-
tectors with low toxicity has led to develop-
ing interest in natural products such as citrus
extracts containing high levels of Flavonoids
[4]. Flavonoids in fruits and vegetables are a
family of polyphenol compounds. Hesperi-
din (HES), a glycoside flavone, belongs to the
family of flavonoids, which are abundant in
citrus fruits [5].

HES (CH,,0,,) is a cheap and abundant
product in citrus cultivation and the main fla-
vonoids exist in orange and lemon. In young
immature oranges, fresh fruit constitutes more
than 14% of HES [6].

Common standards for monitoring the heart
during cancer treatment are based on the left

ventricular ejection fraction showing cardiac
damage only when it occurs and does not al-
low preventive measures. It has been proved
that one of the ways to investigate the extent
of damage to the heart is measuring cardiac
biomarker levels. Cardiac biomarkers are sub-
stances released into the blood when the heart
is damaged. Troponin I (Tnl) is a specific car-
diac biomarker that does not exist freely in the
blood. In the heart attack, it is released from
the heart, skeletal muscles and its rate rises
in the serum. Since 2000, Europe Heart As-
sociation and American College of cardiolo-
gists have accepted cardiac troponin’s role as
a specific heart biomarker [7, 8].

Reports show that HES has many pharma-
cological effects, including anti-allergic, anti-
oxidant, hypolipidimic, anti-inflammatory and
anticarcinogen roles [9, 10]. In general, citrus
Bioflavonoids containing HES seem incred-
ibly safe and without side effects even during
pregnancy [11]. On the other hand, it is known
that Tnl is used as a biomarker to predict the
heart damage [12]. However, there was no
article about the radioprotective role of HES
on heart and Tnl serum levels; thus, we were
prompted to do this research.

Material and Methods

Chemicals

In this experimental study, HES and phos-
phate buffered saline (PBS) tablet were pur-
chased from Sigma Chemical Co. (St. Louis,
MO, USA).

Animals

Healthy adult male Sprague—Dawley rats
were purchased from Center of Comparative
and Experimental Medicine, Shiraz University
of Medical Sciences (SUMS), Shiraz, Iran. The
rats, weighing 220-250 g, were housed based
on the guidelines of “The Guide for The Care
and Use of Laboratory Animals” prepared by
SUMS in the university animal house. These
principles include characteristics of animal’s
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natural life in captivity situation using spa-
cious cage, preparing appropriate ventilation
and light, handling with care and giving wa-
ter and standard pellet diet. All animals were
kept under controlled conditions of humidity
(55+£5%), temperature (25 £+ 2°C), and light
(12 h of light and dark cycle). Four animals
were housed together in polypropylene cages,
which contain sterile husk bedding throughout
the experiments. In the end, the ethics com-
mittee of SUMS approved this study.

Irradiation of animals

Before radiation exposure, the rats were
anesthetized using ketamine 10% (Alfasan,
Woerden, Holland) and xylazine 2% (Alfasan,
Woerden, Holland) at a dose of 80 mg/kg and
5 mg/kg, respectively, with an intraperitoneal
injection. The rats were in the supine position
and immobilized by taping the extremities on
a well ventilated Plexiglas container. They
were y-irradiated with “°Co unit at a source to
surface distance of 55 cm. A single dose of 20
Gy was delivered into the mediastinum at a
dose in the department of RT, Namazi teach-
ing Hospital, Shiraz, Iran. This dose was se-
lected based on the data reported by Serin et
al. The efficacy of melatonin as a radioprotec-
tor against radiotherapy induced acute lung
damage, which was histopathologically evalu-
ated in a rat model [13].

Administration of HES

HES was dissolved in PBS (pH 7.6) and ad-
ministered orally using a balltipped needle for
7 consecutive days before exposure to irradia-
tion and the drug was freshly prepared each
day. To obtain optimum radiation protective
effect of HES, the dose of 100 mg/kg was se-
lected for present study according to the re-
ports submitted by Hosseinimehr et al. and
Pradeep et al. [14, 15]. They have shown that,
as compared to the other doses of HES, this
dose has better protective effect against radia-
tion, which caused damage. To prepare this
dose, 22 mg of HES was dissolved in 2 ml of

PBS.

Experimental design

The rats were irradiated with single fraction
20 Gy y-radiation using a cobalt-60 unit, and
the dose of HES was 100 mg/kg/d orally for
7 days before irradiation. Each group was di-
vided into two branches. Sampling of rats in
branch A was done about 4-6 hours after ir-
radiation. The samples were sent to laboratory
for determination of Tnl serum level changes
as a cardiac biomarker.

The remaining animals (Branch B) were
sacrificed 8 weeks after radiotherapy for his-
topathological evaluation.

Sampling and tests

In order to obtain blood from the animals,
we placed them in a closed container contain-
ing Ether gas. Then, we entered the needle
number 28 into the animal’s heart for direct
ventricular blood sampling and 2 ml blood
sample was taken. Samples of each rat were
separately poured slowly (to prevent the he-
molysis) within a test tube of gel. Then, these
tubes were placed inside the centrifuge ma-
chine for 20 minutes at 1400 rpm. After this
stage, “clot-activator gel” was separated from
the blood serum. The gel kept chemical and
biochemical components of the serum un-
changed for a long time. Then, the serums
were transferred to a micro-tube for measuring
the Tnl serum levels by Elisa method. The data
obtained by ELISA reading (light absorption
rate per well) were noted in the vertical axis of
Tnl standard curve. Then, they were extended
until we reached the curve. The point was con-
nected to the horizontal axis to achieve the Tnl
levels in ng/ml or pg/l unit (Figure 1).

Histopathological evaluation

The rats were anesthetized with ketamine
and xylazine. After removal of the heart from
the chest, the tissues were fixed with 10%
neutral buffered formalin and then placed
in paraffin. All parts of the heart were cut (5
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um), processed, and dyed with Hematoxy-
lin and Eosin (H and E), Masson’s trichrome
(MTC). All histopathological studies were
performed at the unit of pathology, Faghihi
teaching hospital, Shiraz, Iran. The light mi-
croscope (Olympus BX41TF, Japan) was used
for blinded histopathological evaluation, us-
ing a semi-quantitative scoring system for the
extent and severity of histological parameters.
According to the three layers of the heart, the
tissues were examined and different items
were evaluated to describe the heart injury in-
duced by radiation, including inflammation,
pericardial effusion, thrombus, macrophage,
myocyte necrosis, fibrosis of myocardium,
fibrosis of endocardium, myocardial degen-
eration, epicardial thickness, vascular leakage,
and plaque. The degree of tissue damage was
scaled from GO to G2: GO= no injury, G1=
moderate and G2= severe.

Statistical analysis

A statistics software package (SPSS® for
Windows version 19, Chicago, USA) was used
for data analysis. Biochemical assay was ana-

lyzed using ANOVA test and post hoc Tukey
honest significant difference (HSD). Besides,
histopathological evaluations were performed
using the Pearson Chisquare test. Survival rate
was evaluated using Kaplan—Meier method.

Results

The effect of HES on the weight of
rats

First, Blood samples were collected from
branch A (cardiac biomarker study) of rats
after seven days; second, they were excluded
from the review cycle and weight was taken
from the branch B (chronic effects) twelve
days after starting the test. Then, using anal-
ysis of covariance (ANOVA) and test Tukey
post hoc, the average weights were compared
in different groups. Significant differences in
weight were found in groups of rats.

During the first twelve days after irradiation,
a decrease in average weights was observed in
the studied groups although it was not statis-
tically significant (p> 0.05). In the following
days, the mean weight increased in the study
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groups.

At the end, the average weights in groups of
20 Gy radiation and the group receiving HES/
radiation were compared to the same groups
whose weights had declined on the 48" day.
However, there was no statistically significant
difference (p> 0.05).

During the final days, the weight of the ra-
diation group was significantly less than that
of the control group (p = 0.003). This factor
in HES/radiation group was significantly more
than that of radiation group (p = 0.038).

At any stage of weight gain, there was no
significant difference between the control and
HES groups (p = 0.002).

The effect of HES on the survival
rate of rats

The results of the body weights and survival
rate of the control and experimental groups,
which were evaluated 8 weeks after local me-
diastinum irradiation, are shown in Figures 2
and 3.

The rats were administered into 100 mg/kg/
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Figure 3: The survival rate of the control and intervention groups
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day of HES for 7 consecutive days before ir-
radiation and monitored daily for 60 days. The
results indicated that the rats, receiving 20 Gy
radiation, had the symptoms of discomfort,
which are known by the reduction in physi-
cal activity, water and food uptake. In addi-
tion, this group showed some signs, including
weight loss, irritability, and epilation with a
median survival time of 55 days. However, the
rats that were pre-administered with HES, had
less signs of radiation sickness and enhanced
physical activity, body weight, and survival
rate.

The effect of HES on the TnI serum
level of rats

Sampling was performed from branch A of
animals, including control group, HES group
that received only 100mg/kg/d HES for 7
days continuously, Radiation group that was
irradiated with one single dose of 20 Gy and
HES+R group that was treated with HES and
4 to 6 hours after the last irradiation. Tnl-de-
rived samples were measured by ELISA. The
measured values are shown in the Table 1:

The results showed that the average con-
centration of Tnl in the radiation group sig-
nificantly increased in comparison to control
group (P<0.05) (Figure 4).

100

Histopathological damage of the
heart tissue 24 hours after expo-
sure

The histopathological examination of the
heart sections of the control, HES, radiation,
and HES+R groups 24 hours post-irradiation
was evaluated. The descriptive factors were
examined, including the presence of inflam-
mation, thrombus, myocyte necrosis, fibrosis
of myocardium, fibrosis of endocardium, fi-
brosis of epicardium, vascular damage, Myo-
cardial degeneration, epicardial thickness,
pericardial effusion, decreased microvascular,
vascular leakage, macrophage, and plaque.

Histopathological analysis of the rats’ heart
tissue after 24 hours in the intervention and
control groups was performed using chi-square
test. Despite moderate damage in a number of
irradiated rats, no significant difference was

Table 1: Troponin average and standard de-
viation in the groups studied

Average * SD Max Min

Control 0.95+0.17 1.22 0.63
HES 0.88+0.56 1.54 0.17
Radiation 5.31£2.13 8.24 2.81
HES+R 2.07+0.53 2.65 1.09

HES: Hesperidin, SD: Standard Deviation

80

60

40

% Survival

20

— — control

——— —— — —

40 50 60 70
Days

ras hes+r

Figure 4: Serum levels of Troponin | (Tnl) in the control and intervention groups
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observed after statistical analysis (p> 0.05).

Histopathological damage of the
heart tissue 8 weeks after expo-
sure

The heart tissue of the second branch (B) of
rats, including control, irradiated and treated

group with HES, 8 weeks after radiation, was
extracted and analyzed by histopathology. To
evaluate the histopathological changes, we
used Fisher’s exact test and Chi-square test.
Histopathological results after 8 weeks were
as follows (Figure 5):

1-Inflammation: According to the Table 2,

Figure 5: Histopathological findings of the rat hearts in the chronic phase- 8 weeks. H&E (A to
C), Trichrome masson (TCM) (D to F) stains of hearts were taken at x400.A: (H&E) Control - Myo-
cardial tissue and vascular bed are seen normal. B: (H&E) Radiation group - Acute inflammation
and accumulation of inflammatory cells are seen. C: (H&E) Hesperidin (HES) + R group - Mild
inflammation and the decreased infiltration of inflammatory cells are seen. D: (TCM) Control
group - Myocardial tissue and vascular bed are seen normal. E: (TCM) Radiation group - Acute
collagen deposition is seen. F: (TCM) HES+R group - Mild collagen deposition is seen.

Table 2: Inflammation 8 weeks after radia-
tion in the groups studied

% 0G % 1G % 2G
Control 100 0 0
Radiation 20 50 30
HES+R 100 0 0

HES: Hesperidin

radiation successfully caused inflammation in
irradiated rats’ heart compared to the control
group. This compression was statistically sig-
nificant (p=0.008). Moreover, based on evalua-
tion of the radiation effect and drug simultane-
ously, the group which received both drug and
radiation in comparison with the group which
received only radiation, had less inflammation

J Biomed Phys Eng 2021; 11(3)
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and there was statistically significant differ-
ence between two groups (p =0.001). Then, by
comparing the control and the HES+R groups,
we found no significant different (p> 0.016).

2-Thrombus: According to the result of
Fisher’s exact test, the effects of radiation in
creating clots and the impact of the drug in re-
ducing blood clots were studied. The results
of this study did not show any significant dif-
ference between the investigated groups (p>
0.016).

3-Myocyte necrosis: The effects of radia-
tion on inducing necrosis and the drug in re-
ducing the heart muscle cell death were evalu-
ated. The results of this study did not show any
significant differences between the studied
groups (p> 0.016).

4-Fibrosis of myocardium: The effects of
radiation on creating heart muscle fibrosis and
the drug in reducing this damage were exam-
ined. The results of this study revealed no sig-
nificant difference between the groups investi-
gated (p> 0.016).

S-Fibrosis of endocardium: The effects of
radiation on creating fibrosis of the endocar-
dium and the drug in reducing fibrosis were
examined. The results of this study revealed
no significant difference between the investi-
gated groups (p> 0.016).

6-Myocardial degeneration: The effects of
radiation on creating myocardial degeneration
and the drug in reducing tissue degeneration
were examined. The results of this study, also,
showed no significant difference between the
investigated groups (p> 0.016).

7-Epicardial thickness: The effects of radi-
ation on the epicardial thickness and the drug

Table 3: Pericardial effusion 8 weeks after ra-
diation in the groups studied

in reducing this malformation were examined.
The results of this study also showed no sig-
nificant difference between the groups under
the study (p> 0.016).

8-Pericardial effusion: According to Table
3, radiation increases the pericardial effusion
and the difference between radiated and con-
trol groups was significant (p=0.001). More-
over, the evaluation of the effectiveness of
drug and radiation simultaneously showed that
the group which received radiation and drug,
in comparison to the group which received
only radiation, had less effusion and the dif-
ference between the two groups was statisti-
cally significant (p=0.001). Then, comparison
of the control group and the group of rats that
received both drug and radiation revealed that
there was no significant difference between
the groups in the amount of pericardial effu-
sion (p> 0.016).

9-Vascular leakage: The effects of radiation
on inducing vascular leakage and the drug in
reducing leakage were examined. The results
of this study did not show any significant dif-
ference between the studied groups (p>0.016).

10-Macrophage: The effects of radiation on
increasing macrophage and the drug in reduc-
ing damage were examined. Based on results,
it was proved that there is no significant dif-
ference between the investigated groups (p>
0.016).

11-Plaque: According to Table 4, radiation
increases the plaque and the difference be-
tween the radiation and control groups was
significant (p=0.001). Moreover, evaluating
the effectiveness of drug and radiation simul-
taneously showed that the group which re-

Table 4: Vascular plaque 8 weeks after radia-
tion in the groups studied

% 0G % 1G % 2G % 0G % 1G % 2G
Control 83.3 0 16.7 Control 83.3 0 16.7
Radiation 0 80 20 Radiation 0 90 10
HES+R 87.5 12.5 0 HES+R 87.5 12.5 0

HES: Hesperidin

HES: Hesperidin
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ceived radiation and drug in comparison to the
which received only radiation had less plaque
and the difference between the two groups was
statistically significant (p=0.001). Then, com-
parison of the control group and the group of
rats that received both drug and radiation re-
vealed that there was no significant difference
between the groups for plaque (p> 0.016).

Discussion

The major component of cells is water. Thus,
when, the cells irradiated by ionizing radia-
tion, radiolysis of water causes the production
of primary radicals, which can react with oxy-
gen or other molecules. This interaction re-
sults in the production of secondary radicals,
including H,O, and O, [15]. Free radicals are
the main factor of radiation toxicity, hence an
effective way to protect cells from damage in-
duced by radiation is supplementation of anti-
oxidants [16].

Radioprotectors have potential application
in medical practices for protecting normal tis-
sue during radiotherapy and reaching maxi-
mum therapy outcome. Furthermore, there are
unplanned radiation sources such as nuclear
accidents, background radiation or exposure
during space missions that radioprotectors
can play a major role in decreasing the conse-
quences [17].

Different compounds have been tested as ra-
dioprotectors and Amifostine is a well-known
radioprotector among them that the use of it
is limited due to high cost, toxicity and side
effects. Search for efficient radioprotector
has been still needed. Recently, reports have
shown that HES, a flavonoid, has many bio-
logical effects, including antimicrobial, anti-
inflammatory, antioxidant and anticarcinogen-
ic effects which can significantly protect cells
from DNA damage [17].

In this study, it was hypothesized that pre-
administration of HES for 7 consecutive days
before exposure to a single dose of 20 Gy
radiation, may ameliorate inflammatory re-
sponses and long-term pathological changes

after exposure to radiation. The radioprotec-
tive effects of HES on myocardium after ra-
diotherapy were observed in this study. The
responsible mechanisms of this protection are
not clear but there are evidence and reports
that may explain these findings.

The irradiation of the rat’s mediastinum
with 20 Gy resulted in increased serum level
of Tnl and pathological changes in the heart
tissue. Long-term changes are associated with
the decreased survival rate, body weight, and
increased heart tissue index. Besides, the ir-
radiation of the heart tissue results in inflam-
mation. The administration of HES decreases
long-term damage. Pericardial effusion is seen
after heart irradiation and the administration
of HES ameliorated effusion.

Although in this study we found that ex-
posure to 20 Gy using megavoltage irradia-
tion photon beam can decrease the rat’s mean
weight down to 19.5% than non-irradiated
rats. HES as a natural radioprotector plays its
role perfectly; as it was observed, that drug im-
proved the weight of rats in the HES+R group.

In addition, histopathological examina-
tion of cardiac vessels indicated that single
fractional y-irradiation could significantly in-
crease the vascular plaque. There is not even
any rat without plaque after 20Gy irradiation
in the radiation group. Owing to oral adminis-
tration of 100mg/kg/d HES as pre-figuration
radioprotector per rat, only 12.5 percent of
animals had vascular plaque. Accordingly, we
can conclude that HES plays an important role
in decreasing atherosclerosis created by radia-
tion. Whereas in the new world a large number
of deaths are caused by atherosclerosis, HES
might successfully contribute to the commu-
nity health.

Except for the above illness, other factors
such as thrombus, myocyte necrosis and fibro-
sis of myocardium, fibrosis of endocardium,
myocardial degeneration, epicardial thick-
ness, vascular leakage and macrophage did
not show any remarkable difference between
the radiation and control groups. This might
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be caused by several reasons. Perhaps, radia-
tion really does not have any effects on these
factors, or because inflammation and plaque
appear in the acute level but necrosis, fibro-
sis and degeneration develop in the chronic
phases. This study terminated in 8 weeks after
irradiation. It is suggested that in longer stud-
ies, more factors will show changes under the
influence of radiation.

Since antioxidant effect and free radical
scavenging of flavonoids is reported in many
researches, there are several studies explor-
ing radioprotection effect of HES at different
conditions, including in vivo or in vitro, using
different doses and observing various organs
[17-23].

Pradeep et al. at 2008 reported, “The
y-irradiation induced toxic effects were dra-
matically and dose-dependently inhibited by
HES treatment as observed by the restoration
in the altered levels of the marker enzymes,
lipid peroxidation, enzymatic and non-enzy-
matic antioxidants” and they refer this finding
to its ability of membrane stabilization and
free radical scavenging [15].

Hosseinimehr et al. investigated the pro-
tective effect of HES against genotoxicity
induced by vy -irradiation in cultured blood
lymphocytes from human. The data exhibited
that “the maximum protection and decrease in
frequency of micronuclei (33%) was observed
at 1h after ingestion of HES”. The author be-
lieves that “these data have important applica-
tion for the protection of human lymphocytes
from the genetic damage and side effects in-
duced by v -irradiation in patients undergoing
radiotherapy” [24].

Kalpana et al. evaluated radioprotective effi-
cacy of HES by performing various biochemi-
cal estimations, DNA fragmentation assay,
comet assay and histopathological studies in
the liver of mice. They observed that “pre-ad-
ministration of HES restored the antioxidant
status to near normal and decreased the levels
of lipid peroxidative index, DNA damage and
comet parameters” [16].

Moustafa ahmed et al. at their study showed
that HES has a radioprotective effect against
y -irradiation-induced oxidative stress and
biomechanical properties of bone in rats and
suggested that “HES may serve as a potential
protective agent against y -irradiation-induced
cardio-nephrotoxicity via enhancing the anti-
oxidant activity” [25].

Although we suggest more clinical trials to
evaluate the feasibility of the utilization of
HES as a promising radio protector, further
studies are useful to clarify the molecular
mechanisms of HES protection effects.

Conclusion

In conclusion, this study showed that pre-
treatment with HES results in the reduction of
myocardial damage and Tnl level after medi-
astinal radiotherapy. These findings can help
the patients with malignant tumor undergoing
radiotherapy and HES is a promising candi-
date for radiation protection.
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