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Abstract: Background and Objectives: Lower-extremity ischemia—reperfusion injury can induce distant
organ ischemia, and patients with diabetes are particularly susceptible to ischemia-reperfusion
injury. Sevoflurane, a widely used halogenated inhalation anesthetic, and fullerenol C60, a po-
tent antioxidant, were investigated for their effects on heart and lung tissues in lower-extremity
ischemia—reperfusion injury in streptozotocin (STZ)-induced diabetic mice. Materials and Methods:
A total of 41 mice were divided into six groups: control (1 = 6), diabetes—control (n = 7), diabetes—
ischemia (n = 7), diabetes—ischemia—fullerenol C60 (n = 7), diabetes—ischemia-sevoflurane (n = 7),
and diabetes—ischemia—fullerenol C60-sevoflurane (1 = 7). Diabetes was induced in mice using a
single intraperitoneal dose of 55 mg/kg STZ in all groups except for the control group. Mice in
the control and diabetes—control groups underwent midline laparotomy and were sacrificed after
120 min. The DIR group underwent 120 min of lower-extremity ischemia followed by 120 min of
reperfusion. In the DIR-F group, mice received 100 ug/kg fullerenol C60 intraperitoneally 30 min
before IR. In the DIR-S group, sevoflurane and oxygen were administered during the IR procedure.
In the DIR-FS group, fullerenol C60 and sevoflurane were administered. Biochemical and histological
evaluations were performed on collected heart and lung tissues. Results: Histological examination of
heart tissues showed significantly higher necrosis, polymorphonuclear leukocyte infiltration, edema,
and total damage scores in the DIR group compared to controls. These effects were attenuated in
fullerenol-treated groups. Lung tissue examination revealed more alveolar wall edema, hemorrhage,
vascular congestion, polymorphonuclear leukocyte infiltration, and higher total damage scores in the
DIR group compared to controls, with reduced injury parameters in the fullerenol-treated groups.
Biochemical analyses indicated significantly higher total oxidative stress, oxidative stress index, and
paraoxonase-1 levels in the DIR group compared to the control and diabetic groups. These levels
were lower in the fullerenol-treated groups. Conclusions: Distant organ damage in the lung and
heart tissues due to lower-extremity ischemia-reperfusion injury can be significantly reduced by
fullerenol C60.
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1. Introduction

Diabetes mellitus, a multifaceted chronic metabolic disorder, affects over 422 million
people globally, emerging as a critical public health challenge [1]. Characterized by hyper-
glycemia resulting from insulin deficiency or dysfunction, DM is categorized into several
types, each with distinct pathophysiological bases and associated risks. Complications
arising from diabetes are severe, including both microvascular (retinopathy, neuropathy;,
nephropathy) and macrovascular conditions (cardiac disease, stroke, peripheral artery
disease). These complications underscore the urgency in understanding and managing
diabetes to mitigate its widespread prevalence and debilitating outcomes [2,3].

Ischemia, a major vascular complication in diabetic patients, involves tissue damage
due to oxygen deprivation, while subsequent reperfusion can exacerbate injury through
inflammatory responses [4]. This ischemia-reperfusion (IR) injury is pivotal in understand-
ing the broader impacts of diabetes on organ systems, often leading to conditions such as
distant organ injury and multiple organ dysfunction syndrome, significant contributors
to mortality in critically ill patients [5]. Factors like xanthine oxidase, leukocytes, inflam-
matory mediators such as TNF-a and thromboxane B,, alongside the complement system,
play crucial roles in this context [6,7].

Transitioning into the realm of therapeutic interventions, sevoflurane, a preferred
halogenated inhalation anesthetic since the 1970s, has demonstrated protective effects in
the context of IR injury [8,9]. Studies on rat hearts have shown that sevoflurane helps
maintain structural integrity during myocardial ischemia, prevents the opening of mito-
chondrial pores, reduces oxidative stress, suppresses mitophagy activation, and protects
against ischemia-reperfusion injury through these mechanisms [10]. Sevoflurane prevents
the shedding of the glycocalyx layer in the ischemic vessel wall by serving as a natural
protector for endothelial adhesion molecules to prevent cell adhesion [9]. Sevoflurane has
antioxidant and anti-inflammatory properties, thereby protecting tissues and organs from
stress-induced damage [11].

Fullerenes are highly symmetrical cage-shaped molecules composed solely of carbon
atoms that exhibit unique chemical and physical properties [12]. The areas of application
of fullerenes are very broad, including toxicity to unwanted cells, antioxidant effects in
ischemia—reperfusion injury, contrast enhancement agents in imaging techniques, cancer
treatment, carriers in drug delivery systems, biosensor usage, and antiviral and antibacterial
effects [13]. Fullerenes react with ROS molecules that exhibit increased oscillations during
ischemia—reperfusion injury and play a role in the destruction of proteins, lipids, DNA,
and other cellular components to prevent damage [14].

The lungs and heart are prone to ischemia. Lung ischemia-reperfusion injury can
occur during lung transplantation, cardiopulmonary bypass, atherosclerosis, trauma, or
pulmonary thromboembolism [15-19]. Pulmonary edema during ischemia and reperfusion
impairs gas exchange and may lead to conditions such as acute lung injury or acute
respiratory distress syndrome [20]. Acute myocardial infarction is the most common
cause of death worldwide [21]. Cardiac ischemia causes cells to develop acidosis via
anaerobic metabolism, leading to ventricular arrhythmia. Ischemic damage intensifies with
reperfusion owing to increased reactive oxygen species production, calcium loading, and
inflammatory activation [22,23].

Diabetes mellitus increases the susceptibility to ischemia—reperfusion injury. The
mechanism of the exaggerated response to ischemia-reperfusion injury in diabetes has not
been fully elucidated, but it is thought that hyperglycemia-induced oxidative stress plays a
crucial role, leading to an imbalance between reactive oxygen species (ROS) production
and the body’s antioxidant defense mechanisms [24]. Persistent oxidative stress, driven
by both mitochondrial and non-mitochondrial sources, results in excessive superoxide
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production and subsequent cellular damage. Advanced glycation end products (AGEs)
and their receptors (RAGEs) further exacerbate oxidative stress and contribute to vascular
wall pathology by activating signaling pathways that induce inflammation and fibrosis.
The chronic oxidative environment in diabetes also causes DNA damage and impairs
endothelial function, disrupting normal vascular responses. Additionally, the inefficacy
of ischemic conditioning strategies in diabetes is linked to impaired prosurvival signal
transduction pathways, including alterations in adenosine signaling, the RISK pathway,
and endothelial nitric oxide synthase (eNOS) activity [23].

These complex interactions culminate in heightened vulnerability to ischemic injury in
diabetic individuals, underlining the need for targeted therapeutic approaches to mitigate
unwanted effects. This study aims to illuminate how fullerenol C60, through its antioxidant
properties, mitigates IR injury in the cardiac and pulmonary systems in diabetic mice
models, focusing specifically on histopathological effects in these tissues.

2. Materials and Methods
2.1. Experimental Setup and Animals

The experiment was conducted in the animal laboratory of Gazi University Experi-
mental Animals Application and Research Center (GUDAM) (G.U.E.T-23.066). This study
used 41 adult male Swiss albino mice. Animals were housed under identical environmen-
tal conditions and kept in a temperature/humidity controlled room (20-21 °C, 45-55%)
under a 12/12 h light/dark cycle. Food and water were available ad libitum. The mice
were fasted for 2 h prior to anesthesia. Animals were divided into six random groups:
control (C) (n = 6), diabetes—control (D) (n = 7), diabetes—ischemia (DIR) (n = 7), diabetes—
ischemia—fullerenol C60 (DIR-F) (n = 7), diabetes—ischemia—sevoflurane (DIR-S) (n =7), and
diabetes—ischemia—fullerenol C60-sevoflurane (DIR-FS) (n = 7).

2.2. Induction of Diabetes

A single dose of 55 mg/kg streptozotocin (Sigma Chemical, St. Louis, MO, USA) was
administered intraperitoneally to induce diabetes [25,26]. Blood glucose levels were mea-
sured from tail vein samples 72 h post-injection using a glucometer (Standard GlucoNavii
GGh, Korea). Mice with blood glucose levels >250 mg/dL were considered diabetic. Di-
abetic mice were monitored for four weeks after streptozotocin injection to confirm the
establishment of chronic diabetes [27]. Insulin (1-3 U/day) was given to prevent weight
loss and ketoacidosis over the next four weeks.

2.3. Anesthesia and Surgical Procedure

All mice were anesthetized with 5 mg/kg xylazine hydrochloride (Alfazyne 2%, Ege
Vet.) and 50 mg/kg ketamine hydrochloride (Ketalar®, Pfizer PFE {laglari, istanbul, Turkey)
intramuscularly. The procedures were performed under a heating lamp with the mice in the
supine position. Following aseptic preparation, midline laparotomy was performed. In the
ischemia-reperfusion groups, the intestines were retracted, and the infrarenal abdominal
aorta was isolated and clamped to induce lower-extremity ischemia. After 120 min, the
clamp was removed to allow for 120 min of reperfusion. Reperfusion was confirmed by the
return of pulsation in the artery after the clamp was removed. During ischemia-reperfusion,
saline was applied to the peritoneal cavity to minimize fluid and heat losses. Reperfusion
was confirmed by the return of pulsation distal to the clamp.

2.4. Experimental Groups

Control group (C) (n = 6): Mice were anesthetized with 5 mg/kg xylazine hydrochlo-
ride and 50 mg/kg ketamine hydrochloride. Midline laparotomy was the sole surgical
procedure without inducing ischemia-reperfusion. Hearts and lungs were harvested for
analysis after sacrifice.

Diabetes—control group (D) (1 = 7): Streptozin-induced diabetic mice were anesthetized
and midline laparotomy was performed without ischemia and reperfusion.
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Diabetes—ischemia group (DIR) (n = 7): Streptozin-induced diabetic mice were anes-
thetized and midline laparotomy was performed. The infrarenal abdominal aorta was
clamped for 120 min followed by unclamping for 120 min of reperfusion.

Diabetes—ischemia—fullerenol C60 group (DIR-F) (n =7): 100 pg/kg fullerenol C60 was
administered intraperitoneally 30 min before anesthesia to streptozotocin-induced diabetic
mice. Then, ischemia—reperfusion was induced.

Diabetes—ischemia—sevoflurane group (DIR-S) (n = 7): Diabetic mice were intramus-
cularly anesthetized with 5 mg/kg xylazine hydrochloride (Alfazyne 2%, Ege Vet.) and
50 mg/kg dose of ketamine hydrochloride (Ketalar® vial; Parke Davis, PA, USA). After
midline laparotomy, ischemia—reperfusion was induced by clamping the infrarenal abdom-
inal aorta. During ischemia and reperfusion, the mice were kept in a transparent, sealed
lantern with a hole for the gas inlet and outlet. A gas line device was set up, oxygen was
administered through a flowmeter from a pressurized oxygen tank, and 2.3% sevoflurane
was administered through a standard volatile agent vaporizer with a minimum alveolar
concentration (MAC) of 1.

Diabetes—ischemia—fullerenol C60-sevoflurane group (DIR-FS) (n = 7): 100 ug/kg
fullerenol C60 was administered intraperitoneally 30 min before anesthesia to streptozotocin-
induced diabetic mice. Thirty minutes later, 5 mg/kg xylazine hydrochloride (Alfazyne
2%, Ege Vet.) and 50 mg/kg ketamine hydrochloride (Ketalar® vial; Parke Davis, USA)
were administered intramuscularly. After midline laparotomy, ischemia-reperfusion was
induced by clamping the infrarenal abdominal aorta. During ischemia and reperfusion, the
mice were kept in a transparent, sealed lantern with a hole for the gas inlet and outlet. In the
meantime, a gas line device was set up, oxygen was administered through a flowmeter from
a pressurized oxygen tank, and 2.3% sevoflurane was administered through a standard
volatile agent vaporizer with a MAC of 1.

2.5. Tissue Collection and Analysis

At the end of the experiment, the mice were sacrificed by blood collection from the
abdominal aorta, and hearts and lungs were harvested for histological and biochemical
analyses. Histological samples were immersed in 10% neutral-buffered formalin for fixation.

2.6. Biochemical Analysis

The heart and lung samples were quickly frozen in liquid nitrogen and then kept at
—70 °C in a deep freezer until they were analyzed for total antioxidant status (TAS), total
oxidant status (TOS), oxidative stress index (OSI), and paraoxonase-1 (PON-1).

The procedures were carried out rapidly to prevent the tissues from thawing. Initially,
22 lancets (PLUSMED®, Istanbul, Tiirkiye) were used to cut portions (80-100 mg) from
the tissues, which were weighed on a precision scale. The tissue was crushed in a porce-
lain bowl using liquid nitrogen, and the resulting powder was directly transferred to a
homogenization tube (099C S3, Glas-Col). A solution of potassium chloride (KCl) with a
concentration of 140 millimolar (mM) was added to each gram of tissue in order to obtain
a dilution of 1/10 (weight/volume). In order to prevent temperature rise, the homoge-
nization tube was positioned within a glass beaker filled with flake ice. The procedure
was carried out using a Glas-Col (K5424®) homogenizer, operating at a speed of 50 rpm
for a duration of 2 min, with the use of a pestle (099C S21G, Glas-Col). The homogenates
were transferred to 1.5 mL Eppendorf tubes and subjected to centrifugation at a speed of
3000 revolutions per minute for a duration of 10 min (NF 048, NUVE). The supernatants
obtained were transferred to new Eppendorf tubes [28].

Total oxidative status (TOS): TOS was measured using a RelAssay Diagnostics® TOS
kit (Turkey). According to the kit protocol, 500 pL of reagent 1 (measurement buffer)
and 75 pL of the sample were mixed, and absorbance was measured at 530 nm using a
NanoDrop® ND-1000 spectrophotometer (A1). Next, 25 uL of reagent 2 (prochromogen
solution) was added, and the mixture was incubated at 37 °C for 5 min. After incubation,
absorbance was measured again at 530 nm (A2). The standard solution contained 10 pmol /L
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hydrogen peroxide (H,O,). Measurements were performed in triplicate and the changes in
absorbance (AAbs) were calculated. TOS levels were expressed in mmol HyO, Eq/L [28].

Total antioxidant status (TAS): TAS was measured using a RelAssay Diagnostics®
TAS kit (Turkey). According to the kit protocol, 500 pL of reagent 1 (measurement buffer)
and 30 pL of the sample were mixed, and absorbance was measured at 660 nm using a
NanoDrop® ND-1000 spectrophotometer (A1). Then, 75 uL of reagent 2 (ABTS solution)
was added and the mixture was incubated at 37 °C for 5 min. After incubation, absorbance
was measured at 660 nm (A2). Trolox equivalent (1 mmol/L) was used as the standard
solution. Measurements were performed in triplicate and the changes in absorbance (AAbs)
were calculated. TAS levels were expressed in mmol Trolox Eq/L [28].

Oxidative stress index (OSI): OSI was calculated as the ratio of TOS to TAS and
expressed as a percentage. TAS levels were converted to umol units for this calculation and
the results were reported in Arbitrary Units (AU) [28].

Paraoxonase-1 (PON-1) activity: The spectrophotometric measurement of paraox-
onase activity was conducted using commercially available kits (Rel Assay Diagnostic®,
Turkey). The rate of paraoxonase hydrolysis (diethyl p-nitrophenylphosphate in 50 mM
glycine/NaOH, pH 10.5 containing 1 mM CaCj,) was determined by measuring the increase
in absorption at 412 nm at 37 °C. The amount of generated p-nitrophenol was determined
from the molar absorption coefficient at pH 8.5, which was 18.290 M~ 'cm ! at pH 10.5.
The quantity of enzyme required to catalyze the hydrolysis of one umol of substrate at
37 °C was defined as one enzyme unit (U/L) [29].

2.7. Histological Analysis

Heart and lung tissue samples were fixed in 10% neutral-buffered formalin. Fol-
lowing fixation, tissue specimens were dehydrated through an increasing grade series of
ethanol, cleared in xylene, and embedded in paraffin. Sections of 4 um thickness were cut
from paraffin tissue blocks using a microtome (Leica RM2245, Nussloch, Germany). For
histopathological evaluations, sections were stained with hematoxylin and eosin (H&E).
All stained sections were examined under a light microscope (Leica DM 4000 B, Germany)
in a blinded manner, and micrographs of specimens were captured using the Leica LAS
V4.12 software.

Histopathological changes in the lung tissue were evaluated based on a previous study
by Kao et al. [30]. Briefly, lung specimens were examined under 200 x and 400 x magni-
fications, and lung injury was assessed in 10 randomly selected non-overlapping fields
considering the alveolar wall edema, hemorrhage, vascular congestion, and polymorphonu-
clear leukocyte infiltration. All these parameters were scored from 0 (normal) to 5 (severe)
points, and a total injury score ranging between 0 and 20 (0-5, normal or minimal injury;
610, mild injury; 11-15, moderate injury; and 16-20, severe injury) was determined by the
sum of each score.

Hé&E-stained myocardial specimens were examined under 200x and 400 x magni-
fications, and myocardial injury was evaluated semi-quantitatively [31,32]. Parameters
including microscopic hemorrhage, edema, polymorphonuclear leukocyte infiltration,
eosinophil infiltration, loss of striation, and necrosis were scored in a manner described
by Papoutsidakis et. al. [31]. Each parameter was assessed in approximately ten fields,
and the total injury score for each specimen was calculated by summing the scores of
each parameter.

2.8. Statistical Analysis

The study data were analyzed using SPSS (Statistical Package for the Social Sci-
ences) 22 (IBM Corp, Armonk, NY, USA). The normality of the variables was analyzed
using visual (histogram and probability graphs) and analytical methods (Kolmogorov—
Smirnov /Shapiro-Wilk tests). The results are presented as the mean =+ standard error. Data
were analyzed using the one-way ANOVA. Significant variables were analyzed using the
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Bonferroni test. For statistical significance, a total type I error level of 5% was used, and
statistical significance was set at p < 0.05.

3. Results
3.1. Results of Histopathological Evaluation of Heart Tissue Samples

The necrosis, polymorphonuclear leukocytes, eosinophils, edema, and total damage
scores were significantly different between the groups (p = 0.001, p < 0.0001, p = 0.028,

p <0.0001, p < 0.0001, respectively) (Table 1).

Table 1. Results of histopathological evaluation of heart tissue samples [Mean =+ SE].

Group C Group D Group DIR (n Group DIR-S Group DIR-F Group DIR-FS -~
(n=6) n="7) =7) n=7) =7 n="7) p
Necrosis 0.57 + 0.30 143 +£0.37 3.00£000%&  1.83 4 048** 143 +020+ 1.71 £ 036 ** 0.001
Polymorphonuclear 1 5 | g9 043+£020  233+033%& 2,00+ 026 143 £ 027 1724+ 028*&  <0.0001
leukocytes &,
Eosinophils 0.00 & 0.00 0.00 & 0.00 0.33 £ 0.21 *& 0.00 & 0.00 * 0.00 £ 0.00 + 0.00 & 0.00 + 0.028
Loss of striation 0.00 & 0.00 0.00 & 0.00 0.00 + 0.00 0.00 & 0.00 0.00 + 0.00 0.00 & 0.00 -
Edema 0.14 £ 0.14 1.00£022%  233+£021%&  200+026%¢ 143 +020** 157 £020*"  <0.0001
}1\1/[1“0“0?“ 0.14 +0.14 0.43 +0.20 0.83 + 0.31 0.50 + 0.22 0.71 +0.18 0.57 + 0.20 0.285
emorrhage
Total injury score 0.86 + 0.34 3.86 +£0.63* 8834+ 070%%  633+056*%*  500+£058*"  571+052%%*+  <0.0001

p **: Significance level by ANOVA test, p < 0.05; * p < 0.05: compared with group C; & p < 0.05: compared with
group D; * p < 0.05: compared with group DIR.

Necrosis was more prominent in the DIR, DIR-S, and DIR-FS groups than in group C
(p <0.0001, p = 0.010, and p = 0.014, respectively) as well as being greater in the DIR group
in comparison to group D. Necrosis was less in the DIR-S, DIR-F, and DIR-FS groups than
in the DIR group (p = 0.020, p = 0.002, and p = 0.009, respectively) (Table 1).

Polymorphonuclear leukocyte infiltration was more extensive in the DIR, DIR-S, DIR-F,
and DIR-FS groups compared to groups C (p < 0.0001, all) and D (p < 0.0001, p < 0.0001,
p =0.010, and p = 0.001, respectively). Group DIR-F had less polymorphonuclear leukocyte
infiltration compared to the DIR group (p = 0.024) (Table 1).

Level of eosinophil infiltration was found to be significantly higher in group DIR
compared to groups C and D (p = 0.005 and p = 0.005, respectively). The presence of
eosinophil was significantly reduced in the DIR-S, DIR-F, and DIR-FS groups compared
with the DIR group (p = 0.006, p = 0.005, and p = 0.005, respectively) (Table 1).

Edema was more extensive in all groups compared to group C (p < 0.0001, all). Addi-
tionally, edema was significantly greater in the DIR and DIR-S groups compared to group
D (p <0.0001 and p = 0.002, respectively). However, edema was significantly reduced in the
DIR-F and DIR-FS groups compared to the DIR group (p = 0.004 and p = 0.015, respectively)
(Table 1).

No significant differences were found between the groups in terms of loss of striation
and microscopic hemorrhage (Table 1).

The total injury score was significantly higher in all groups compared to group C
(p <0.0001, all). Additionally, the total injury scores of the DIR, DIR-S, and DIR-FS groups
were significantly higher than that of group D (p < 0.0001, p = 0.004, and p = 0.022, respec-
tively). Additionally, the total injury score was significantly lower in the DIR-S, DIR-F, and
DIR-FS groups than in the DIR group (p = 0.005, p < 0.0001, and p < 0.0001, respectively)
(Table 1) (Figures 1-6).
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Figure 1. Representative micrographs of Hé&E-stained heart sections from control group. Car-
diomyocytes with normal euchromatic nuclei and similar cytoplasmic staining properties are seen.
(A) 200 x magnification; (A’) 400 x magnification. H&E, hematoxylin and eosin stain.

Figure 2. Representative micrographs of H&E-stained heart sections from group D. Heterogenous
appearances throughout the cardiomyocytes were noted to vary in dimension, being either atrophic
or hypertrophic (black arrow heads) and in staining properties, being hyper-eosinophilic in some re-
gions. Additionally, cardiomyocytes exhibiting varying degrees of vacuolization (black arrows) were
seen. Also, interstitial edema (black wavy arrows) expanding the distance between neighboring car-
diomyocytes was accompanied by erythrocyte extravasation in a few regions. (A) 200 x magnification;
(A’), 400 magnification. H&E, hematoxylin and eosin stain.
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Figure 3. Representative micrographs of H&E-stained heart sections from group DIR. Besides the
hyper-eosinophilia, vacuolization of varying degrees (black arrows, (A,A’)) is present in cardiomy-
ocytes. Microscopic bleeding foci (hollow arrow heads, (B,B’)) are noted in addition to congestion
(black curved arrows, (A)). Also, prominent polymorphonuclear leukocyte infiltration (hollow arrows,
(A’,B")) is seen in some regions in contrast to groups C and D. Interstitial edema (black wavy arrows,
(A")), occasionally accompanied by erythrocyte extravasation, is more widespread and severe, and
eosinophils (hollow wavy arrow, (B’)) are also present in the lesion area along with neutrophils.
(A,B), 200 x magnification; (A’,B’), 400x magnification. H&E, hematoxylin and eosin stain.

Figure 4. Representative micrographs of H&E-stained heart sections from group DIR-S. Besides the
hyper-eosinophilia, degenerative changes characterized by vacuolization (black arrows, (A’)) are
observed in cardiomyocytes. Interstitial edema (black wavy arrows, (A,A’)), which may occasionally
be accompanied by erythrocyte extravasation or polymorphonuclear leukocyte infiltration, is noted,
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and isolated polymorphonuclear leukocyte infiltration foci (hollow arrows, (A,A’)) are observed.

(A) 200x magnification; (A’) 400x magnification. H&E, hematoxylin and eosin stain.

Figure 5. Representative micrographs of H&E-stained heart sections from group DIR-F. Cardiomy-
ocytes with vacuolar degeneration (black arrows, (A’)), polymorphonuclear leukocyte infiltration
(hollow arrows, (A,A’)) and interstitial edema (black wavy arrows, (A,A’)) were relatively less com-
pared to other groups that underwent ischemia-reperfusion. (A) 200x magnification; (A’) 400x mag-
nification. H&E, hematoxylin and eosin stain.

Figure 6. Representative micrographs of H&E-stained heart sections from group DIR-FS. It is
noteworthy that vacuolization in cardiomyocytes (black arrows, (A”)), polymorphonuclear leukocyte
infiltration (hollow arrows, (A,A’)), and interstitial edema (black wavy arrows, (A,A’)) were all
milder compared to the DIR and DIR-S groups. (A) 200x magnification; (A’) 400x magnification.
H&E, hematoxylin and eosin stain.

3.2. Results of Histopathological Evaluation of Lung Tissue Samples

Alveolar wall edema, hemorrhage, vascular congestion, polymorphonuclear leukocyte
infiltration, and total lung injury score were found to be significantly different between the
groups (p < 0.0001, p = 0.001, p < 0.0001, p < 0.0001, and p < 0.0001 respectively) (Table 2).

Alveolar wall edema was present across all experimental groups as opposed to the
control group (p = 0.004, p < 0.0001, p < 0.0001, p = 0.003, and p < 0.0001, respectively).
Notably, alveolar wall edema exhibited heightened prominence in the DIR and DIR-S
groups compared to that in group D (p < 0.0001 and p = 0.034, respectively), whereas a
mitigated level of alveolar wall edema was discerned in the DIR-F and DIR-FS groups
relative to the DIR group (p < 0.0001 and p = 0.006, respectively) (Table 2).
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Table 2. Results of histopathological evaluation of lung tissue samples [Mean =+ SE].

Group C Group D Group DIR Group DIR-S Group DIR-F Group DIR-FS -~
(n=6) n="7 n="7 n="7 n="7 n="7 P
Al":gg; ;”"‘H 0.67 +0.23 1.63+£024*%  282+022%%  233+020%% 166+ 027 187 £0.13%*  <0.0001
Hemorrhage 0.26 + 0.10 042 +0.18 1.48 4 0.30 +& 0.70 4+ 0.20 ** 047 £0.14+ 0.61+0.16* 0.001
Vascular 0.77 £ 0.12 1.04 £ 0.17 2204+ 011%& 158+ 0.17 *&+ 122 £0.16* 1304£021%F  <0.0001
congestion
Polymorphonuclear
leukocyte 1.02 + 0.13 1934 020% 355+ 041%& 2.55 + 0.24 ** 220 + 017 %+ 251 +0.19*  <0.0001
infiltration
Total injury score 2.73 +0.28 5.02 4+ 0.50 * 10.05 £ 0.44 &  7.17 + 0.40 *&+ 5.56 + 0.36 ** 6.30 £ 0.32 #%&*  <0.0001

p **: significance level by ANOVA test, p < 0.05; * p < 0.05: compared with group C; & p < 0.05: compared with
group D; * p < 0.05: compared with group DIR.

The DIR group exhibited considerable alveolar hemorrhage compared to the C and
D groups (p < 0.0001, respectively). However, there was a reduced occurrence of alveo-
lar hemorrhage in the DIR-S, DIR-F, and DIR-FS groups compared with the DIR group
(p=0.007, p < 0.0001 and p = 0.002, respectively) (Table 2).

Vascular congestion was more extensive in the DIR, DIR-S, and DIR-FS groups than
in the control group (p < 0.0001, p = 0.001 and p = 0.024, respectively). Also, vascular
congestion in the DIR and DIR-S groups was considerably greater compared to the D group
(p <0.0001 and p = 0.026, respectively). Vascular congestion was notably less in the DIR-S,
DIR-FE, and DIR-FS groups compared to that in the DIR group (p = 0.015, p < 0.0001, and
p <0.0001, respectively) (Table 2).

Polymorphonuclear leukocyte infiltration was significantly elevated in all experimen-
tal groups compared to that in the control group (p = 0.007, p < 0.0001, p < 0.0001, p < 0.0001,
and p < 0.0001, respectively). Group DIR exhibited heightened polymorphonuclear leuko-
cyte infiltration compared to group D (p < 0.0001), whereas a discernibly reduced level of
infiltration was evident in the DIR-S, DIR-F, and DIR-FS groups relative to the DIR group
(p =0.006, p < 0.0001, and p = 0.003, respectively) (Table 2)

The lung injury scores of all the experimental groups were significantly higher than
that of the control group (p < 0.0001, all). Moreover, lung injury in the DIR, DIR-S, and
DIR-FS groups was more severe relative to the D group (p < 0.0001, p < 0.0001, and p = 0.023,
respectively), whereas lung injury in the DIR-S, DIR-F, and DIR-FS groups was notably
attenuated compared to the DIR group (p < 0.0001, all) (Table 2) (Figures 7-12).
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Figure 7. Representative micrographs of Hé&E-stained lung sections from control group.
(A) 200 x magnification; (A’) 400 x magnification. H&E, hematoxylin and eosin stain.
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Figure 8. Representative micrographs of H&E-stained lung sections from group D. Relatively thicker
alveolar wall (black arrows, (A’)) compared to the control group is seen. (A) 200x magnification; (A’)
400x magnification. H&E, hematoxylin and eosin stain.

Figure 9. Representative micrographs of H&E-stained lung sections from group DIR. Compared to all
groups, significant hemorrhage (black arrow heads, (A’)), polymorphonuclear leukocyte infiltration
(hollow arrows, (A’)), and alveolar wall edema (black arrow, (A’)) are noted. (A) 200x magnification;
(A’) 400 x magnification. H&E, hematoxylin and eosin stain.

Figure 10. Representative micrographs of H&E-stained lung sections from group DIR-S. Although
significant alveolar wall edema (black arrows, (A’)) is observed compared to the control and D
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groups, less polymorphonuclear leukocyte infiltration (hollow arrows, (A’)) is observed compared to
the DIR group. (A) 200x magnification; (A’) 400x magnification. H&E, hematoxylin and eosin stain.
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Figure 11. Representative micrographs of H&E-stained lung sections from group DIR-F. Significantly

less alveolar wall edema (black arrows, (A’)) and polymorphonuclear leukocyte infiltration (hollow
arrows, (A’)) are seen compared to the DIR group. (A) 200x magnification; (A’) 400x magnification.
H&E, hematoxylin and eosin stain.
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Figure 12. Representative micrographs of H&E-stained lung sections from group DIR-FS. Alveolar
wall edema (black arrows, (A’)) and polymorphonuclear leukocyte infiltration (hollow arrows, (A’))
appear to be significantly less compared to the DIR group. (A) 200x magnification; (A’) 400x
magnification. H&E, hematoxylin and eosin stain.

3.3. Heart Tissue Biochemistry Results

When the groups were compared in terms of TOS, TAS, OS], and PON-1 parameters
in heart tissue, significant differences were found in all parameters (p = 0.011, p = 0.045,
p <0.0001, and p < 0.0001, respectively). (Table 3)

The TOS levels were significantly higher in the DIR group than in the C and D groups
(p <0.0001 and p = 0.004, respectively). In addition, TOS levels were significantly lower in
the DIR-F and DIR-FS groups than in the DIR group (p = 0.004 and p = 0.005, respectively)
(Table 3).

The TAS levels were significantly lower in the DIR group than in the C and D groups
(p =0.007 and p = 0.031, respectively). The TAS levels were also significantly lower in the
DIR group than in the D group (p = 0.012) (Table 3).
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Table 3. Heart tissue oxidant status parameters [Mean =+ SE].
Group Group
Group C Group D Group DIR Group DIR-S DIR-F DIR-E-S p
(n=16) m=7) n=7) n=7) =7 =7
TOS
(pumol 1.25 +0.37 2.62 £0.36 10.06 4 2.99 *& 5.40 +2.50 2.63 £0.59 + 2.83 £1.05+ 0.011
H,0,Equiv./L)
TAS
(mmol Trolox 0.51 £ 0.10 0.49 £0.11 0.23 4 0.04 *& 0.29 £0.04* 0.40 £ 0.04 0.35 £0.02 0.045
Equiv./L)
OSI 226 +£0.37 6.40 = 1.47 51.19 4 15.37 & 20.48 £ 8.87+ 726 +£1.53% 644 +193% <0.0001
1287]:)1 12.70 £ 0.89 13.77 £1.10 28.91 £ 2.85 *& 24.05 4 0.75*%*  17.63 +£1.95*" 2246 +0.78%%*  <0.0001
p **: significance level by ANOVA test, p < 0.05; * p < 0.05: compared with group C; & p < 0.05: compared with
group D; * p < 0.05: compared with group DIR.
The OSI levels were significantly higher in the DIR and DIR-S groups than in the C
group (p < 0.0001 and p < 0.0001, respectively). In addition, OSI was significantly lower in
the DIR-S, DIR-F, and DIR-FS groups than in the DIR group (p = 0.006, p < 0.0001, p < 0.0001,
and p < 0.0001, respectively) (Table 3).
PON-1 enzyme activity was significantly higher in the DIR, DIR-S, DIR-F, and DIR-FS
groups than in the C group (p < 0.0001, p = 0.029, p < 0.0001, p < 0.0001, and p < 0.0001,
respectively). Similarly, PON-1 enzyme activity was significantly increased in the DIR,
DIR-S, and DIR-FS groups compared to that in the control group (p < 0.0001, p < 0.0001,
p <0.0001, and p < 0.0001, respectively). In addition, PON-1 enzyme activity levels were
significantly lower in the DIR-S, DIR-F, and DIR-FS groups than in the DIR group (p = 0.037,
p <0.0001, and p = 0.007, respectively) (Table 3).
3.4. Lung Tissue Biochemistry Results
When the groups were compared in terms of TOS, TAS, OS], and PON-1 parameters
in lung tissue, significant differences were found in all parameters (p < 0.0001).
TAS levels were significantly lower in the DIR, DIR-S, and DIR-FS groups than in
the C group (p < 0.0001, p = 0.002, and p = 0.008, respectively). Similarly, TAS levels were
significantly lower in the DIR and DIR-S groups than in group D (p < 0.0001 and p = 0.027,
respectively). In addition, the TAS levels were significantly higher in the DIR group than in
the DIR-F and DIR-FS groups (p = 0.004 and p = 0.035, respectively) (Table 4).
Table 4. Lung tissue oxidant status parameters [Mean & SE].
Group C Group D Group DIR Group DIR-S GDII‘(I);}) DGIE)-;? S -~
(n =6) (=7 =7 (=7 P e p
TOS
(umol 23.97 £ 4.01 27.93 £6.19 6094+ 6.75%% 3912 £3.97%* 3090 +235* 3722 4+245% <0.0001
H,O,Equiv./L)
TAS
(mmol Trolox 1.59 £ 0.04 1.51 £ 0.03 1.24 £ 0.08 *& 1.35 £ 0.04 *& 145 £0.02* 1.39 £0.03 ** <0.0001
Equiv./L)
OSI 15.02 243 18.55 +4.12 55.09 + 7.40 *& 2873 £2.14%* 2129+ 151+ 2678+ 1.82%* <0.0001
on 34804211 34074107  1680+£360%¢ 27284214  35214351%  3208+4246%  <0.0001

p **: significance level by ANOVA test, p < 0.05; * p < 0.05: compared with group C; & p < 0.05: compared with
group D; * p < 0.05: compared with group DIR.

TOS levels were significantly higher in the DIR and DIR-S groups than in group C
(p <0.0001 and p = 0.027, respectively). Similarly, the TOS levels were significantly higher
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in the DIR group than in the D group (p < 0.000). In addition, a significant decrease in
TOS levels was found in the DIR-S, DIR-F, and DIR-FS groups compared to the DIR group
(p <0.001, p = 0.002, and p < 0.0001, respectively) (Table 4).

OSl levels were significantly increased in the DIR, DIR-S, and DIR-FS groups compared
to those in group C (p < 0.0001, p = 0.017, and p = 0.039, respectively). Similarly, the OSI
level was significantly higher in group DIR than in group D (p < 0.0001). In addition, a
significant decrease in OSI was observed in the DIR-S, DIR-F, and DIR-FS groups compared
to group DIR (all p < 0.0001) (Table 4).

PON-1 enzyme activity was significantly higher in the DIR group than in the C and D
groups (all p < 0.0001). In addition, PON-1 enzyme activity levels were significantly lower
in the DIR-S, DIR-F, and DIR-FS groups than in group DIR (p = 0.009, p < 0.0001, p < 0.0001,
p < 0.0001, respectively) (Table 4).

4. Discussion

In this study, we established an animal model of lower-extremity ischemia—reperfusion
injury and demonstrated that fullerenol C60 and sevoflurane have protective effects on the
heart and lungs of diabetic mice. Fullerenol C60 and sevoflurane ameliorated histopatho-
logical changes and alleviated oxidative parameters, leading to an overall improvement in
the lungs and heart.

Ischemia-reperfusion injury poses a significant risk to various organs, including the
heart, lungs, kidneys, and brain, by exacerbating oxidative stress through the generation
of reactive oxygen species (ROS) and subsequent lipid peroxidation [3,19-21]. Patients
with diabetes mellitus are thought to be susceptible to IRI due to underlying microvascular
endothelial dysfunction, characterized by conditions like capillary basement membrane
thickening and endothelial hyperplasia, which impair tissue oxygenation and exacerbate
hypoxic conditions [33,34]. Furthermore, diabetes reduces the clearance of ROS, exacerbat-
ing oxidative stress. Hyperglycemia also decreases antioxidant capacity by reducing the
activities of superoxide dismutase enzyme 2, glutathione peroxidase, and catalase [24].

Our study builds upon existing research demonstrating the protective effects of
fullerenol C60 and sevoflurane in ischemia—reperfusion scenarios. In studies investigating
cerebral ischemia-reperfusion injury, fullerene C60 has been shown to reduce the develop-
ment of cerebral edema and infarct area, decrease the neural defect development score, and
significantly suppress interleukin 6 and matrix metalloproteinase 9 RNA expression [35,36].
Paralleling the findings on cerebral edema in the literature, we observed a significant
increase in interstitial edema caused by ischemia-reperfusion injury in cardiac tissue across
all groups compared with the control group.

A previous study has demonstrated that fullerene C60 offers a protective effect against
lung ischemia—reperfusion injury. It reduced pulmonary artery and vein pressures and
lung weight compared with the ischemia group [37]. Our study further demonstrated
that fullerene C60 effectively decreased pulmonary edema, hemorrhage, vascular conges-
tion, and polymorphonuclear leukocyte infiltration in lung tissue during limb ischemia—
reperfusion injury.

Fullerenol C60 is a powerful protector against ischemia-reperfusion injury that ef-
fectively scavenges free radicals. When applied to small intestinal ischemia-reperfusion,
alkenes and malondialdehyde (MDA) levels were significantly decreased, while glutathione
levels were increased in the group treated with fullerenol [38]. Furthermore, farboxy-
fullerene decreased the increase in lipid peroxidation products, decreased MDA levels, and
increased superoxide dismutase, glutathione, and catalase levels depleted by ischemia in
cerebral ischemia-reperfusion injury [39-42]. Our study demonstrated the protective effect
of fullerene by showing that oxidant status parameters decreased in both heart and lung
tissues in the fullerene-treated groups compared to the ischemia-reperfusion group. This
was evidenced by the reduction in TOS, OSI, and PON-1 levels.

Sevoflurane, commonly used in clinical anesthesia, has been reported to have beneficial
effects on the heart and lungs in ischemia—reperfusion injury [43,44]. Studies have shown
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that sevoflurane can improve lung injury caused by endotoxins and alleviate endotoxin-
induced lung edema and inflammatory cell infiltration without adversely affecting normal
lung tissue [45]. It activates Nrf2/ ARE signaling and inhibits inflammatory infiltration and
the release of proinflammatory cytokines via the improvement of antioxidant defenses and
the maintenance of redox homeostasis [46].

The effect of sevoflurane on myocardial ischemia has been shown in both in vivo and
in vitro models, and is associated with anti-inflammation and the inhibition of inflamma-
somes, IL-13, IL-18, and cell pyroptosis [47,48]. However, among the potential molecular
mechanisms responsible for the sevoflurane-induced improvement of cardiac function,
pathway signaling seems to be focused on the structure and function of mitochondria. Yu
et al. demonstrated that sevoflurane protects rat hearts against ischemia-reperfusion injury
by ameliorating mitochondrial impairment, oxidative stress, and rescuing autophagic clear-
ance. Their study observed the prevention of mitochondrial destruction and an increase
in ATP content in sevoflurane-treated hearts. Sevoflurane administration significantly
increased the transcriptional levels of genes related to mitochondrial function (Cycs, Cox4il,
Ndufa2, Ndufa4, Ndufa8, Cox7al, Cox7a2, and TFAM), and the expressions of mito-
chondrial proteins (Nrf-1 and PGC-1x) were significantly upregulated after sevoflurane
administration. Their results indicate that the cardiac protection offered by sevoflurane
involves restoring mitochondrial bioenergetic metabolism and autophagosome clearance,
inhibiting excessive ROS production, ameliorating protein aggregation, activating class
I PI3K, downregulating the expression of class III PI3K, and suppressing autophagy (mi-
tophagy) at the end of reperfusion [10].

However, it is important to acknowledge several limitations of our study. Firstly, the
sample size was constrained by ethical guidelines, affecting statistical power. Secondly,
diabetes status was defined solely by serum glucose levels due to resource limitations,
precluding a histological examination of pancreatic tissue.

5. Conclusions

In conclusion, the findings from our histological examinations underscore the sig-
nificant protective effects of sevoflurane and fullerenol C60 against ischemia—reperfusion
injury in heart and lung tissues. The observed reduction in PMNL infiltration, necrotic
cardiomyocytes, alveolar hemorrhage, interstitial and alveolar edema, and vascular con-
gestion, along with lower total damage scores, highlights the efficacy of these treatments.
Additionally, the decreased levels of TAS, TOS, OS], and PON-1 further corroborate the
antioxidative and protective properties of sevoflurane and fullerenol C60.

These findings suggest that sevoflurane and fullerenol C60 have significant potential
for clinical application in the management of ischemia-reperfusion injury. This potential is
particularly relevant in tourniquet-assisted limb surgery, peripheral arterial bypass surgery,
or as a primary treatment for peripheral arterial disease in diabetic patients. The promising
results from this study warrant further research and development. Further exploration
and validation of the broader clinical benefits of these agents are necessary to confirm
their effectiveness.

Author Contributions: M.A. (Metin Alkan), E.O., SE., GK., and M.A. (Mustafa Arslan) designed
the study and analyzed and interpreted the data. E.O., Y.P., and M.A. (Mustafa Arslan) performed
the experiments. M.A. (Metin Alkan), A.D.D., and Z.Y. confirmed the authenticity of the raw data.
G.K., AD.D.,, AD. and B.S. provided scientific and technical assistance, and critically revised the
manuscript for important intellectual content. A.D., B.S., Y.P,, and E.O. collected samples. A.D.D.,
B.S., Z.Y., and A.D. performed biochemical and histopathological experiments. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical approval for this study was obtained from the Animal
Research Committee of the Gazi University (Ankara, Turkey; approval no. G.U.ET-23.066, approval
date: 24 June 2023).



Medicina 2024, 60, 1232 16 of 17

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  World Health Organization. Diabetes 2023. Available online: https://www.who.int/news-room/fact-sheets/detail /diabetes
(accessed on 1 June 2024).

2. Tomic, D.; Shaw, J.E.; Magliano, D.J. The burden and risks of emerging complications of diabetes mellitus. Nat. Rev. Endocrinol.
2022, 18, 525-539. [CrossRef] [PubMed]

3.  Papatheodorou, K.; Banach, M.; Bekiari, E.; Rizzo, M.; Edmonds, M. Complications of Diabetes 2017. ]. Diabetes Res. 2018,
2018, 3086167. [CrossRef]

4.  Pasupathy, S.; Homer-Vanniasinkam, S. Ischaemic Preconditioning Protects Against Ischaemia/Reperfusion Injury: Emerging
Concepts. Eur. J. Vasc. Endovasc. Surg. 2005, 29, 106-115. [CrossRef] [PubMed]

5. Virani, S.S.; Alonso, A.; Benjamin, E.J.; Bittencourt, M.S.; Callaway, C.W.; Carson, A.P.; Chamberlain, A.M.; Chang, A.R.; Cheng, S.;
Delling, FN.; et al. Heart Disease and Stroke Statistics—2020 Update: A Report from the American Heart Association. Circulation
2020, 141, €139-e596. [CrossRef]

6. Kalogeris, T.; Baines, C.P.; Krenz, M.; Korthuis, R.J. Ischemia/reperfusion. Compr. Physiol. 2016, 7, 113. [CrossRef] [PubMed]

7. Vallet, P; Charnay, Y.; Steger, K.; Ogier-Denis, E.; Kovari, E.; Herrmann, E; Michel, J.-P,; Szanto, I. Neuronal expression of the
NADPH oxidase NOX4, and its regulation in mouse experimental brain ischemia. Neuroscience 2005, 132, 233-238. [CrossRef]

8. Wallin, R.E; Regan, B.M.; Napoli, M.D,; Stern, L.]. Sevoflurane: A new inhalati Onal anebsthetic agent. Obstet. Anesthesia Dig.
1975, 54, 758-766. [CrossRef]

9. Li, J.; Yuan, T.; Zhao, X.; Lv, G.-Y,; Liu, H.-Q. Protective effects of sevoflurane in hepatic ischemia-reperfusion injury. Int. J.
Immunopathol. Pharmacol. 2016, 29, 300-307. [CrossRef]

10.  Yu, P; Zhang, J.; Yu, S.; Luo, Z.; Hua, F; Yuan, L.; Zhou, Z.; Liu, Q.; Du, X.; Chen, S.; et al. Protective Effect of Sevoflurane
Postconditioning against Cardiac Ischemia/Reperfusion Injury via Ameliorating Mitochondrial Impairment, Oxidative Stress
and Rescuing Autophagic Clearance. PLoS ONE 2015, 10, e0134666. [CrossRef]

11. Herrmann, I.K.; Castellon, M.M.; Schwartz, D.E.; Hasler, M.; Urner, M.; Hu, G.; Minshall, R.D.; Beck-Schimmer, B. Volatile
Anesthetics Improve Survival after Cecal Ligation and Puncture. Anesthesiology 2013, 119, 901-906. [CrossRef]

12.  Giacalone, F; Martin, N. Fullerene Polymers: Synthesis and Properties. Chem. Rev. 2006, 106, 5136-5190. [CrossRef]

13.  Goodarzi, S.; Da Ros, T.; Conde, J.; Sefat, F.; Mozafari, M. Fullerene: Biomedical engineers get to revisit an old friend. Mater. Today
2017, 20, 460-480. [CrossRef]

14. Bosi, S.; Da Ros, T.; Spalluto, G.; Prato, M. Fullerene derivatives: An attractive tool for biological applications. Eur. ]. Med. Chem.
2003, 38, 913-923. [CrossRef]

15.  Chen-Yoshikawa, T.F. Ischemia—Reperfusion Injury in Lung Transplantation. Cells 2021, 10, 1333. [CrossRef]

16. Kuratani, T.; Matsuda, H.; Sawa, Y.; Kaneko, M.; Nakano, S.; Kawashima, Y. Experimental study in a rabbit model of ischemia-
reperfusion lung injury during cardiopulmonary bypass. J. Thorac. Cardiovasc. Surg. 1992, 103, 564-568. [CrossRef]

17.  Nakagawa, H.; Tsunooka, N.; Yamamoto, Y.; Yoshida, M.; Nakata, T.; Kawachi, K. Intestinal ischemia/reperfusion-induced
bacterial translocation and lung injury in atherosclerotic rats with hypoadiponectinemia. Surgery 2009, 145, 48-56. [CrossRef]

18. Hasko, G.; Xu, D.-Z; Lu, Q.; Németh, Z.H.; Jabush, J.; Berezina, T.L.; Zaets, S.B.; Csoka, B.; Deitch, E.A. Adenosine A2A receptor
activation reduces lung injury in trauma/hemorrhagic shock. Crit. Care Med. 2006, 34, 1119-1125. [CrossRef]

19. Deng, C.; Zhai, Z.; Wu, D.; Lin, Q.; Yang, Y.; Yang, M.; Ding, H.; Cao, X.; Zhang, Q.; Wang, C. Inflammatory response and
pneumocyte apoptosis during lung ischemia-reperfusion injury in an experimental pulmonary thromboembolism model.
J. Thromb. Thrombolysis 2015, 40, 42-53. [CrossRef]

20. Weyker, P.D.; Webb, C.A.; Kiamanesh, D.; Flynn, B.C. Lung Ischemia Reperfusion Injury: A Bench-To-Bedside Review. Seminars
in Cardiothoracic and Vascular Anesthesia. Semin. Cardiothorac. Vasc. Anesth. 2012, 17, 28-43. [CrossRef] [PubMed]

21. Tsao, C.W.; Aday, A.W.; Almarzooq, Z.I1.; Alonso, A.; Beaton, A.Z.; Bittencourt, M.S.; Boehme, A K.; Buxton, A.E; Carson, A.P.;
Commodore-Mensah, Y.; et al. Heart Disease and Stroke Statistics—2022 Update: A Report From the American Heart Association.
Circulation 2022, 145, E153-E639. [CrossRef] [PubMed]

22.  Buja, L.M. Myocardial ischemia and reperfusion injury. Cardiovasc. Pathol. 2005, 14, 170-175. [CrossRef]

23. Park, J.L.; Lucchesi, B.R. Mechanisms of myocardial reperfusion injury. Ann. Thorac. Surg. 1999, 68, 1905-1912. [CrossRef]

24. Lejay, A.; Fang, F; John, R.; Van, J.A,; Barr, M.; Thaveau, F; Chakfe, N.; Geny, B.; Scholey, ].W. Ischemia reperfusion injury,
ischemic conditioning and diabetes mellitus. J. Mol. Cell. Cardiol. 2015, 91, 11-22. [CrossRef]

25.  Arslan, M.; Poyraz, F; Kiraz, H.A.; Alkan, M; Kip, G.; Erdem, O.; Ozer, A.; Sivgin, V.; Comu, EM. The effect of dexmedetomidine
on myocardial ischemia reperfusion injury in streptozotocin induced diabetic rats. Anaesth. Pain Intensive Care 2019, 19, 444-451.

26. Ghasemi, A.; Jeddi, S. Streptozotocin as A Tool for Induction of Rat Models of Diabetes: A Practical Guide. EXCLI |. 2023, 22,

274-294. [CrossRef]


https://www.who.int/news-room/fact-sheets/detail/diabetes
https://doi.org/10.1038/s41574-022-00690-7
https://www.ncbi.nlm.nih.gov/pubmed/35668219
https://doi.org/10.1155/2018/3086167
https://doi.org/10.1016/j.ejvs.2004.11.005
https://www.ncbi.nlm.nih.gov/pubmed/15649715
https://doi.org/10.1161/cir.0000000000000757
https://doi.org/10.1002/cphy.c160006
https://www.ncbi.nlm.nih.gov/pubmed/28135002
https://doi.org/10.1016/j.neuroscience.2004.12.038
https://doi.org/10.1213/00000539-197511000-00021
https://doi.org/10.1177/0394632016638346
https://doi.org/10.1371/journal.pone.0134666
https://doi.org/10.1097/ALN.0b013e3182a2a38c
https://doi.org/10.1021/cr068389h
https://doi.org/10.1016/j.mattod.2017.03.017
https://doi.org/10.1016/j.ejmech.2003.09.005
https://doi.org/10.3390/cells10061333
https://doi.org/10.1016/S0022-5223(19)34999-2
https://doi.org/10.1016/j.surg.2008.07.018
https://doi.org/10.1097/01.CCM.0000206467.19509.C6
https://doi.org/10.1007/s11239-015-1182-x
https://doi.org/10.1177/1089253212458329
https://www.ncbi.nlm.nih.gov/pubmed/23042205
https://doi.org/10.1161/cir.0000000000001052
https://www.ncbi.nlm.nih.gov/pubmed/35078371
https://doi.org/10.1016/j.carpath.2005.03.006
https://doi.org/10.1016/S0003-4975(99)01073-5
https://doi.org/10.1016/j.yjmcc.2015.12.020
https://doi.org/10.17179/excli2022-5720

Medicina 2024, 60, 1232 17 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ozer, A,; Sengel, N.; Kiiciik, A.; Yigman, Z,; Ozdemir, C.; Kilig, Y;; Dursun, A.D.; Bostancy, H.; Kip, G.; Arslan, M. The Effect of
Cerium Oxide (CeO;) on Ischemia-Reperfusion Injury in Skeletal Muscle in Mice with Streptozocin-Induced Diabetes. Medicina
2024, 60, 752. [CrossRef]

Kigtik, A.; Polat, Y.; Kiligarslan, A.; Stingii, N.; Kartal, H.; Dursun, A.D.; Arslan, M. Irisin Protects against Hind Limb Ischemia
Reperfusion Injury. Drug Des. Dev. Ther. 2021, ume 15, 361-368. [CrossRef]

Koksal, Z.; Kurtipek, O.; Arslan, M.; Dursun, A.D.; Yigman, Z.; Ozer, A. Protective effects of hydrogen rich saline solution in rats
with experimental myocardial ischemia reperfusion injury. Heliyon 2023, 9, €22973. [CrossRef]

Kao, M.-C.; Jan, W.-C ; Tsai, P--S.; Wang, T.-Y.; Huang, C.-]. Magnesium Sulfate Mitigates Lung Injury Induced by Bilateral Lower
Limb Ischemia-Reperfusion in Rats. J. Surg. Res. 2011, 171, e97—e106. [CrossRef] [PubMed]

Papoutsidakis, N.; Arkadopoulos, N.; Smyrniotis, V.; Tzanatos, H.; Kalimeris, K.; Nastos, K.; Defterevos, G.; Pafiti, A.; Kostopana-
giotou, G. Early myocardial injury is an integral component of experimental acute liver failure—A study in two porcine models.
Arch. Med. Sci. 2011, 2, 217-223. [CrossRef] [PubMed]

Takhtfooladi, H.A.; Asl, A HK,; Shahzamani, M.; Takhtfooladi, M.A.; Allahverdi, A.; Khansari, M. Tramadol Alleviates Myocardial
Injury Induced by Acute Hindlimb Ischemia Reperfusion in Rats. Arg. Bras. Cardiol. 2015, 105, 151-159. [CrossRef]

Szablewski, L.; Sulima, A. The structural and functional changes of blood cells and molecular components in diabetes mellitus.
Biol. Chem. 2016, 398, 411-423. [CrossRef]

Li, Y,; Liu, Y; Liu, S.; Gao, M.; Wang, W.; Chen, K.; Huang, L.; Liu, Y. Diabetic vascular diseases: Molecular mechanisms and
therapeutic strategies. Signal Transduct. Target. Ther. 2023, 8, 1-29. [CrossRef] [PubMed]

Sarami Foroshani, M.; Mohammadi, M.T. Functionalized fullerene materials (fullerol nanoparticles) reduce brain injuries during
cerebral ischemia-reperfusion in rat. J. Pharm. Health Sci. 2016, 4, 15-21.

Foroshani, M.S.; Sobhani, Z.S.; Mohammadi, M.T.; Aryafar, M. Fullerenol Nanoparticles Decrease Blood-Brain Barrier Inter-
ruption and Brain Edema during Cerebral Ischemia-Reperfusion Injury Probably by Reduction of Interleukin-6 and Matrix
Metalloproteinase-9 Transcription. J. Stroke Cerebrovasc. Dis. 2018, 27, 3053-3065. [CrossRef] [PubMed]

Lai, Y.-L.; Murugan, P.; Hwang, K. Fullerene derivative attenuates ischemia-reperfusion-induced lung injury. Life Sci. 2003, 72,
1271-1278. [CrossRef] [PubMed]

Lai, H.; Chen, W.; Chiang, L. Free Radical Scavenging Activity of Fullerenol on the Ischemia-reperfusion Intestine in Dogs. World
J. Surg. 2000, 24, 450-454. [CrossRef]

Lin, AM.-Y,; Fang, S.-F; Lin, S.-Z.; Chou, C.-K.; Luh, T.-Y; Ho, L.-T. Local carboxyfullerene protects cortical infarction in rat brain.
Neurosci. Res. 2002, 43, 317-321. [CrossRef]

Kim, Y.-O.; Kim, H.-J.; Kim, S.-K.; Yoon, B.-C. Neuroprotective effects of hydroxyfullerene in rats subjected to global cerebral
Ischemia. Mol. Cell. Toxicol. 2008, 4, 218-223.

Darabi, S.; Mohammadi, M.T. Fullerol potentiates the brain antioxidant defense system and decreases y-glutamyl transpeptidase
(GGT) mRNA during cerebral ischemia/reperfusion injury. Eur. |. Nanomed. 2017, 9, 25-32. [CrossRef]

Darabi, S.; Mohammadi, M.T.; Sobhani, Z.; Darabi, S. Fullerenol Nanoparticles Decrease Brain Infarction Through Potentiation of
Superoxide Dismutase Activity During Cerebral Ischemia-Reperfusion Injury. Razavi Int. J. Med. 2016, 4, 1736. [CrossRef]

Ding, X.; Gao, X;; Ren, A,; Xu, J.; Jiang, X.; Liang, X.; Xie, K.; Zhou, Y.; Hu, C.; Huang, D. Sevoflurane enhances autophagy via
Racl to attenuate lung ischaemia—reperfusion injury. Chem. Biol. Interact. 2024, 397, 111078. [CrossRef] [PubMed]

Hu, B.; Tian, T.; Hao, P-P; Liu, W.-C.; Chen, Y.-G,; Jiang, T.-Y.; Xue, E-S. The Protective Effect of Sevoflurane Conditionings
Against Myocardial Ischemia/Reperfusion Injury: A Systematic Review and Meta-Analysis of Preclinical Trials in in-vivo Models.
Front. Cardiovasc. Med. 2022, 9, 841654. [CrossRef] [PubMed]

Mikrou, A.; Kalimeris, K.A; Lilis, I.; Papoutsidakis, N.; Nastos, K.; Papadaki, H.; Kostopanagiotou, G.G.; Zarkadis, I.K.
Molecular studies of the immunological effects of the sevoflurane preconditioning in the liver and lung in a rat model of liver
ischemia/reperfusion injury. Mol. Immunol. 2016, 72, 1-8. [CrossRef] [PubMed]

Fu, D,; Shen, J.; Shi, H. Sevoflurane suppresses oxidation-induced stress and inflammatory responses, via promotion of Nrf2-
induced antioxidant signaling. All Life 2020, 13, 131-143. [CrossRef]

Wu, J.; Cai, W.; Du, R;; Li, H.; Wang, B.; Zhou, Y.; Shen, D.; Shen, H.; Lan, Y.; Chen, L.; et al. Sevoflurane Alleviates Myocardial
Ischemia Reperfusion Injury by Inhibiting P2X7-NLRP3 Mediated Pyroptosis. Front. Mol. Biosci. 2021, 8, 768594. [CrossRef]
Fan, L.; Chen, D.; Wang, J.; Wu, Y.; Li, D.; Yu, X. Sevoflurane Ameliorates Myocardial Cell Injury by Inducing Autophagy via the
Deacetylation of LC3 by SIRT1. Anal. Cell. Pathol. 2017, 2017, 6281285. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/medicina60050752
https://doi.org/10.2147/DDDT.S279318
https://doi.org/10.1016/j.heliyon.2023.e22973
https://doi.org/10.1016/j.jss.2011.03.028
https://www.ncbi.nlm.nih.gov/pubmed/21514604
https://doi.org/10.5114/aoms.2011.22070
https://www.ncbi.nlm.nih.gov/pubmed/22291759
https://doi.org/10.5935/abc.20150059
https://doi.org/10.1515/hsz-2016-0196
https://doi.org/10.1038/s41392-023-01400-z
https://www.ncbi.nlm.nih.gov/pubmed/37037849
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.06.042
https://www.ncbi.nlm.nih.gov/pubmed/30093209
https://doi.org/10.1016/S0024-3205(02)02374-3
https://www.ncbi.nlm.nih.gov/pubmed/12570927
https://doi.org/10.1007/s002689910071
https://doi.org/10.1016/S0168-0102(02)00056-1
https://doi.org/10.1515/ejnm-2016-0024
https://doi.org/10.17795/rijm41736
https://doi.org/10.1016/j.cbi.2024.111078
https://www.ncbi.nlm.nih.gov/pubmed/38815668
https://doi.org/10.3389/fcvm.2022.841654
https://www.ncbi.nlm.nih.gov/pubmed/35571167
https://doi.org/10.1016/j.molimm.2016.02.010
https://www.ncbi.nlm.nih.gov/pubmed/26922039
https://doi.org/10.1080/26895293.2020.1729868
https://doi.org/10.3389/fmolb.2021.768594
https://doi.org/10.1155/2017/6281285

	Introduction 
	Materials and Methods 
	Experimental Setup and Animals 
	Induction of Diabetes 
	Anesthesia and Surgical Procedure 
	Experimental Groups 
	Tissue Collection and Analysis 
	Biochemical Analysis 
	Histological Analysis 
	Statistical Analysis 

	Results 
	Results of Histopathological Evaluation of Heart Tissue Samples 
	Results of Histopathological Evaluation of Lung Tissue Samples 
	Heart Tissue Biochemistry Results 
	Lung Tissue Biochemistry Results 

	Discussion 
	Conclusions 
	References

