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Introduction: We aimed to investigate the effects of cerium oxide, applied before the
sevoflurane anesthesia, on lung tissue in rats with lower extremity ischemia-reperfusion (IR).
Materials and Methods: A total of 30 rats were randomly divided into five groups as;
control (C), IR, cerium oxide-IR (CO-IR), IR-sevoflurane (IRS), and cerium oxide-IRsevoflurane (CO-IRS). In the CO-IR group, 30 minutes after the injection of cerium oxide
(0.5 mg/kg, intraperitoneal (i.p)), an atraumatic microvascular clamp was placed on the
infrarenal abdominal aorta for 120 minutes. Then, the clamp was removed and reperfused
for 120 minutes. Sevoflurane was applied in 100% oxygen at a rate of 2.3% at 4 L/min
during IR. The blood samples were taken for biochemical analysis and the lung tissue
samples were taken for histological analysis.
Results: Neutrophil infiltration/aggregation was significantly higher in the IR group than in
the C and CO-IRS groups. The alveolar wall thickness and total lung injury scores were
significantly higher in the IR group than in the C, IRS, CO-IR and CO-IRS groups.
Discussion: We determined that the administration of 0.5 mg/kg dose of cerium oxide with
sevoflurane reduces the oxidative stress and corrects IR-related damage in lung tissue. Our
results show that the administration of cerium oxide before IR and the administration of
sevoflurane during IR have a protective effect in rats.
Keywords: cerium oxide, sevoflurane, ischemia reperfusion, biochemical analysis,
histopathological analysis

Introduction
Temporary interruption of blood flow by clamping the infrarenal abdominal aorta
such as abdominal aortic aneurysm surgery is a common surgical procedure. The
reperfusion period, which defines the re-supply of blood flow and oxygen by
termination of the interruption, worsens the damage at the cellular level occurring
in the ischemic period. This phenomenon is known as ischemia reperfusion (IR)
injury.1,2
It is known that application of a cross-clamp during infrarenal abdominal aortic
surgery and then removal of the clamp results in the development of aortic IR injury.3
The formation of free oxygen radicals, systemic vasoconstrictive mediators, neutrophil
activation, lipid peroxidation and systemic inflammatory response after the aortic IR
injury cause distant organ damage.3,4 Nowadays, many treatment strategies have been
developed to prevent and reduce the IR damage. Despite the developments in cardio
vascular surgery techniques and early postoperative follow-up applications, IR damage
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after aortic interventions is a serious problem affecting post
operative morbidity and mortality. Tthe most appropriate
strategy is still a matter of debate.
Various drugs, including sevoflurane, isoflurane, des
flurane, dexmedetomidine, and ketamine, are used to pre
vent IR damage in anesthesia.5,6 Volatile agents are an
important member of perioperative medication and
almost all patients receiving general anesthesia will
meet volatile agents. In previous studies with rats and
mice, volatile agents have been shown to reduce inflam
mation and necrosis and protect from IR injury.7,8 Cerium
oxide nanoparticles are effective scavengers of reactive
oxygen species.9 It has a wide range of applications such
as: solar cells, fuel cells, gas sensors, oxygen pumps, and
also used as a fuel additive.10 This rare-earth metal has
been listed as one of five nanomaterials under investiga
tion by the US Environmental Protection Agency. There
is also growing interest in the medical field due to its
potential antioxidant capabilities.11,12 Nonetheless, there
are few studies about in vitro and in vivo inflammatory
effects associated with cerium oxide, especially how it
might alter systemic inflammatory responses.13 Also
numerous studies have indicated the potential use of
cerium oxide nanoparticles on cardiomyopathy,12
stroke,14 ovarian cancer,15 sepsis,16 obesity,17 hepatic
IR,18 lower extremity IR,19 and intestinal IR.20
However, in these studies the effect of cerium oxide
was investigated alone.
In this study, we aimed to study the combined effects
of sevoflurane and cerium oxide on lung tissue of IR injury
with the help of biochemical and histopathological
analysis.

Materials and Methods
Animals and Experimental Protocol
This study was approved by the Gazi University Ethics
Committee. (Ethic number: G.U.ET-19-044). All of the
procedures were performed according to accepted stan
dards of Guide for the Care and Use of Laboratory
Animals. At the beginning of experimental procedures all
rats were anesthetized with ketamine (50 mg/kg, i.p) and
romphun (20 mg/kg, i.p.). During the surgical procedure
rats were placed on a heating pad in order to maintain the
body temperature. Rats were kept in a temperaturecontrolled (21±1°C) and humidity-controlled (45–55%)
room, which was maintained on a 12/12 reversed light
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cycle. Animals were fed with a standard pellet and allowed
to drink water ad libitum.
A total of 30 Wistar Albino rats weighing between 200
and 250 grams were used. Animals were equally divided into
five equal groups (n: 6); control (C), ischemia-reperfusion
(IR), cerium oxide-IR (CO-IR), IR-sevoflurane (IRS), and
cerium oxide-IR-sevoflurane (CO-IRS).
Control group (C): Rats were only subjected to mid
line laparotomy.
Ischemia reperfusion group (IR): Rats were only
subjected to midline laparotomy. An atraumatic microvas
cular clamp was placed on the infrarenal abdominal aorta
for 120 minutes, then the clamp was removed and reper
fused for 120 minutes. Sodium heparin (500 IU/kg) was
administered through the peripheral vein in the tail for the
maintenance of reperfusion after occlusion.21
Cerium oxide-ischemia reperfusion (CO-IR): Rats
were only subjected to midline laparotomy. An atraumatic
microvascular clamp was placed on the infrarenal abdom
inal aorta during 120 minutes, then the clamp was
removed and reperfused for 120 minutes. Cerium oxide
(Sigma Aldrich®, Cerium oxide, aqueous nanoparticle dis
persion, 100 mL) was given (0.5 mg.kg−1, i.p) 30 minutes
before the ischemia period.16,19,22,23
Ischemia reperfusion-sevoflurane (IRS): Rats were
only subjected to midline laparotomy. An atraumatic
microvascular clamp was placed on the infrarenal abdom
inal aorta for 120 minutes then the clamp was removed
and reperfused for 120 minutes. Anesthetic gas vaporizers
were calibrated and set a minimum alveolar concentration
(MAC) of 1 sevoflurane (2.3%). The anesthesia procedure
was conducted on the rats in a transparent plastic box (40
x 40 x 70 cm). Sevoflurane was applied with the 2.3%
inspiratory concentration at a rate of 4 L.min−1 in 100%
O2 for 4 hours.
Cerium oxide-ischemia reperfusion-sevoflurane
(CO-IRS): Rats were only subjected to midline laparot
omy. An atraumatic microvascular clamp was placed
on the infrarenal abdominal aorta for 120 minutes, then
the clamp was removed and reperfused for 120 minutes.
Cerium oxide was given (0.5 mg.kg−1, i.p) 30 minutes
before the ischemia period. Anesthetic gas vaporizers
were calibrated and set a MAC of 1 sevoflurane (2.3%).
The anesthesia procedure was conducted on the rats in
a transparent plastic box (40 x 40 x 70 cm). Sevoflurane
was applied with the 2.3% inspiratory concentration at
a rate of 4 L.min−1 in 100% O2 for 4 hours.
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Table 1 MDA and NO Levels [Mean ± SD]
Group C

Group IR

Group IRS

Group

Group

CO-IR

CO-IRS

p**

MDA (nmol/mL)

3.18±2.85*

25.30±15.46

12.73±9.15*

7.47±2.46*

5.50±2.60*

0.001

NO (umol/L)

17.27±13.87*

67.30±212.12

37.33±11.33

28.97±20.49*

20.63±8.17*

0.022

Notes: p**: Significance level with Kruskal Wallis test p< 0.05; *p<0.05: Compared to group IR.

At the end of the experiments rats were sacrificed
under anesthesia. Then the blood samples were taken for
biochemical analysis and the lung tissues were excised for
histopathological analysis.

Biochemical Analysis
Malondialdehyde (MDA), and nitric oxide (NO) concentra
tions were measured. Lipid peroxidation was measured using
the Esterbauer method. First of all, MDA reacted with thio
barbituric acid at 90°C–95°C and thereby yielded pink chro
mogranin. Specimens were rapidly cooled and absorbances
were then read at 532 nm spectrophotometrically. Results
were presented as nmol/g tissue protein.24 Stable oxidative
NO metabolites (NO2- vs NO3-) were measured in the serum,
and to determine, NO production was measured. The Griess
reaction was used in order to measure the nitrite
concentration.25

Histopathological Analysis
Lung tissue samples were removed and fixed in 10% neutral
formalin solution. Then the lungs were examined with light
microscopy by the same pathologist, who was blinded to the
study. A total of 10 random areas were evaluated with
200–400 times magnified microscopy in hematoxylin and
eosin (H&E) stained sections. Stained slides were examined
under a light microscope. Neutrophil infiltration and alveolar
thickness are measured in each specimen for exposing the
degree of lung injury area. Each parameter was scored as
any (0 point), only a little (1 point), medium amount (2
points), or severe (3 points); The two scores were added
and noted as last lung injury score.26

Statistical Analysis
Statistical Package for the Social Sciences v. 20.0 (SPSS,
IBM Corp., Armonk, NY, USA) for Windows was used.
Each categorical variables were analyzed by Kolmogorov–
Smirnov test. MDA levels, NO activities and histopatho
logical parameters were tested by using the Kruskal–
Wallis test, Bonferroni Correction test and Mann–
Whitney U-test. A statistical value of less than 0.05 was
considered significant. All values were expressed as mean
± standard deviation (Mean ± SD).

Results
Biochemical Results
Significant differences were found in serum MDA levels
among the groups (p=0.001). MDA levels were similar in
the C, IRS, IRSO and IRSOS groups (Table 1). However
the levels of MDA were notably lower in C, IRS, CO-IR,
and CO-IRS groups compared to the IR group (p<0.0001,
p=0.015, p=0.001, p<0.0001, respectively).
Serum NO activity between the groups was significantly
different (p=0.022). NO activity in the C, IRS, CO-IR and
CO-IRS groups were similar (Table 1), but the activity of
NO was higher in the IR group than C, CO-IR and CO-IRS
groups (p=0.003, p=0.019, p=0.005, respectively).

Histopathological Results
According to neutrophil infiltration/aggregation there were
significant differences between the groups (p=0.010).
Neutrophil infiltration/aggregation was significantly higher
in the IR group compared to the C and CO-IRS groups
(p=0.001, p=0.020, respectively), (Table 2 and Figures 1–5).
The alveolar wall thickness was significantly higher in the IR

Table 2 Histopathological Data of Lung Tissue [Mean ± SD]
Group C

Group IR

Group IRS

Group CO-IR

Group CO-IRS

p**

Neutrophil infiltration/aggregation

0.17±0.40*

1.50±0.54

1.00±0.63

0.83±0.75

0.67±0.51*

0.010

Alveolar wall thickness
Total score

0.33±0.52*
0.50±0.55*

2.17±0.75
3.67±1.21

1.00±0.63*
2.00±1.10*

0.83±0.75*
1.67±1.00*

0.83±0.41*
1.33±0.52*

0.001
<0.0001

Notes: p**: Significance level with Kruskal Wallis test p< 0.05; *p<0.05: Compared to group IR.
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Figure 1 Normal-structural lung tissue parenchyma in the control group, HEx100.
Abbreviations: A, alveolus; SA, saccus alveolaris; DA, ductus alveolaris; ias, interalveolar septum; ias, interalveolar septum, ↓, pulmonary vascular thickening.

Figure 2 Severe neutrophilic infiltration and increased alveolar wall thickness in IR group, HEx100.
Abbreviations: A, alveolus; RB, respiratuar bronchiole; inf, infiltration; ↓, pulmonary vascular thickening.

group than in the C, IRS, CO-IR and CO-IRS groups
(p<0.0001, p=0.004, p=0.001, p=0.001, respectively), (Table
2 and Figures 1–5). Also total lung injury scores were sig
nificantly higher in the IR group compared to the C, IRS, COIR and CO-IRS groups (p<0.0001, p=0.005, p=0.001,
p<0.0001, respectively), (Table 2 and Figures 1–5).

Discussion
Lungs are the target organs in distant organ damages
especially after the lower limb IR, In aortic surgery hypox
emia, pulmonary hypertension, decreased lung compliance
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and nonhydrostatic pulmonary edema emerges as a sign of
lung injury caused by lower extremity IR can lead to
a serious condition ranging from a temporary subclinical
course to an acute distressed respiratory syndrome.27
It is known that lung damage occurs because of the
systemic inflammatory response after IR. The primary
effects of oxygen radicals released into the medium on
the lungs include vascular endothelial damage, increased
permeability and consequently pulmonary edema.28,29
Although many studies in the literature use different para
meters, lung damage has been evaluated especially with
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Figure 3 Mild neutrophilic infiltration and increased alveolar wall thickness in IRS group, HEx100.
Abbreviations: A, alveolus; PA, blood vessel (branches of pulmonary artery); ↓↓, (septum) thickening; ↓, pulmonary vascular thickening.

Figure 4 Mild neutrophilic infiltration and increased alveolar wall thickness in CO-IR group, HEx100.
Abbreviations: A, alveolus; DA, ductus alveolaris; RB, respiratuar bronchiole; SA, saccus alveolaris; ↓↓ (septum) kalınlaşması.

light microscopic findings, histopathological staining and
biochemical parameters. In our study we aimed to inves
tigate the effects of cerium oxide, that applied before the
sevoflurane anesthesia, on lung tissue in rats with lower
extremity IR.
MDA is a stable end product formed as a result of
peroxidation of polyacited fatty acids and is considered as
a marker of cell wall peroxidation. Plasma and tissue
levels of MDA are considered to be an indicator of sys
temic response following oxidative stress and IR.30
Increased lipid peroxidation causes the release of

International Journal of Nanomedicine 2020:15

proteolytic lysosomal enzymes and mitochondrial matrix
enzymes into the plasma. This is one of the important
causes of cellular damage.31
NO is one of the significant markers in the formation of
lung injury caused by lower extremity IR. Acute ischemia of
the lower extremities also leads to an increase in NO produc
tion in the lung. NO interacts with free oxygen radicals (such as
the superoxide anion), while creating molecules such as per
oxynitrite, on the other hand, it inhibits neutrophils from adhe
sion, accumulating and emptying their contents. Endothelial
cells activate genes that increase the number of endothelial
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Figure 5 Mild neutrophilic infiltration and increased alveolar wall thickness in CO-IRS group, HEx100.
Abbreviations: A, alveolus; RB, respiratuar bronchiole; conj, conjestion; ↓↓, (septum) thickening; ↓, pulmonary vascular thickening.

nitric oxide synthetase (iNOS) enzymes that provide NO
synthesis during reperfusion and thus try to prevent damage
with increased NO amount.32,33
A series of studies in the literature including sevoflurane
and desflurane, has previously shown that the volatile anes
thetic agents reduce inflammation values, thus protecting
against IR damage.8,34 Numerous studies both in experimental
animals35 and in patients undergoing cardiovascular surgery,36
mention that the application of volatile anesthetics, immedi
ately before or after ischemic conditions has a healing effect.
Sevoflurane pre-medication has also been shown to protect
heart,37 lung38 and kidneys34,38 against IR injury. Lee et al8
studied the protective effects of volatile anesthetics, but it has
not been fully clarified at which stage (ischemia, reperfusion or
both ischemia and reperfusion stage).
Xu et al39 evaluated the damage of lung after liver IR
by measuring MDA levels. They demonstrated that MDA
levels increased after IR, but decreased after sevoflurane
administration. Oncul et al40 compared the effects of pro
pofol and sevoflurane and they reported that lipid perox
idation could be suppressed better in the sevoflurane group
than in the propofol group during the early reperfusion
period.
Kalb et al38 investigated the effects of pre- or postconditioning with sevoflurane showing pulmonary neutro
phil accumulation after IR injury of the aorta. They
demonstrated that pre-conditioning, but not postconditioning, with sevoflurane reduced pulmonary neutro
phil accumulation after IR injury. As a result they concluded
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that neutrophil accumulation played a major role in the
pathophysiology of acute lung injury.38
Kosucu et al41 focused on the effects of sevoflurane
anesthesia combined with epidural anesthesia on IR injury
in patients undergoing surgical revascularization due to
aorto iliac occlusive disease. They measured the plasma
MDA and ischemia modified albümin (IMA) levels and
demonstrated that serum levels of MDA and IMA were
lower in the study group compared to the control group.
As a consequence, they concluded that the sevoflurane
anesthesia combined with epidural anesthesia might
decrease the IR injury in aorto iliac occlusive disease.41
PCO2, dry/wet lung ratio and permeability outcomes
were compared and the protective effects of sevoflurane on
lung IR damage were demonstrated by Li et al.42 Similarly
Liu et al43 compared pulmonary vascular resistance,
microvascular permeability, wet/dry lung ratios and the
changes in parameters such as lactate dehydrogenase
(LDH), NO and tumor necrosis factor-alpha (TNF-α). As
a result they reported that administration of sevoflurane
before ischemia decreased IR injury. In another study
sevoflurane decreases IR damage by making changes in
oxygen values (PO2/FiO2) and miRNA expression.44 Luo
et al45 showed that sevoflurane exerts its effect by decreas
ing mast cell activation and oxidative damage in the indir
ect lung damage occurring after intestinal IR injury.45
In the literature, numerous studies have tested the effects of
cerium oxide nanoparticles in animal models of tissue damage.
Following radiation=induced damage in mice, intravenous
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injection of cerium oxide nanoparticles has been shown to
ameliorate intestinal injury.15 After systemic bacterial infec
tion, intraperitoneal injection of cerium oxide nanoparticles
has been shown to attenuate acute kidney injury in rats.46
Although systemic administration of these nanoparticles in
mice is well tolerated,47 there is evidence for potential toxicity
effects of nanoceria. For example, aerosol delivery of cerium
oxide nanoparticles can promote pulmonary inflammation.48
Yokel et al49 showed that cerium oxide nanoparticles remain in
the circulation for a short period of time such as t1/2 of
7.5 minute upon intravenous injection.49 Oxidative stress
increases upon reperfusion and 1 hour prior to ischemia the
administration of cerium oxide nanoparticles would result in
bioaccumulation of cerium oxide nanoparticles in liver.2,50 In
another study, cerium oxide nanoparticles have been shown to
reduce IR-induced cell death and recommend their use for
prophylaxis against liver damage associated with graft failure.
They concluded that cerium oxide nanoparticles may be a new
therapeutic approach for hepatic IR injury.
One of the methods to show IR damage in the lung is to
examine histopathological preparations with light microscopy
after staining with H&E.32 In our study, neutrophil infiltration/
aggregation in lung tissue, alveolar wall thickness and total
damage score were evaluated quantitatively in light micro
scopy with H&E staining.
In our study, it was seen that the COS-IR group had an
important effect in preventing neutrophil infiltration/aggre
gation compared to the IR group. In addition, it was found
that the alveolar wall thickness and total lung injury scores
were significantly decreased in cerium oxide and sevoflur
ane groups. With infrarenal aortic occlusion and subse
quent lower limb reperfusion, IR damage occurred in the
lung. The combined administration of sevoflurane and
cerium oxide reduces IR damage in the lung. Significant
reduction in MDA levels suggests that the damage may be
associated with lipid peroxidation. Administration of cer
ium oxide and sevoflurane decreased the IR damage by
changing lipid peroxidation. Also histopathological results
support the biochemical data and show that coadministration of cerium oxide and sevoflurane is more
effective in preventing lung damage.
As a result the examination of cerium oxide on IRrelated lung injury showed that pretreatment with 0.5 mg/
kg intraperitoneal cerium oxide effectively decreased lung
injury in sevoflurane-administered rats. However different
and repetitive doses would be helpful for clarifying these
effects.
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