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ABSTRACT

Objectives: To examine the effects of desflurane and
cerium oxide (CO) on lung tissue following ischemia-
reperfusion injury (IRI).

Methods: Experiments were conducted in Gazi
University Animal Laboratory, Ankara, Turkey. Thirty
rats were divided into 5 groups: control (C), IRI,
IRI-CO, IRI-desflurane (IRID), IRI-CO-desflurane
(IRICOD). Cerium oxide was given intraperitoneally.
Lower extremity IRI was induced. Desflurane
was applied during IRI. Lung histopathological
examinations and serum biochemical analyses were
performed.

Results: Serum nitricoxide (NO) and malondialdehyde
(MDA) levels were higher in group IRI (p=0.006)
than in group C (p=0.001). Serum MDA and NO
levels were significantly lower in groups IRICO and
IRICOD than in group IRI. Significantly greater
alveolar wall thickening and neutrophil infiltration
were recorded in group IRI than in group C. Co-
administration of desflurane and CO significantly
decreased alveolar wall thickening and neutrophil
infiltration compared to group IRI. Total lung injury
scores were significantly lower in groups IRID,

IRICO, and IRICOD than in group IRI.

Conclusion: Intraperitoneal CO with desflurane,
reduced oxidative stress and corrected the damage in
lung. Cerium oxide given before and desflurane given
during IRI have been shown to have protective effects
on lung damage in rats.
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Ischemia—reperfusion injury (IRI) caused by
redirecting of blood flow to an ischemic tissue
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involves the ischemic organ and distant organs, and
ultimately causes multiorgan failure. Lower limb IRI
is known to induce remote organ dysfunctions." The
lungs are particularly vulnerable to IRI, as they have the
first major vasculature exposed to ischemic blood.* The
recognition that reactive oxygen species (ROS) play an
important role in IRI-related tissue damage has made
oxidative stress and mitochondrial dysfunction the main
targets in treatment of lower limb IRI." Several agents
have been studied to reduce oxidative damage in various
organs.’ In particular, beneficial effects of isoflurane
and sevoflurane have been shown in IRI-induced
lung injury. However, conflicting results have been
reported regarding the effects of desflurane against lung
damage following IRI.>* Pathologies associated with
oxidative damage respond favorably to compounds
that can scavenge ROS. One of them is cerium oxide
(CO), a nanomaterial under investigation by the US
Environmental Protection Agency. With its scavenging
properties of radical oxygen species, its eflicacy has been
demonstrated experimentally in oxidative damage.”®
While it has been shown that CO reduces oxidative
damage, conflicting results about desflurane are
available in the literature.*® In our previous study, the
combined effects of sevoflurane and CO on lung injury
were investigated and it was revealed that they showed
a stronger lung protective effect than their individual
effects.” In this study, we aimed to study the combined
effects of desflurane and CO on lung tissue following
lower extremity IRI in rats.

Methods. Procedures were approved by Gazi
University Ethical Committee of Experimental Animals
(G.U.ET-19.043) and carried out in Gazi University
Animal Laboratory in accordance with the Guide for
the Care and Use of Laboratory Animals, in Ankara,
Turkey. Experiments were performed on 30 male 8-10
months old Wistar Albino rats weighing 250-300 g
during daylight hours. Animals were housed under
identical environmental conditions and kept at a
neutral temperature (20-21°C) under a 12:12 hour
photoperiod. Food and water were available ad libitum.

Experimental groups. Thirty rats were randomized
into 5 groups (n=6 per group). Group 1: control group
(C), Group 2: ischemia-reperfusion injury group (IRI),
Group 3: cerium oxide-IRI group (IRICO), Group 4:
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[RI-desflurane group (IRID), Group 5: cerium oxide-
IRI-desflurane group (IRICOD)

Experimental ~ protocols. 50 mglkg ketamine
hydrochloride (VetaKetam; Vetagro, Poland) and
20 mg/kg xylazine (XYLAZINBIO %2- Bioveta, Czech
Republic) were administered intraperitoneally (IP)
for anesthesia. Intraperitoneal injection was preferred
because it allows rapid absorption.

Group C: midline laparotomy was performed. Group
IRI: midline laparotomy was performed, followed by
120 minutes of ischemia by clamping the infrarenal
abdominal aorta by placing an atraumatic microvascular
clamp, and then 120 minutes of reperfusion.’

Group IRICO: 0.5mg/kg IP cerium oxide (Sigma-
Aldrich, Co. St. Louis, MO, USA) was administered.
Midline laparotomy was performed 30 minutes
following the administration of CO, followed by 120
minutes ischemia and 120 minutes of reperfusion.

Group IRID: Midline laparotomy and IRI were
performed, and desflurane (Suprane, Baxter, IL, USA)
was applied at a 6% concentration and a rate of 4 L/min
in 100% O, concurrently with the onset of the ischemia
period and extending for 4 hours. Desflurane inhalation
was carried out in a 40 x 40 x 70 cm transparent box.

Group IRICOD: Intraperitoneal CO (0.5mg/kg) was
administered. Laparotomy was performed 30 minutes
following CO. Ischemia-reperfusion injury and desflurane
were administered as per Group IRID.

At the end of the experiments, the rats were
anesthetized with IP ketamine (100 mg/kg) and then
sacrificed by exsanguination from the abdominal aorta.
Serum samples were drawn for biochemical assays, and
the lung tissues were removed for histopathological
studies.

Serum  biochemical —analyses. Malondialdehyde
(MDA) is an aldehyde available in large quantities
following lipid peroxidation. It can be determined using
the Esterbauer method.® The Griess assay was used to
determine nitric oxide (NO) production.’

Lung tissue histopathological studies. A pathologist
blinded to the groups examined hematoxylin/eosin

Table 1 - Serum biochemical analyses.

(H&E)-stained lung tissue sections with a light
microscope. Lung injury was scored according to
alveolar wall thickening and neutrophil infiltration. A
score of 0 to 3 points was recorded for each criterion (0:
normal, 1: minimal, 2: medium, 3: severe). The total
lung injury score (TLIS) was calculated as the sum of
these scores."

Statistical analysis. IBM SPSS 20.0 was used to
perform descriptive statistical analyses (IBM Corp.,
Armonk, NY, USA). The Kolmogorov-Smirnov test
was applied to test for a normal distribution. The
Kruskal-Wallis test was used to evaluate the data. The
variables with statistically significant differences were
evaluated with the Mann-Whitney U test. The results
were presented as mean + standard error. Results with
a p-value less than 0.05 were considered statistically
significant.

Results. Serum MDA and NO levels were
significantly higher in group IRI (p=0.001) than in
group C (p=0.0006). The serum MDA and NO levels
were significantly lower in groups IRICO and IRICOD
than in group IRI (for MDA; p=0.005 and »=0.002,
and for NO; p=0.011 and p=0.008, respectively)
(Table 1). There were higher alveolar wall thickening
and neutrophil infiltration in group IRI (»=0.001) than
in group C (p<0.001). Co-administration of desflurane
and CO significantly decreased alveolar wall thickening
and neutrophil infiltration (p=0.006) compared to
group IRI (p=0.014). Total lung injury score were
significantly higher in groups IRI (p<0.001), IRID
(»=0.010) and IRICO (p=0.025) than in group C. Total
lung injury scores were significantly lower in groups
IRID (p=0.010), IRICO (p=0.004), and IRICOD
(p<0.001) than in group IRI (Table 2, Figure 1).

Discussion. Lung injury can frequently occur as a
result of IRI occurring in distant organs. For example,
thoracoabdominal aortic aneurysm repairs can lead to
an incidence of lung injury varying between 20-40%.
Experimentally, lung injury occurs in response to lower

Compound Group C Group IRI Group IRID Group IRICO Group IRICOD P-value?
(n=6) (n=06) (n=6) (n=06) (n=06)

MDA (nmol/mL) 3.4+1.4 28.3+6.8¢ 14.0+4.3 6.9+£2.0F 4.4+0.3F 0.001

NO (pmol/L) 16.4+6.9 80.5+12.4* 33.6+4.6 21.3+4.2 % 19.0+3.55%F 0.003

Values are presented as mean + SD. *Significance level with Kruskal Wallis test p<0.05, *p<0.05: Compared to group C, p<0.05: Compared to

ischemia-reperfusion injury group. MDA: malondialdehyde, NO: nitric oxide
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Table 2 - Lung tissue histopathological results.

Results Group C Group IRI Group IRID Group IRICO Group IRICOD P-valuet
(n=6) (n=6) (n=6) (n=6) (n=6)

Neutrophil infiltration 0.33+0.21 2.17£0.31* 1.33+0.21 1.00+0.26 0.67+0.337 0.001

Alveolar wall thickening 0.33+0.21 1.83+0.31* 1.00+0.00 1.16+0.17 0.83+0.217F <0.001

Total score 0.67£0.33 4.00£0.26* 2.33+0.21%F 2.17+0.31%F 1.50+0.43 <0.001

Values are presented as mean+SE. #Significance level with Kruskal Wallis test p<0.05, *p<0.05: compared to group C, Tp<0.05 compared to group
ischemia-reperfusion injury

Figure 1 - Lung histology (hematoxylin and eosin staining). A) severe neutrophilic infiltration and increase in alveolar wall thickening, group IRI; B)
minimal-medium neutrophilic infiltration and increase in alveolar wall thickening, group IRID; C) minimal neutrophilic infiltration and
increase in alveolar wall thickening, group IRICO; D) minimal neutrophilic infiltration and increase in alveolar wall thickening, group
IRICOD; H&E, x40. a: alveolus, tb: terminal bronchioles, rb: respiratory bronchioles, sa: saccus alveolaris, da: ductus alveolaris, pa: pulmonary
artery, V: vacuolization, ias: interalveolar septum, inf: inflammation, |: pulmonary vascular thickening, | | : alveolar wall thickening

extremity IRI when the alveolar epithelium and the
capillary endothelium are affected."

Our findings support the existence of systemic
oxidative stress due to lower extremity IRI and
occurrence of lung injury. Therefore, our finding
that intraperitoneally administered CO can reduce
oxidative stress and decrease the lung injury caused
by IRI has potential clinical relevance. Interestingly,
desflurane alone did not yield similar protective effects
to those obtained with CO, but co-administration of
CO with desflurane resulted in a further reduction in

the oxidative stress and injury in the lungs than was
observed with CO alone. In recent years, CO has
been the subject of experimental studies as a potential
antioxidant therapeutic agent. However, reliable human
health data are not yet available, and some experimental
studies have shown that CO can also cause oxidative
damage. Therefore, we investigated the IP application
of CO and evaluated its efficacy in the IRI rat model.
We preferred the IP route to intravenous route because
of its ease of application and because it provides a rapid
absorption.'
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Cerium oxide has been shown to be effective
in smoking related oxidative stress, hepatotoxicity,
neurodegenerative diseases, retinopathy,
cardiomyopathy, obesity, and intestinal IR injury.*!
However, published data regarding lung protection
by CO are scarce. We previously reported that CO
reduced oxidative damage in lung tissue following
non-pulmonary IRI.” Similarly, Serebrovskaa et
al investigated the lung protective effect of CO in
experimental pneumonia and observed reduced severity
in inflammation on the lung tissues of rats treated with
CO. Their results revealed significantly lower levels
of ROS in the CO administered rats. Their findings
supported the lung protective effects of CO." Consistent
with the previous results by Serebrovskaa et al, we also
showed significant reductions in inflammation based on
histological findings and in oxidative damage based on
MDA and NO levels when rats were administered CO.

Experimental and clinical studies have focused on
isoflurane and sevoflurane, and the data regarding the
antioxidant activity of desflurane are equivocal. In
fact, there are studies showing that desflurane increases
oxidative damage.** We have shown that when
desflurane was administered alone, it suppressed the
increases in MDA and NO levels induced by IR injury,
although the differences were not significant. These
conflicting results may reflect differences in desflurane
application concentrations and the flow rates at which
it is applied, as suggested by the work of Kantekin et
al.®

Administration of desflurane or CO individually
resulted in no significant improvement in alveolar wall
thickening or neutrophil infiltration. However, TLISs
showed a significant improvement in cases where
either agent was administered individually. However,
no significant improvement in oxidative damage was
shown in rats when desflurane was applied alone,
and this may again reflect the contradictory results
in the literature regarding the antioxidant activity of
desflurane. Nevertheless, CO alone also did not provide
a significant improvement in neutrophil infiltration
and alveolar wall thickening, whereas evaluation of
the histopathological score and the oxidative damage
indicated that CO did have a protective effect. By
contrast, evaluation of rats in which desflurane and
CO were administered together revealed that this
combination improved histopathology and prevented
oxidative damage to a great extent than when both
agents were administered alone.

In conclusion, CO administered intraperitoneally at
a dose of 0.5 mg/kg 30 minutes before ischemia in rats
anesthetized with desflurane reduced oxidative stress and
corrected the lung damage caused by IRI. Desflurane,
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suppressed oxidative damage in lung tissue after IRI,
even though statistical significance was not reached. As
an innovation, we showed that this antioxidant activity
can become stronger when used with cerium oxide. We
think that CO administration before IRI and desflurane
anesthesia during IRI can have a lung protective effect in
rats. These findings implicate an organ-protective effect
of cerium oxide during desflurane anesthesia. So the
protective effects of this nanoparticle in different organs
during desflurane anesthesia can also be demonstrated
in future experimental studies. More studies are needed
to support the transfer of this promising therapeutic
option to clinical practice.

Study limitations. One limitation is the absence of
administering CO intravenously although it has similar
biodistribution to that achieved with IP administration.
The other limitation is that CO was only applied
simultaneously with clamping of the aorta. Thus, we did
not studied its effects when administered following IRI.
Another limitation was that we did not calculate sample
size. The number of rats was determined in accordance
with the recommendations of the animal research
committee for the welfare of animals. Additionally,
since all animals were anesthetized with ketamine
and xylazine, the effects of ketamine and xylazine on
oxidative damage could not be excluded. However,
these anesthetics administered for the welfare of the
animals were administered to all groups in equal doses
at the beginning of the experiment, and this limitation
was tried to be avoided.
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