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ABSTRACT

AIM: To examine the effect of sevoflurane, a halogenated anesthetic used in clinical applications, on oxidative stress and inflammation
after an acute traumatic brain injury (TBI) in rats.

MATERIAL and METHODS: Thirty male Sprague-Dawley rats were divided into three groups: control (Group 1), trauma (Group
2), and trauma+sevoflurane (Group 3). A diffuse TBI model was created for Groups 2 and 3. Sevoflurane anesthesia was applied
6 hours a day after induced trauma in Group 3. Glutathione (GSH), malondialdehyde (MDA), and tissue myeloperoxidase (MPO)
activities were measured in the blood. Tumor necrosis factor alpha (TNF-a), vascular endothelial growth factor (VEGF), and Bax
primary antibodies were used to determine the effects of TBI.

RESULTS: MDA was significantly higher in Group 2 than in Group 1. There was a significant increase in tissue MPO levels in Groups
2 and 3 compared with those in Group 1. GSH levels decreased in Groups 2 and 3. Group 3 revealed degenerative changes in
neurons and glial cells, vascular enlargement and congestion, and inflammatory cell infiltration around blood vessels. In Group 3,
VEGF expression was positive in endothelial and inflammatory cells around blood vessels. Group 3 had positive TNF-a expression
in neurons, small granular cells, and glial cells around blood vessels.

CONCLUSION: Sevoflurane administration in acute TBI did not prevent the development of oxidative stress and inflammation.
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B INTRODUCTION

raumatic brain injury (TBI) leads to significant changes
in brain structure and functions with different levels

of severity. In the acute stage, it may cause tissue
breakdown and destruction. Clinical presentation appears due
to biomolecular and cellular changes following the initial injury
(9,32). After trauma, cerebral edema, neuroinflammation, and
blood-brain barrier fragmentation occur. Once the blood-
brain barrier is corrupted, circulating leukocytes immediately
invade the brain parenchyma and result in moderate-to-
severe TBIl. With the activation of transcriptional factors in
the neurovascular cascade, these cells block the resident
neuroinflammatory response (8,18).

Oxidative stress after TBI begins with lipid peroxidation, largely
attributed to a high content of poly unsaturated fatty acids in
the brain. In a rat focal contusion model, lipid hydroperoxides
were progressively accelerated immediately after trauma in
the formation of hydroxyl radicals (11). Oxygen-free radicals
released after TBI cause lipid peroxidation in cell membranes,
which results in increased cellular malondialdehyde
(MDA) content as well as glutathione (GSH) superoxide
dehydrogenase and myeloperoxidase (MPO) activity. This
biochemical chain induces cell damage.

Sevoflurane is a halogenated anesthetic used in clinical
applications with rapid pharmacokinetic activity and low
respiratory irritability. Sevoflurane can protect nerve functions
in rats with ischemic brain injury and can significantly reduce
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the number of cerebral infarction areas and apoptotic cells.
Studies have shown that pre-treatment with sevoflurane has a
neuroprotective effect on mice exposed to brain ischemia (35).

VEGF is a regulator of pathological and physiological
angiogenesis and vascular permeability. It also induces cell
proliferation (15).

Tumor necrosis factor alpha (TNF-q) is a cell signaling protein
found in systemic inflammation. The overproduction of TNF-a
caused by TBI can be significantly attenuated by blocking
TNF-a synthesis or activity (28). Many cell types such as
microglia, astrocytes, endothelial cells, and neurons generate
TNF-a in the cerebrum. TNF-a is involved in important cell
events of apoptotic and necrotic cell death as well as cell
growth and differentiation (21). Bax is a proapoptotic family
member of Bcl-2, which participates in cell death regulation.
Bax is also a critical pathological finding explaining apoptosis
without neuronal and glial cells. The effect of TBI on the
regional cellular patterns of Bcl-2 and Bcl-x L, as well as the
expression of survival-enhancing proteins, and extracellular
signal is regulated. Kinase, Bax, c-Jun N-terminal kinase,
tumor suppressor gene, tumor protein p53, and protease-
causing proteins such as the caspase family were investigated
(25).

The aim of the present study was to investigate the effect of
sevoflurane administrationon an acute TBI animal model by
analyzing oxidative stress and inflammatory markers.

B MATERIAL and METHODS
Housing Animals and Protocol

All procedures were performed according to the Guide for
the Care and Use of Laboratory Animals. Local permission
was obtained from the Ethics Committee for the Treatment of
Experimental Animals (University of Health Sciences, Ankara
Education and Research Hospital, Ankara, Turkey; No: 0051-
15.02.2019). In total, 30 male Sprague-Dawley rats weighing
averagely 260 g were housed in a room maintained at 25°C
for 12-hour light/dark cycle. All animals were allowed to easily
access standard pelleted food and water. Rats were randomly
categorized in three groups: control (Group 1), trauma (Group
2), and trauma + sevoflurane (Group 3). A diffuse brain injury
model defined by Marmarou et al. was used in this study
(20). In brief, a trauma device drops a constant weight at
a predetermined height through a tube. A 300-g weight
dropped from a 1-m height has been shown to induce mild
brain trauma by Ucar et al. (31). An acrylic box (40x40x30 cm)
was used for sevoflurane experiment. All rats were placed in
the box and exposed to 3% sevoflurane using an evaporator
(BS-400T; Brain Science ldea Co. Ltd., USA) for induction.
After confirming anesthesia, rats were taken from the box
and exposed to 1.5% sevoflurane using a rodent face mask.
Sevoflurane concentration was calculated by confirming the
loss of deafness reflex in rats. During anesthesia, rats were
kept on a heating pad to hold an approximate core temperature
of 37°C. Body temperature of rats was constantly observed
with a rectal probe. Sevoflurane anesthesia was applied for 6
hours a day after trauma. When sevoflurane anesthesia was
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stopped, it was adjusted according to the time of onset of the
dark phase (34).

At the end of the 5" day, blood samples were obtained
from each animal and analyzed for inflammation and
oxidative stress biochemical markers. After 5 days, 5 mg/
kg xylazine HCI (Rompun, Bayer Health Care AG, Germany)
and 40 mg/kg ketamine HCI (Ketalar, Pfizer Inc., USA) were
intraperitoneally injected in for euthanization. Then, choroid
plexus of the lateral ventricles was rapidly dissected. Brain
tissues were fixed in 10% neutral buffered formaldehyde for
histological examination. Tissues were dehydrated through a
descending alcohol series and embedded in paraffin blocks.
Haematoxylin—eosin was used for staining cerebral sections.

MDA and GSH Peroxidase (GSH-Px) Assays

MDA levels and GSH-Px activities of each brain tissues were
evaluated with average values reported for each group. On
ice, brain samples were homogenized with 10% homogenate
(according to weight) in 0.9% saline. The homogenate was
then centrifuged at 2000 rpm for 10 min. Supernatant was
transferred to another tube and diluted, and pellets were
discarded. MDA levels were assessed by a double heating
method reported by Draper and Hadley (6). Fatty acid
peroxidation generates MDA as the end product, which reacts
with thiobarbituric acid (TBA) and forms a colored complex.
In brief, 2.5 mL TBA solution (100 g/L) was mixed with 0.5 mL
homogenate in a centrifuge tube. After boiling in water for 15
minutes, these tubes were cooled down underflowing water.
After centrifugation at 1000 rpm for 10 min, 2 mL supernatant
was mixed with 1 mL TBA solution (6.7 g/L). These tubes were
placed in boiling water for another 15 min. After cooling, TBA-
reactive species concentration was measured at a wavelength
of 532 nm, and the MDA concentration was measured using
the absorbance coefficient of the MDA-TBA complex. MDA
values were expressed as nanomoles per gram (nM/g) of wet
tissue.

The GSH-Px activity was measured by Paglia and Valentine
method (24). An enzymatic reaction was initiated by the addition
of hydrogen peroxide (H,0,) to a tube containing reduced
nicotinamide adenine dinucleotide phosphate, sodium azide,
GSH reductase, and reduced GSH. Absorbance change was
measured ata wavelength of 340 nm with spectrophotometry

Tissue MPO Activity

Tissues MPO activity was calculated using a protocol reported
by Hillegas et al. (13). MPO activity is expressed as U/g tissue.

Evans Blue Assay for Blood-Brain Barrier Permeability

The integrity of the blood-brain barrier was measured using
Evans blue dye as a marker of albumin extravasation (2).
Evans blue is expressed as pg/mg of brain tissue referenced
from a standard curve.

Immunohistochemical Technique

Tissues were fixed in 10% formalin solution, dehydrated
through an ascending alcohol series, and embedded in paraffin
wax for immunohistochemical analysis. Then, sections were
incubated in xylene and washed with distilled water. Antigen



retrieval was conducted twice (for 7 and 5 min, respectively)
with an ethylenediaminetetraacetic acid buffer solution (pH
6.0) in a 700-W microwave oven. Samples were allowed to
cool down at room temperature for 30 min and washed in
dH20 for 2 x 5 min. To block endogenous peroxidase, 0.1%
H,O,was applied to tissues for 20 min. Ultra V block (Cat. No.
85-9043, Invitrogen, Carlsbad, California, USA) was used for
10 min before primary antibodies TNF-a (Cat. No. P300A,
Invitrogen), VEGF antibody (Cat. No. PA3-067, Invitrogen),
and Bax antibody (Cat. No. 33-6600, Invitrogen). Later,
sections were incubated with secondary antibodies (Cat. No.
85-9043, Invitrogen) for 20 min. Following 20-min exposure
to streptavidin—peroxidase, diaminobenzidine (DAB, Cat. No.
34002, Invitrogen) was used as a chromogen. Control slides
were treated with the same procedure, but phosphate-buffered
saline was used instead of the primary antibodies. After
counterstaining with hematoxylin and washing in tap water for
8 min, sections were examined with a light microscope (5).

Statistical Analysis

SPSS (Version 22) was used for all statistical analyses. Mean
+ standard deviation (SD) was calculated for each group.
Normality distribution of data was examined by Shapiro-Wilk
test. One-way ANOVA tests were used to determine group
differences with a p-value of <0.05 indicating significance.
Different groups were compared with post-hoc Bonferroni
correction. The mean + 2SD values of groups are shown in
attached figures.

B RESULTS
Biochemical Analysis

Groups 2 and 3 had significantly higher tissue MDA values
than Group 1 (p<0.001 and p<0.001, respectively; Figure 1).
Tissue MPO activity was significantly higher in Groups 2 and
3 than in Group 1 (p<0.001 and p<0.001, respectively; Figure
2). Groups 2 and 3 had significantly lower tissue GSH levels
than group 1 (p<0.001 andp<0.001, respectively; Figure 3).
No significant differences were observed between Groups 2
and 3 in terms of MDA, MPO, and GSH activities (p=1.000,
p=1.000, and p=1.000, respectively; Table ).

Histopathological Findings

Regarding Group 1, it was found that the cortical pyramidal
neurons in the cerebrum were polyhedral with chromatin-rich
nuclei. Glial cells were scattered far from each other, and their
nuclei were small and round. In the cerebral cortex, neurons and
glial cells were normal. Lumen and endothelial cells of cortical
capillaries were regular (Figure 4A). In Group 2, degenerated
pyramidal cells with pyknotic nuclei, dilated and congested
blood vessels with hyperplasic endothelial cells, inflammatory
cell infiltration around the vein with nuclear dissolution and
neuronal vacuolar degeneration were observed (Figure 4B).
Group 3 presented with degenerative changes in neurons
and glial cells, vascular enlargement and congestion, and
inflammatory cell infiltration around blood vessels. Pyknosis
and apoptotic changes in the nuclei of pyramidal neurons and
glial cell were also observed (Figure 4C).
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Figure 3: Glutathione (GSH) values of all groups.
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Table I: Biochemical Results Relevant to the Study Groups

Groups
Control Trauma Trauma + Sevofluran o} Post-hoc p values

n Mean = SD n Mean = SD n Mean = SD values
MDA 1-2:<0.001
(nmol/g) 10 35.38 + 3.08 10 46.68 + 5.36 10 47.30 £ 5.34 <0.001 * 1-3:<0.001
g 2-3:1.000
MPO 1-2:<0.001
(U/g) 10 3.90 + 0.62 10 6.87 £ 0.77 10 7.07 £ 0.89 <0.001 * 1-3:<0.001
g 2-3:1.000
GSH 1-2:<0.001
10 1.13 £ 0.08 10 0.74 £0.19 10 0.70 £ 0.19 <0.001 * 1-3:<0.001
(umol/g) 2-3:1.000

* Significant difference in p < 0.05 level with One-Way ANOVA
GSH: glutathione, MDA: malondialdehyde, MPO: myeloperoxidase.
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Figure 4: A) Control group: Normal appearance of neurons and glial cells in brain cortex. B) Trauma group: Picnosis in nucleus
of neuron cells, degeneration in some neurons and glia cells (yellow arrow), dilatation and congestion in blood vessels (red arrow)
C)Trauma+sevoflurane group: Degenerative changes in neurons and glial cells, vascular enlargement and congestion (yellow arrow),
inflammatory cell infiltration around the blood vessels (blue arrow) (Haematoxylin and Eosin, 40x).

Immunohistochemical Findings

In the cerebellar sections of Group 1, cortical capillary
endothelial and glial cells showed a positive VEGF expression
(Figure 5A). Group 2 had clearly elevated VEGF expression
in glial cells as well as vascular endothelial and inflammatory
cells in the proximity of degenerated neurons (Figure 5B).
Group 3 showed positive expression of VEGF in vascular
endothelial and inflammatory cells (Figure 5C). In group 1,
weak TNF-a expression was observed in glial cells located
around small blood vessels in the cerebral cortex, whereas
negative TNF-a expression was observed in neurons and
other glial cells. In Group 2, TNF-a expression increased
in glial cells and pyramidal neurons located around blood
vessels. Histopathological sections of Group 3 revealed
positive TNF-a expression in neurons with small granular and
glial cells located around enlarged blood vessels. In Group 1,
negative Bax expression was observed in neurons as well as
granular and glial cells in the cerebral cortex. In Group 2, an
intense Bax expression was observed in the outer membranes
of degenerative neurons and glial cells. A positive reaction was
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also seen in endothelial cells and surrounding inflammatory
cells. In Group 3, neurons and glial cells were nucleiabsent
with positive Bax expression. The Bax reaction in Group 3
was significant in glial, blood vessel endothelial, and some
inflammatory cells.

B DISCUSSION

TBI sometimes causes the breakdown of the integrity of the
blood-brain barrier and interaction between neurons and
vascular structures. This may lead to leakages from vessels,
high numbers of edematous areas, hemorrhage, and hypoxia.
In severe conditions, it may result in cell death within the
meninges and brain parenchyma. In these cases, axons can
stretch and tear; further, there is disruption of communication
between white and gray matter (1). Shortly after injury,
sufficient amount of blood cannot be supplied to the areas
and neurons undergoing necrosis. Moreover, greater loss
of apoptotic neurons may occur after secondary hypoxia/
ischemia injury of oxidative stress and inflammation (3,4,9).
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Figure 5: A) Control group: VEGF expression in the capillary endothelial (red arrow), and some glial cells of brain cortex, VEGF
immunostaining original magnification x40, B) Trauma group: An increase in VEGF expression in dilated capillary endothelial cells
(red arrow), vascular inflammatory cells and glial cells around some degenerated neurons (blue arrow), VEGF immunostaining original
magnification x40. C) Trauma+sevofluran group: Positive VEGF expression in endothelial cells (red arrow) and inflammatory cells
around the blood vessels, VEGF immunostaining original magnification x40. D) Control group: Weak TNF-a expression was observed in
some glial cells around the small blood vessels in the cerebral cortex (green arrow), TNF-a immunostaining original magnification x40.
E) Trauma group: An increase in TNF-a expression in glial cells (green arrow) and pyramidal neurons (yellow arrow) around the blood
vessels, TNF-a immunostaining original magnification x40. F) Trauma+sevofluran group: Positive TNF-a expression in neurons (yellow
arrow), small granular cells and glial cells (green arrow) around the blood vessels. TNF-a immunostaining original magnification x40. G)
Control group: Negative Bax expression in neurons, granular and glial cells. Bax immunostaining original magnification x40. H) Trauma
group: An increase Bax expression in the outer membranes of degenerative neurons (yellow arrow) and glial cells. Bax immunostaining
original magnification x40. I) Trauma+sevofluran group: Loss of nuclei of some neurons (yellow arrow) and glial cells with positive Bax
reaction. Also the expression was seen in blood vessel endothelial and some inflammatory cells (blue arrow), Bax immunostaining
original magnification x40.

Researchers showed that secondary brain injury after TBI
may be induced by many factors such as oxidative stress,
inflammation, and apoptosis. However, decreasing oxidative
stress level and blocking inflammatory response may
significantly reduce the duration of secondary trauma from
TBI (10).

The use of sevoflurane at a concentration of 2% in neonatal
and adult rats for 1 hour (short duration) causes neuro-
apoptosis and neurocognitive dysfunction (14). Li et al. showed
protection effects of sevoflurane against cerebral ischemic
injury through an antiapoptotic signaling pathway (17). As
a result of these studies, inhibition of memory retention in
oxidative injury has shown a causal link between sevoflurane
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inhalation and regulation of apoptotic and antiapoptotic gene
expression.

VEGF is an angiogenic factor that triggers endothelial
cell proliferation, angiogenesis and elevation of vascular
permeability. This early stage of brain edema formation in
brain injury involves the increase of VEGF. This may lead to
further deterioration of the blood-brain barrier leading to
neuronal dysfunction (22).

In a study on a TBI model, Krum and Khaibullina showed that
the inhibition of VEGF signals, including VEGF receptor-1,
inhibits the activity of reactive astrocytes and glial scar
formation (16). After TBI, elevated VEGF levels, increased
vascular permeability, and interaction of endothelial VEGF
receptors lead to edematous vascular wall.

In one study, it has been shown that the deterioration of
blood-brain barrier function in endothelial cells is improved
by sevoflurane postconditioning. It has been reported that this
anesthetic acts on tight and adherent intersections, possibly
by decreasing the production of VEGF due to injury (26). In
our study, increased VEGF expression in blood vessels,
endothelial cells, glial cells, and inflammatory cells was
observed after trauma (Figure 2B). However, VEGF expression
did not change with the addition of sevoflurane treatment after
an induced trauma (Figure 2C).

TBI initiates a neuroinflammatory cascade characterized
by microglial activation and increased production of
proinflammatory cytokines (23).

TNF-a is a pleiotropic cytokine that plays an important role in
the immune and inflammatory activities of the brain. The brain
begins producing TNF-a during infectious conditions through
viruses, bacteria, ischemia, and trauma. Active microglia are
a good indicator of brain inflammation (33). Uncontrolled
inflammation is associated with microglial activation and
has been documented to be harmful in neurogenesis, partly
through the production of TNF-a (7,19). Scherbel et al. reported
that TNF-a causes a decrease in memory and neuromotor
function in the post-traumatic period. It has been shown that
TNF-a causes the expression of proadhesive molecules on the
endothelium, leading to leukocyte accumulation, adhesion,
and migration from capillaries to the brain. In addition, TNF-a
activates glial cells, so that it regulates tissue remodeling,
gliosis, and wound formation (3). In our study, TNF-a activity
was found to increase apoptosis in glial cells and neurons
secondary to increased inflammation around blood vessels
from the induced trauma (Figure 2E). Sevoflurane treatment
did not produce any change in cytokine activity after trauma
(Figure 2F).

Bax is a protein involved in cell death and suppression of
tumorigenesis. Bax is a proapoptotic protein, which controls
the integrity of the mitochondrial outer membrane (29). Some
neurons in the sevoflurane treatment group showed apoptosis
due to a loss of the nucleus in which the proapoptotic stage
progresses. However, not all neuron outer membranes
showed Bax positive expression. Positive Bax expression
was observed in glial cells, blood vessel endothelial cells, and
some inflammatory cells. (Figure 2H, I).
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It has been shown that oxidative stress and inflammation
induce apoptosis after trauma and increase proapoptotic
protein Bax activity. Shan et al. reported that prenatal
exposure to 3% sevoflurane for 4 hours in rats increases
apoptosis and axonal injury, which may lead to long-
term learning and memory dysfunction (27). Tian et al.
reported that sevoflurane exacerbates cognitive impairment
induced by amyloid B-protein (AB) 1-40 in rats by initiating
neurotoxicity, neuroinflammation, and neuronal apoptosis
in rat hippocampus (30). Recently, He et al. showed that
sevoflurane postconditioning weaken TBI-induced neuronal
apoptosis by regulating autophagy via the PISBK/AKT signaling
pathway (12). Contrarily, our study showed that sevoflurane
administration in the acute period did not prevent oxidative
stress, inflammation, and apoptosis.

B CONCLUSION

Sevoflurane administration in the acute period of experimental
TBI model did not prevent the development of oxidative stress,
inflammation, and apoptosis in the brain. However, it may be
effective in the chronic phase of TBI. Further experimental
studies are needed to clarify the late effects of sevoflurane
in TBI.
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