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ABSTRACT

OBJECTIVE: Cerebral ischemia-reperfusion (I/R) injury causes neurological dysfunction and cell death. Sugammadex, as a
large molecule, is normally difficult to pass through the blood-brain barrier (BBB). In ischemia, molecules can pass into the
brain tissue. In this study, we aimed to evaluate the effect of sugammadex in the presence of cerebral I/R damage in rats
with a general anesthesia model with sevoflurane and rocuronium.

METHODS: Rats were divided into 7 groups; Group 1 (Control), Group 2 (Sham), Group 3 (Sevoflurane), Group 4 (Sugam-
madex), Group 5 (Sevoflurane + Rocuronium), Group 6 (Sevoflurane + Sugammadex), Group 7 (Sevoflurane + Rocuronium
+ Sugammadex). Brain tissues of rats with cerebral I/R damage with bilateral carotid occlusion were removed. Tissue Malon-
dialdehyde (MDA), Myeloperoxidase (MPO), and Superoxide dismutase (SOD) levels were examined with ELISA and apoptosis
was examined by Caspase-3.

RESULTS: The number of caspase-3 positive cells decreased the most in Group 4 compared to the other groups. Group 4's
mean MDA and MPO levels were lower than Group 2. There was no significant difference in terms of SOD levels.

CONCLUSION: The apoptotic effect of sugammadex was lowest compared to other agent groups, and it did not increase
oxidative damage as much as the other groups.
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Brain ischemia is a serious health problem that oc-
curs due to arterial obstruction and causes apop-
tosis and neuronal death [1, 2]. Various surgical pro-
cedures such as cardiopulmonary bypass and cerebral
aneurysms may cause neurological dysfunctio [3]. Free
oxygen radicals (ROS) are mainly responsible for the
damage caused by reperfusion [4]. Specifically, inhala-

E E Received: September 19, 2022

Accepted: February 02, 2023

tion agents and intravenous anesthetics are thought to
have neuroprotective roles against cerebral I/R injury.
Protecting the brain during surgery has been the most
important target for anesthesiologists [3]. Sugammadex
is an agent that has a modified gamma cyclodextrin
structure and rapidly reverses rocuronium [5]. Sugam-
madex is normally difficult to pass through the blood-
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brain barrier (BBB). In ischemia, the BBB is disrupted
and molecules that are not able to pass can pass into
the brain tissue. In this study, we aimed to evaluate the
effect of sugammadex in the presence of cerebral I/R
damage in rats with a general anesthesia model with
sevoflurane and rocuronium.

MATERIALS AND METHODS

This experimental study was initiated after the ap-
proval of the Ordu University Animal Experiments Lo-
cal Ethics Committee with the number 82678388/07,
dated 24.04.2018 and was supported by Ordu Univer-
sity Scientific Research Projects Coordination Depart-
ment (Project Number: 2018/B-1821) Ordu, Turkiye.

In this study, Sprague-Dawley female rats with
an average weight of 200-250 grams were used. The
study was conducted in accordance with “Declaration
of Helsinki” and “Guide for the Care and Use of Lab-
oratory Animals”. Rats were housed in cages at a circa-
dian rhythm of 12 hours at night and 12 hours during
the day, at 24-26 °C room temperature and 50—60%
humidity before the experiment. Standard conditions
were used for feeding rats. Before the surgery, anesthesia
was administered by 60 mg/kg intraperitoneal (ip) Ke-
tamine (Ketalar, 500 mg/10 ml, Pfizer Pharmaceuticals
/ Istanbul) and 10 mg/kg ip Xylazine (XylazinBio 2%
50 ml, Bioveta / Czech Republic). Depth of anesthesia
was checked at appropriate intervals by tail compression
method, additional doses of 10 mg/kg ip xylazine were
administered if needed. During the experiment with
pulse oximetry, peripheral oxygen saturation and heart
rate monitoring with extremity electrodes were per-
formed. The rats were randomly divided into 7 groups
(n=5) in equal numbers. However, due to a problem ex-
perienced during tissue removal in one of the animals
belonging to Group 1 during the study, this group con-
tinued to be 4 animals. In the experimental procedure,
the Mapleson B circuit was used in company with Min-

dray WATO EX-65 Pro anesthesia device.

Experimental procedure: Group 1 (Control); No
surgical procedures or drugs were administered. Group
2 (Sham); After anesthesia was administered surgi-
cal neck dissection was performed and they were left
in cerebral ischemia for 10 minutes by placing a bilat-
eral carotid clamp, and then they were reperfused for 2
hours by opening the clamps. Group 3 (Sevoflurane);
After the rats were anesthetized, they were left in cere-
bral ischemia for 10 minutes by placing bilateral carotid

Highlight key points
e General anesthesia model has apoptotic effects on the cere-
bral I/R injury model in rats.

¢ Single sugammadex administration has a low effect on apop-
tosis secondary to I/R damage and has the lowest apoptotic
effect compared to other agents.

¢ Single sugammadex administration does not increase oxida-
tive damage as much as other groups.

clamps. At the end of ischemia period, the animals
were tracheostomized and they were inhaled with 4 L/
min 100% oxygen + 2% sevoflurane (Sevorane Liquid,
AbbVie, UK) for 2 hours from the beginning of reper-
fusion. Group 4 (Sugammadex); rats were anesthetized
and left in cerebral ischemia for 10 minutes by plac-
ing bilateral carotid clamps, and then they were reper-
fused for 2 hours by opening the clamps. At the begin-
ning of reperfusion, 96 mg/kg sugammadex (Bridion,
Organon, Holland) ip was administered to the animals.
Group 5 (Sevoflurane + Rocuronium); After the rats
were anesthetized, they were left in cerebral ischemia
for 10 minutes by placing bilateral carotid clamps. At
the end of the ischemia period, the animals were tra-
cheostomized and inhaled with 4 L/min 100% oxy-
gen + 2% sevoflurane for 2 hours from the beginning
of reperfusion. At the beginning of the reperfusion, 1
mg/kg rocuronium (Esmeron, MSD, Germany) ip was
administered to the animals. Group 6 (Sevoflurane +
Sugammadex); After the rats were anesthetized, they
were left in cerebral ischemia for 10 minutes by plac-
ing bilateral carotid clamps. At the end of the ischemia
period, the animals were tracheostomized and inhaled
with 4 L/min 100% oxygen + 2% sevoflurane for 2
hours from the beginning of reperfusion. At the begin-
ning of reperfusion, 96 mg/kg sugammadex ip was ad-
ministered to animals of this group. Group 7 (Sevoflu-
rane + Rocuronium + Sugammadex); After the rats
were anesthetized, they were left in cerebral ischemia
for 10 minutes by placing bilateral carotid clamps. At
the end of the ischemia period, the animals were tra-
cheostomized and inhaled with 4 L/min 100% oxy-
gen + 2% sevoflurane for 2 hours from the beginning
of reperfusion. At the beginning of the reperfusion, 1
mg/kg rocuronium ip was injected into the animals.
Animals in all groups were sacrificed after 2 hours and
cerebral tissue samples were removed.

Histopathological evaluation; Caspase-3 Immuno-
histochemical Staining Method:
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TABLE 1. Comparison of staining cell count

Groups n Mean SD Min Max p

Group 1 4 0.1125f 0.1315 0.0000 0.2500

Group 2 5 16.280° 1.373 14.400 17.500

Group 3 5 13.760° 0.307 13.500 14.250

Group 4 5 2.650¢ 0.379 2.000 3.000 <0.001 (F=421.31)
Group 5 5 11.730¢ 0.463 11.250 12.400

Group 6 5 8.400¢ 0.379 8.000 9.000

Group 7 5 7.8500¢ 0.1369 7.7500 8.0000

SD: Standard deviation; Min: Minimum; Max: Maximum; F; One-way Analysis of Variance (One-way ANOVA). The difference between groups without a common letter

is statistically significant (p<0.05).

The left brain lobes of the animals, including the hip-
pocampus, were taken. Immunohistochemistry stain-
ing was performed with Caspase-3 antibody (p17 (H-
60), sc-98785 polyclonal rabbit antibody, Santa Cruz
Biotechnology) using a ready-to-use immune staining kit
(Santa Cruz Biotechnology for rabbit primary antibod-
ies). They were photographed with the DP72 Olympus
camera under an Olympus BX61 light microscope, cov-
ered with a sealing medium. Apoptotic Cell Count: The
average of the counts made in at least four different areas
of the CA1 region of the sections taken was obtained
and thus the mean of the Caspase-3 positive cell counts
of the groups was found. Hematoxylin Eosin Staining:
Hematoxylin Eosin (H&E) staining was used to exam-
ine neuron degeneration in the hippocampus region.

Tissue Biochemical Analysis Procedure: Brain tissues
stored ina -80 °C freezer were homogenized in phosphate
buffer (1 gram wet tissue: 9 ml phosphate buffer) and
centrifuged at 5000 g for 5 minutes. Malondialdehyde
(MDA) (Elabscience, E-EL-0060) and Myeloperoxidase
(MPO) (Cloud-Clone Corp, SEA601Ra) levels and
Superoxide dismutase (SOD) activity (Elabscience, E-
BC-KO020) were measured in the supernatants obtained
by the ELISA method. The manufacturer’s instructions
were followed for measurements using commercial kits.

Power analysis: The sample size is calculated as 5 for
each group and 35 in total for 90% power and alpha 0.5,
taking into account the results of the MDA measure-
ment in the reference publication with the G-Power 3.1
program. determined [3].

Statistical Evaluation: Whether the data used in the
statistical analysis conformed to the normal distribution
in each group was evaluated by Shapiro-Wilk normal-

ity test. It was determined that the groups fit the nor-
mal distribution. One-way analysis of variance (One-
way-ANOVA) was used in the assessment of the data.
Homogeneity control of group variances was analyzed
with the Levene test. Tukey’'s HSD test was used for
homogeneous groups and Dunnett's T3 test was used
for heterogeneous groups in determining the difference
between groups. Tukey test results are expressed in the
form of letter representation alongside the averages. All
calculations were performed by using SPSS v25 (IBM
Inc., Chicago, IL, USA) statistical package program.

RESULTS

Morphological evaluation with Hematoxylin and
Eosin: Morphological findings such as pycnotic nu-
cleus (condensed chromatin) and dark staining were
observed, which are generally used to detect neuron
degeneration in Figure 1.

Caspase -3 apoptotic cell evaluation: Morphologi-
cal findings obtained from the Caspase-3 immunohis-
tochemical staining method are shown in all groups in
Figure 2. Caspase-3 positive apoptotic cells showed a
significant increase in Group 2 and all other groups com-
pared to Group 1 (p<0.05, Table 1, Fig. 3). Likewise, a
significant increase was found in Groups 2, 3, 5, 6, and 7
compared to Group 1 and Group 4 (p<0.05, Table 1, Fig.
3). The number of caspase-3 positive cells decreased the
most in Group 4 compared to the other groups (p<0.05,
Table 1, Fig. 3). The arrangement of Caspase-3 positive
cells between the groups according to the mean number
increase was determined as Group 1, Group 4, Group 7,
Group 6, Group 5, Group 3, and Group 2, respectively.
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FIGURE 1. Morphological evaluation images with Hematoxylin and Eosin in all groups. (A)
Neurons showing normal morphology. (B) Neurons with degenerative morphology are seen in the
CA1 region of the hippocampus with narrowed nuclei, condensed and dark stained. (C) Neurons
showing degenerative morphology are seen in the CA1 region of the hippocampus. (D) Neurons
showing degenerative morphology are seen in the CA1 region of the hippocampus. (E) Neurons
with degenerative morphology are seen in the CA1 region of the hippocampus, whose nucleus is
narrowed, condensed, and stained darkly. (F) Neurons showing a small amount of degenerative
morphology in the CA1 region of the hippocampus. (G) Neurons showing a small amount of de-
generative morphology in the CA1 region of the hippocampus (X40).

TABLE 2. Comparison of MDA levels (ng/mg protein)

Groups n Mean SD Min Max p

Group 1 4 9.550¢ 0.525 8.853 10.096

Group 2 5 17.380 0.359 17.012 17.875

Group 3 5 18.693* 0.844 17.602 19.966

Group 4 5 14.439¢ 0.806 13.503 15.468 <0.001 (F=92.72)
Group 5 5 19.4542 0.869 18.565 20.679

Group 6 5 16.430¢ 0.830 15.474 17.712

Group 7 5 17.443¢c 0.614 16.767 18.070

MDA: Malondialdehyde; SD: Standard deviation; Min: Minimum; Max: Maximum; F; One-way Analysis of Variance (One-way ANOVA). The difference between groups

without a common letter is statistically significant (p<0.05).

Tissue biochemistry evaluation results: In terms
of MDA levels; a statistically significant increase was
observed in Group 2, Group 3, Group 4, Group 5,
Group 6, and Group 7 compared to Group 1 (p<0.05,
Table 2). There was no statistically significant differ-
ence between Group 2, Group 3, and Group 7. The

mean MDA level of Group 4 was lower than Group
2 and the difference between them was statistically
significant (p<0.05, Table 2). In terms of MPO lev-
els; A statistically significant increase was observed in
Group 2, Group 3, Group 5, Group 6, and Group 7
compared to Group 1 (p<0.05, Table 3). Mean MPO



Ciftci et al., Sugammadex and neuronal apoptosis

FIGURE 2. Caspase-3 immunohistochemical staining morphological images in all groups.

TABLE 3. Comparison of MPO (ng/mg protein) levels

Groups n Mean SD Min Max p

Group 1 4 0.2235¢ 0.0330 0.1937 0.2702

Group 2 5 0.4595° 0.0511 0.3873 0.5161

Group 3 5 0.5336% 0.1130 0.4135 0.6589

Group 4 5 0.30282« 0.01964 0.28514 0.33384 <0.001 (F=17.96)
Group 5 5 0.61022 0.0713 0.5089 0.7023

Group 6 5 0.4241% 0.0648 0.3644 0.5304

Group 7 5 0.4675° 0.0634 0.3919 0.5624

MPO: Myeloperoxidase; SD: Standard deviation; Min: Minimum; Max: Maximum; F; One-way Analysis of Variance (One-way ANOVA). The difference between groups

without a common letter is statistically significant (p<0.05).

levels of Group 4 were found to be lower than Group
2 and the difference between them was statistically
significant. Again, there was a statistically significant
difference between Group 5 and Group 2 in terms of
MPO levels, MPO levels of Group 5 were found to
be high (p<0.05, Table 3). In terms of SOD levels;

The mean SOD values of Group 2, Group 3, Group
4, Group 5, Group 6, and Group 7 were lower than
Group 1 and a statistically significant difference was
found between Group 1 (p<0.05, Table 4). There was
no statistically significant difference between group 2
and the other groups in terms of SOD levels.
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TABLE 4. Comparison of SOD activity (U/mg protein) levels

Groups n Mean SD Min Max p

Group 1 4 3.200° 0.508 2.458 3.603

Group 2 5 1.211° 0.290 0.854 1.566

Group 3 5 1.1253° 0.1629 0.8641 1.2375

Group 4 5 1.622° 0.326 1.353 1.990 <0.001 (F=21.96)
Group 5 5 1.3492° 0.1721 1.1632 1.6106

Group 6 5 1.489° 0.396 0.839 1.911

Group 7 5 1.5711° 0.2094 1.3096 1.8026

SOD: Superoxide dismutase; SD: Standard deviation; Min: Minimum; Max: Maximum; F; One-way Analysis of Variance (One-way ANOVA). The difference between

groups without a common letter is statistically significant (p<0.05).

DISCUSSION

Cerebral ischemia causes permanent damage and cell
death in the brain [6, 7]. Also in our study, morphological
findings such as pycnotic nucleus were observed in animals
with I/R damage and an increase was found in apoptotic
cells compared to the control group. For anesthesia man-
agement, the selection of the most advantageous anes-
thetic agent in terms of cerebral protection is important
[7]. Many studies have shown that volatile anesthetics
have neuroprotective effects [8—11]. In the experimental
study by Kim et al. [12], it was reported that apoptosis
was reduced in the sevoflurane postconditioning group in
cerebral ischemia. A theory is that sevoflurane decreases
apoptosis-induced cell death [13-16]. In a cerebral is-
chemia model, it was shown that exposure to sevoflurane
for 6 and 10 minutes had a histologically neuroprotective
effect in rats [16—18]. In the study of Satomoto et al. [19]
on rats, they reported that ultrastructural changes oc-
curred in the BBB in the rat hippocampus with exposure
to sevoflurane for 6 hours. It is known that inhalational
anesthetics in clinical doses induce neuronal apoptosis,
especially in newborn and elderly rodents [17, 18]. It has
also been reported that anesthetic agents have a dose-de-
pendent neurodegenerative effect in the growing rat cere-
bral tissue [18, 20, 21]. In our study, an increase in apop-
totic cells was found in all groups treated with sevoflurane
compared to the control group, and the arrangement of
the sevoflurane groups according to the mean number
increase of Caspase-3 positive cells, in order of increase;
Group 7, Group 6, Group 5, and Group 3. Among the
groups that received sevoflurane, the increase in the count
of apoptotic cells in the group given single sevoflurane

FIGURE 3. Hippocampal CA1 area Caspase-3 positive neuron
count in all groups (p<0.05).

(Group 3) was the highest compared to the other groups
that received sevoflurane. It is known that neuromuscular
blockers do not exceed BBB due to their large molecular
weight (rocuronium; 610 Da) [22]. Aldasaro et al. [23]
showed that rocuronium and vecuronium had no direct
effects on neurons in primary cultures. Langley et al. [24]
showed that rocuronium can pass the BBB. Furthermore,
Fuchs-Buder et al. [25] showed that rocuroniumcould
not pass the BBB. In our study, the count of apoptotic
cells in Group 5, the group in which we gave rocuronium
with sevoflurane, and in Group 7, where we gave rocuro-
nium + sugammadex with sevoflurane, were significantly
different when compared to Group 2, which was the I/R
group. In these groups with rocuronium, the mean incre-
ment in the count of Caspase-3 positive cells was found
to be less than Group 2 and Group 3. With this result, it
was concluded that rocuronium passes through the BBB,
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which can undergo ultrastructural changes with the effect
of both I/R damage and sevoflurane, and it may have a
neuroprotective effect against apoptosis. It has been re-
ported that cyclodextrins have a protective effect on cot-
tical neurons and hippocampal regions [26—-28]. Sugam-
madex is a gamma-cyclodextrin derivative [29-31]. It is
thought that sugammadex does not have a toxic effect on
the central nervous system, but in cases where the perme-
ability of the BBB changes, the passage of sugammadex
to the brain may change (3, 32, 33]. Some studies have
also shown that gamma-cyclodextrins have a neuropro-
tective effect on cerebral hypoxia 3, 12, 16]. However,
some experimental studies have concluded that sugam-
madex induces apoptosis [23, 32]. Ozbilgin et al. 3]
concluded in their experimental study that they caused
I / R damage by placing a carotid clamp and that the
sugammadex they administered to rats improved both
functionally and histopathologically on the damage. In
this experimental study, the researchers reported that
the results of TUNEL and caspase tests in the treatment
groups treated with sugammadex were lesser than the re-
sults in the I/R group and that 100 mg/kg sugammadex
dose was more protective than 16 mg/kg, both in terms
of neurological functions and histopathologically. Sato-
moto et al. [19] reported that ultrastructural changes oc-
curred in the BBB in the rat hippocampus after 6 hours of
exposure to sevoflurane. Researchers reported that neu-
ronal apoptosis did not develop with the administration
of sugammadex and that administration of sugammadex
together with sevoflurane caused a significant increase in
apoptosis compared to single sevoflurane group. In this
study Satomoto et al,, [19] it was concluded that sugam-
madex, which is thought to not pass the BBB under nor-
mal conditions, passes the ENT that is disrupted by the
effect of sevoflurane and induces neuronal apoptosis. In
our study, it was determined that the count of Caspase-3
positive cells was reduced in Group 4 compared to the
other groups. According to histopathological evaluations,
it was concluded that sugammadex has a low I/R dam-
age-enhancing effect, may have a neuroprotective effect,
and this effect is mostly in Group 4 compared to other
groups. It was observed that the apoptotic effect in Group
6 with sugammadex given with sevoflurane was lower
than in Group 3, which was given single sevoflurane
group. In the group in which sevoflurane, rocuronium,
and sugammadex were administered together (Group
7), the count of Caspase-3 positive cells was less than in
Group 3, which was given a single sevoflurane group. In
our study, tissue MDA and MPO levels as markers of ox-

idative damage in I/R injury and SOD levels known to be
an antioxidant biomarker were examined. Researchs have
shown that SORs play a major role in neuronal loss after
ischemic damage 33, 34]. SOR-induced lipid peroxida-
tion is indirectly evaluated by the measurement of sec-
ondary products such as MDA. MDA is therefore widely
used as an indicator of the oxidative state [35]. Acute
inflammatory response resulting from neutrophil func-
tion during I/R injury can also be evaluated by secreted
MPO levels. H O, (Hydrogen peroxide), O,+~ (Super-
oxide anion), and OH+ (Hydroxyl radical) are produced
by the reaction of the oxygen molecules. Antioxidant en-
zymes such as SOD protect the organism against these
radicals [36]. In our study, MDA levels were found to
be increased in tissue in all groups compared to Group
1. The mean MDA level of Group 4 was lower than in
Group 2 and the difference between them was statisti-
cally significant. A significant increase was observed in
Group 2, Group 3, Group 5, Group 6, and Group 7 com-
pared to Group 1 in terms of MPO levels studied from
tissue samples. Mean MPO levels in Group 4 were lower
than Group 2. The most striking point in these results
is that single sugammadex administration is the least ef-
fective on oxidative damage compared to other anesthetic
agents. In our study, tissue SOD levels in all groups were
significantly lower than Group 1, but no significant differ-
ence was found between the other groups and Group 2.
Basal levels and production rates of antioxidant enzymes
such as SOD are too slow to balance the production of
SOR [37]. Although the increment in the expression of
these enzymes may happen in ischemia, the endogenous
antioxidant power may be depleted in a short time with
the increase in superoxide and H,O, concentrations (38,
39]. We think that the effects of the anesthetic agents
we used in our study on the cerebral I/R injury were
revealed more cleatly than tissue biochemistry markers
histopathologically. It is an important aim for researchers
to find the most ideal anesthetic agent that can be pre-
ferred by considering the risk factors of patients during
general anesthesia management.

Conclusion

In this study, we evaluated the oxidative stress and apop-
totic effects of the general anesthesia model with amne-
sia, muscle relaxation, and reversing agent sugammadex
on the cerebral I/R injury model. In our experimental re-
search, we determined that the effect of a single sevoflu-
rane on the increment in the count of apoptotic cells
was the highest compared to the other groups and that
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rocuronium could have a neuroprotective effect against
apoptosis in case of I/R damage. The most striking result
of our study is that single sugammadex administration
has a low effect on apoptosis secondary to I/R damage,
has the lowest apoptotic effect compared to other agents,
and does not increase oxidative damage as much as other
groups. With these results, we think that sevoflurane,
rocuronium, and sugammadex can be used safely in the
early stages of I/R injury such as hemorrhagic and/or
ischemic stroke, with surgical procedures such as carotid
endarterectomy, bypass and valvuloplasty.
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