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Introduction:  Radiation  therapy  is one  of the  most  common  tools  for  treating  cancer.  The aim  is  to  deliver
adequate  doses  of radiation  to  kill  cancer  cells  and the most  challenging  part  during  this  procedure  is
to  protect  normal  cells  from  radiation.  One  strategy  is  to use  a radioprotector  to spare  normal  tissues
from  ionizing  radiation  effects.  Researchers  have  pursued  cerium  oxide  nanoparticles  as a therapeu-
tic  agent,  due  to  its  diverse  characteristics,  which  include  antioxidant  properties,  making  it a  potential
radioprotector.
Materials  and  methods:  One  hundred  rats  were  divided  into  five  groups  of A)  control  group,  intraperitoneal
(IP)  saline  injection  was  done  twice  a week;  B)  bi-weekly  IP  injection  of 14.5  nM  (0.00001  mg/kg)  CNP
for  two  weeks;  C)  a single  whole  thorax  radiation  dose  of  18  Gy;  D)  a single  whole  thorax  radiation  dose
of 18 Gy  +  bi-weekly  injection  of 14.5  nM  CNP  for two  weeks  after radiation;  E)  bi-weekly  IP  injection  of
14.5  nM  CNP  for two  weeks  prior  to  radiation  + a single  whole  thorax  radiation  dose  of  18 Gy.  Thirty  days
after  irradiation,  7 rats from  each  group  were  anesthetized  and  their  lungs  extracted  for  histopathological

examination.
Results:  Statistical  analyses  revealed  that CNP  significantly  decreased  the  incidence  of  tissue  collapse  and
neutrophile  aggregation  in  rats  receiving  CNP before  radiation  in  comparison  with  the  radiation  group.
Conclusion:  The  results  suggested  the  possibility  of  using  CNP as  a future  radioprotector  due  to its ability
to  protect  normal  cells  against  radiation-induced  damage.

© 2020  Greater  Poland  Cancer  Centre.  Published  by Elsevier  B.V. All  rights  reserved.
. Introduction

Although decades have passed since the advent of nuclear
ge and its promises to improve living conditions, there are still
hallenges in relation to appropriate use of nuclear or radiologic
echnology. Regardless of whether these exposures are for medi-
al procedures, the need for effective actions to confront radiation
ealth hazards is warranted.
Time, distance and shielding are basic guides for radiation pro-
ection, included in every radiation health plan. However, there are
ertain conditions in which employing these principles are next to
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impossible. In certain conditions, regardless of whether these prin-
ciples are applied or not, there is still a need for more protection.
The word “radioprotector” is labeled for every equipment or mate-
rial (medicine, nutritional supplements or engineered devices) that
is used before or during exposure to prevent the development or
escalation of radiation injuries.1,2

Nanotechnology has many applications, and in recent years
has been the focus of biomedical studies. One of the greatest ser-
vices that nanotechnology can provide is to facilitate and promote
healthcare system and upgrade biomedical research.3 In at least
one dimension, nanoparticles (NPs) are 100 nm in size, whereas the
sizes of cells are 10,000−20,000 nm;  hence, they can easily enter a
cell and react with organelles and proteins.

In addition, nanoparticles (NPs) characteristics in nanoscale,
4
makes them a good candidate for biological and therapeutic uses.

Cerium oxide nanoparticle (CNP) has been used in some
industries, such as electronic, automobile, polishing, and energy.
Recently, it has been shown that it can be used in biology and the

erved.
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ealthcare system due to its features.5 Several studies have shown
arious roles of CNP as anti-inflammatory, anti-cancer, free radical
cavenging, anti-obesity and wound repairing.6–13

CNP has shown to have antioxidant or pro-oxidant proper-
ies. Several studies have showed CNP as a radioprotector and
thers introduced it as a radiosensitizer.14–17 A reason for this
henomenon is the pH of the environment. In neutral pH, CNP
hows its antioxidant properties, but in acidic pH, it might become
ro-oxidant. Moreover, a few studies have showed that ROS inhi-
ition activity is also related to Ph. Since normal cell environment

s neutral and cancer cell environment is acidic; hence, we think
NP can be useful in radiotherapy. This can help to protect nor-
al  cells and sensitization of cancer cells in order to achieve

ur aim in radiotherapy.11,18–20 The aim of radiotherapy is to
eliver enough doses of radiation to kill cancer cells. The most
hallenging part of this procedure is to protect normal cells from
adiation.18

A unique feature of CNP is its regenerative antioxidant property.
erium oxide can have two forms: CeO2 and Ce2O3. Coexistence of
e3+ and Ce4+ (without structural changes) enables these particles
o interact with free radicals due to oxygen defects or reactive sites
n their surface.11,21 They can store and release oxygen, and after
ne cycle, they can participate in another cycle and by this feature,
t can be more effective with less amount of particles.21

In this study, we evaluated the radioprotection effect of CNP in
ats’ lungs, exposed to 18 Gy whole-thorax X-ray. CNP was given
o rats before and after radiation. Thirty days after radiation we
urveyed histopathological effects. The aim was  to discuss whether
NP has lowered these effects or not.

. Materials and methods

.1. Animals

Healthy adult male Sprague-Dawley rats were purchased from
he center of comparative and experimental medicine, Shiraz
niversity of Medical Sciences, Shiraz, Iran. The rats weighing
20−250 g were housed in the university animal house based on
he guidelines of “The Guide for the Care and Use of Laboratory Ani-

als” prepared by SUMS. These principles include characteristics
f animal’s natural life in captivity, using spacious cage, preparing
ppropriate ventilation and light, handling with care, and providing
ater and food. All animals were kept under controlled condi-

ions (25 ± 2 ◦C), humidity (55 ± 5%) and light (12 h of light and
ark cycle). Each five animals were housed in polypropylene cages,
ontaining sterile husk bedding throughout the experiments. This
tudy was approved by the local ethics committee of SUMS. Rats
ere kept in animal house for 140 days after irradiation for survival
onitoring. After 140 days all survived animals were sacrificed

sing ketamine and xylazine injection.

.2. Nanoparticle

Cerium oxide nanopowder was purchased from US research
anomaterials, inc. (Houston, TX77084, USA) containing 10 g of
eO2, 99.97%, the size of CNP was between 10−30 nm.

According to manufacturers’ instruction, CeO2 nanopowder was
issolved in distilled water (pH 7) and diluted to 14.5 nM (according
o Colon et al.22).

.3. Experimental design
One hundred rats were divided into five groups: A) control
roup, intraperitoneal (IP) saline injection was done twice a week
or two weeks. This group underwent 4 injections of saline to
 and Radiotherapy 25 (2020) 206–211 207

experience the stress of injection similar to experiment groups;
B) bi-weekly IP injection of 14.5 nM (0.00001 mg/kg) CNP for two
weeks. Comparison of this group to control group determines the
effect of CNP on the lung and survival rate of this group shows the
toxicity of CNP; C) a single whole thorax radiation dose of 18 Gy
(without any other intervention); D) a single whole thorax radi-
ation dose of 18 Gy + bi-weekly injection of 14.5 nM CNP for two
weeks after radiation, their first injection was 30 min  after radi-
ation. This group was designed to determine the radioprotection
effect of CNP; E) bi-weekly IP injection of 14.5 nM CNP for two
weeks prior to radiation + a single whole thorax radiation dose of
18 Gy. Their last injection was 30 min  before radiation. This group
was designed to determine the radiomitigating effect of CNP.

Due to limitations in working with high numbers of rats, repe-
tition of experiments was impractical.

2.4. Irradiation

Before radiation exposure, rats were anesthetized using
ketamine 10% at a dose of 80 mg/kg and xylazine 2% at a dose of
5 mg/kg with an IP injection. Rats were placed in a supine posi-
tion and their head and body, except their thorax, was  shielded. A
1 cm thick tray for buildup was  placed 1 cm from the skin. SSD was
117 cm and the dose rate was 200 MU/min. 2520 MU in total was
given.

The X-ray system (Electa accelerator, 6 MeV) in the radiotherapy
department of the Namazee hospital, Shiraz, Iran, was employed to
provide a single radiation dose of 18 Gy.

2.5. Pathology

Thirty days after irradiation, 7 rats out of each group were
selected randomly. Rats were anesthetized using ketamine and
xylazine, then their lungs were extracted for histopathologic exam-
inations. Lungs were kept in 10% formalin and embedded in Paraffin
wax. Sections were cut at 5 �m thickness, processed and stained
with Hematoxylin and Eosin (H&E). The slides were evaluated
under a light microscope (ZEISS, standard 20, Germany) by a pathol-
ogist blinded to the study, at the Ali-Asghar hospital, Shiraz, Iran.

In effort to evaluate the radiation-induced injuries in lung tis-
sues, we assessed 7 parameters including: presence of neutrophils,
lymphocytes, macrophages, and incidence of erythrocytes (red
blood cell [RBC]), hyaline arteriosclerosis, edema and collapse, and
scored these variables from 1 to 4 (according to Haddadi et al.23). On
this scale, 1 is no change, 2 mild change, 3 moderate, and 4 shows
severe damage.

2.6. Statistical analysis

Data were analyzed using IBM SPSS Statistical software version
25. Kaplan–Meier method was performed to evaluate the survival
rate. Histopathologic data were analyzed using the Kruskal–Wallis
test and one-way ANOVA was  used for mean values, and its results
are presented as mean ± standard deviation. P < 0.05 was  consid-
ered to be statistically significant.

3. Results

For each rat 7 pathologic parameters were observed and we  gave
a grade from 1 to 4 according to the severity of the damage.

3.1. Survival
In an attempt to administer and evaluate the radiation pro-
tection effect of CNP on live animals, the rats’ survival rate was
measured. Rats were exposed to thorax18 Gy X-ray in the presence
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Fig. 1. Rats survival rate monitored for 140 days after irradiation. A) control group
(1  death), B) CNP group (no death), C) radiation group (4 deaths), D) radiation + CNP
after radiation (3 deaths), E) CNP before radiation + radiation (1 death).
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Fig. 2. The effect of CNP on neutrophile aggregation. Mean values and standard
deviations are shown. A: Control group, B: bi-weekly injection of CNP for two weeks,
C:  18 Gy radiation group, D: 18 Gy irradiation + bi-weekly IP injection of CNP for
two weeks after irradiation, E: bi-weekly IP injection of CNP for two weeks before
irradiation +18 Gy irradiation.

Fig. 3. The effect of CNP on incidence of radiation-induced collapse. Mean values
and  standard deviations are shown. A: Control group, B: bi-weekly injection of CNP
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esults showed that CNP is well tolerated by rats. Group B that only received CNP,
ere all alive until the last day.

r absence of bi-weekly IP injection of CNP for two weeks before
r after irradiation, and they were monitored for 140 days. We
xcluded 7 rats which were sacrificed after 30 days from survival
nalyses. Fig. 1 illustrates the result of survival analysis. Results
howed that CNP is well tolerated by rats. Group B rats that only
eceived CNP were all alive until the last day.

.2. Histopathology

Table 1 shows the mean value ± standard deviation of each vari-
ble in each group.

Amongst all the groups, the radiation group obtained the highest
core in all parameters. Group B receiving only CNP, was  identical
o the control group regarding the amount of lymphocyte, neu-
rophile, macrophage, and hyaline arteriosclerosis. CNP reduced
dema and collapse in comparison with the control group, but
ncreased RBC. Generally, administration of CNP before or after
adiation, reduced every parameter when compared to the radi-
tion group, but the reduction rate was greater in group E, that
eceived CNP before radiation. However, the differences between
urvival rates of groups were not statically significant.

Kruskal–Wallis test showed no significant difference in RBC
nd hyaline arteriosclerosis between the groups. Pairwise com-
arison for other variables showed that incidence of edema was
ignificantly different between group B and the radiation group
P = 0.017). As the results indicate, the number of macrophages was
ignificantly higher in the radiation group when compared with
he control group (P = 0.016) and CNP group (P = 0.016). in addition,
ggregation of lymphocytes was significantly higher in the radi-

tion group in comparison with the control and the CNP group
P = 0.02, P = 0.02). The differences between other groups lacked
ignificance.

able 1
ffect of CNP 30 days post-irradiation on histopathological factors in the lung tissue of 

njection of CNP for two weeks, C: 18 Gy radiation group, D: 18 Gy irradiation + bi-weekly
or  two weeks before irradiation +18 Gy irradiation.

Groups A B 

Injury

Edema 1.42 ± 0.53 1.28 ± 0.48 

Lymphocyte 1.85 ± 0.37 1.85 ± 0.37 

Neutrophile 1.00 ± 0.00 1.00 ± 0.00 

Macrophage 1.57 ± 0.53 1.57 ± 0.53 

RBC  1.57 ± 0.53 1.85 ± 0.37 

Collapse 1.28 ± 0.48 1.14 ± 0.37 

Hyaline  arteriosclerosis 1.00 ± 0.00 1.00 ± 0.00 
for  two weeks, C: 18 Gy radiation group, D: 18 Gy irradiation + bi-weekly IP injection
of  CNP for two weeks after irradiation, E: bi-weekly IP injection of CNP for two weeks
before irradiation +18 Gy irradiation.

Statistical results showed that the number of neutrophils in
radiation group was significantly higher than the control and the
CNP group (P = 0.004, P = 0.004), group E that received CNP before
radiation, also had significantly less number of neutrophils than
the radiation group (P = 0.014), but no significant difference was
observed between the radiation group and rats that received CNP

after radiation (Fig. 2).

Collapse incidence was significantly different between the con-
trol and radiation group (P = 0.009), between CNP group and

rats. Mean ± standard deviation is shown in five groups. A: Control, B: bi-weekly
 IP injection of CNP for two weeks after irradiation, E: bi-weekly IP injection of CNP

C D E

2.57 ± 0.53 2.00 ± 081 1.71 ± 0.75
3.28 ± 0.48 2.71 ± 0.48 2.28 ± 0.75
2.42 ± 0.78 1.42 ± 0.53 1.14 ± 0.37
2.71 ± 0.48 2.14 ± 0.69 2.28 ± 0.48
2.28 ± 1.11 2.14 ± 0.69 2.00 ± 0.81
2.85 ± 0.69 1.71 ± 0.75 1.42 ± 0.53
1.14 ± 0.37 1.14 ± 0.37 1.00 ± 0.00
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ig. 4. Histopathologic evaluation of radiation-induced lung damages, extracted 30
:  hyaline arteriosclerosis E: lymphocytes, F: macrophage, G: neutrophile.

adiation group (P = 0.002). Injecting CNP before radiation, sig-
ificantly reduced the collapse in comparison with the radiation
roup (P = 0.038). No other statistically significant differences were
bserved between the groups (Fig. 3).
. Discussion

Ionizing radiation can create free radicals and ROS, caus-
ng cellular oxidative damage. These changes can lead to
 after irradiation, using H&E staining showing: A: no change, B: collapse, C: edema,

molecular alteration or mitotic death. In lung tissue, radiation toxic-
ity increases edema, permeability and aggregation of inflammatory
cells and macrophages.24 When cells are exposed to radiation,
they try to decrease the effects of free radicals by strengthening
repair and protective mechanisms. Despite these efforts, they can-
not completely combat cell damages and might lead toward cell

death. In order to overcome radiation effects, researchers have
studied free radical scavengers extensively, and some radiopro-
tectors, such as Amifostine, melatonin and vitamin E, have been
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ntroduced, but each of them has particular limitations in clinical
sage.25

In this study, we evaluated the radioprotection effect of CNP in
ats, exposed to thorax single dose of 18 Gy X-ray. To achieve this,
e surveyed radiation-induced histopathological changes in lung

issue. Results indicated that radiation increased edema, collapse
nd the number of lymphocytes, neutrophils, and macrophages.
he group that received CNP before radiation, had a significantly
ower number of neutrophils and less collapse. Hence, we can con-
lude that CNP had a protecting effect against radiation-induced
ung tissue injuries.

The protection effect of CNP against radiation-induced patho-
ogic damages was reported before. For instance, Colon et al., 2009,
eported that CNP protected lung tissue from radiation-induced
neumonitis. They used 15 nM CNP, 15 and 18 Gy whole-thorax
adiation and they compared CNP with their Amifostine group and
ound out that CNP decreased fibrosis and collagen deposition in
omparison with the radiation and Amifostine group.22 In another
tudy by Madero et al., 2012, H&E staining in irradiated head and
eck region cells also showed the preservation of cells in compar-

son with the radiation alone group which had a vast lymphocyte
nd macrophage invasion and morphological damage.26 Our exper-
mental design including the radiation dose, molarity, and size of
NP, was somewhat similar to the above-mentioned studies. Their
esults were in line with ours, confirming that CNP might have
rotective effect by decreasing the radiation-induced pathologic
amages (Fig. 4).

Xu et al., 2016, used H&E and Masson’s trichrome staining to
valuate the degree of fibrosis and pneumonitis in mice treated
ith CNP-18 and CNP-ME (different in synthetic method) as

 radiomitigator and scored the damage on scale of 0-8. They
eported that the radiation + CNP-18 group showed significantly
ess radiation-induced pneumonitis and fibrosis compared to the
adiation group. Their result indicated that in case of injecting CNP
fter radiation, it can have a mitigating effect.27 Accordingly, we
lso compared the radioprotective effect of CNP when injected
efore or after radiation. Even though we clearly observed that
ean values in group D were less than the radiation group and

loser to our control group, this data lacked significance. However,
here was a significant protection against collapse and number of
eutrophils, when CNP was injected before radiation. Also in other
arameters, mean values for group E were lower than group D.
ccording to the results, we are of the opinion that injecting CNP
efore and after radiation might be effective, but if it is injected
efore radiation, it might lead to better protection.

In contrast to our findings, few studies have reported the
oxicity5,28,29 or even radiosensitizing effect of CNP,30 but we
hould consider that many parameters can influence the results.
he most important parameter is the cell line because CNP can have

 different effect in acidic conditions. The studies which showed a
adiosensitizing effect of CNP were performed on cancer cells with
cidic environment.30,31 Other parameters included dose and size
f CNP, synthetic method, crystal structure and storage duration
hat affected the results.

Evaluating the radioprotection effect of CNP and by comparing
his effect when it was injected before and after radiation under
he same condition, and also scoring the histopathological dam-
ges, were the positive points of our study. Nonetheless, there
ere some limitations. The size of CNP used in this study was

0−30 nm (the smallest size that we could provide), but it would
ave been better to use a size under 10 nm according to the stud-

es that obtained better results. Also, more samples might help to

chieve a more reliable result and future studies to elucidate the
rotective effect of CNP on long-term radiation-induced damages
re warranted.
 and Radiotherapy 25 (2020) 206–211

5. Conclusion

The results of the present study showed that CNP can reduce
some pathologic damages of lung radiation and suggest the pos-
sibility of using CNP as a future radioprotector due to its ability
to protect normal cells against radiation-induced pathologic dam-
ages. Considering these results and the results of similar studies,
we can conclude that CNP might be a promising radioprotector in
clinical applications. Additional studies on delivery methods and
experiments to fully elucidate the mechanism of action of CNP are
required.
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