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Objective: This study aimed to demonstrate whether fullerenol C60, sevoflurane anesthesia, or a combination of both had protective
effects on the liver and kidneys in lower extremity ischemia-reperfusion injury (IRI) in mice with streptozocin-induced diabetes.
Methods: A total of 46 Swiss albino mice were divided into six groups as follows: control group (group C, n=7), diabetes group
(group D, n=7), diabetes-ischemia/reperfusion (group DIR, n=8), diabetes-ischemia/reperfusion-fullerenol C60 (group DIR-FC60,
n=8), diabetes-ischemia/reperfusion-sevoflurane (group DIR-S, n=8), and the diabetes-ischemia/reperfusion-fullerenol C60-
sevoflurane (group DIR-S-FC60, n=8). Fullerenol C60 (100mg/kg) was administered intraperitoneally 30 min before the ischemia-
reperfusion procedure to the fullerenol groups (DIR-FC60 and DIR-S-FC60). In the DIR groups, 2 hours (h) ischemia-2h reperfusion
periods were performed. In the sevoflurane groups, sevoflurane was applied during the ischemia-reperfusion period with 100% O,.
Liver and kidney tissues were removed at the end of the reperfusion procedure for biochemical and histopathological examinations.
Results: In liver tissue, hydropic degeneration, sinusoidal dilatation, pycnotic nuclei, prenecrotic cells, and mononuclear cell
infiltration in parenchyma were significantly more frequent in group DIR than in groups D and group C. In terms of the histopathologic
criteria examined, more positive results were seen in group DIR-FC60, and when group DIR-FC60 was compared with group DIR, the
difference was significant. The best results in AST, ALT, glucose, TBARS levels, and SOD enzyme activities in liver tissue were in
group DIR-FC60 compared with group DIR, followed by groups DIR-S-FC60 and DIR-S, respectively. Regarding TBARS levels and
SOD enzyme activities in kidney tissue, the best results were in groups DIR-FC60, DIR-S-FC60, and DIR-S, respectively.
Conclusion: According to our findings, it is clear that fullerenol C60 administered intraperitoneally 30 min before ischemia, alone or
together with sevoflurane, reduces oxidative stress in distant organ damage caused by lower extremity IRI, and reduces liver and
kidney tissue damage in histopathologic examinations.
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Introduction

Lower extremity ischemia-reperfusion injury (IRI) may occur in clinical conditions, such as acute arterial occlusion,
which may result from thrombosis or embolism,' traumatic artery injury, and abdominal aortic aneurysm surgery.’
Inhibition of arterial blood flow in ischemia causes tissue hypoxia, mitochondrial electron transport chain dysfunction,
and an increase in reactive oxygen species (ROS) that exceeds intracellular antioxidant mechanisms. The decrease in
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adenosine triphosphate (ATP) production by inducing anaerobic metabolism in mitochondria causes dysfunction of the
sodium-potassium pumps (Na'-K'-ATPase pumps) on the cell surface and calcium pumps (Ca**-ATPase pumps) in the
endoplasmic reticulum, retention of Na+ in the cell, and an increase of K outside of the cell. Increased Na+ also leads to
a decrease in sodium-hydrogen exchanger pump (Na'-H pump) activity on the cell surface. Na', H, and Ca®"
accumulated in the cell cause hyperosmolality and cell swelling with the flow of water into the cell. With anaerobic
metabolism, lactic acid increases, and H accumulation causes metabolic acidosis in the cell. Thus, protein synthesis by
the dissociation of ribosomes, cell enzymes, and the nuclear structure is affected. Oxidative stress caused by increased
ROS results in endothelial dysfunction, DNA damage, and an increased inflammatory response.’

The basic therapeutic approach for ischemia is revascularization and restoration of blood flow as soon as possible.
However, it is known that reperfusion may exacerbate pathogenic processes in ischemic tissue and damage distant organs
through mediators released into the systemic circulation by restoring blood flow.*

Diabetes mellitus (DM) is a metabolic disease that can develop with impaired insulin secretion, impaired function of
existing insulin in the body, or a combination of both.” It has become the metabolic disease of our age, brought about by
a sedentary lifestyle and obesity. The International Diabetes Federation (IDF) states that approximately 382 million
adults in the world have diabetes, the prevalence of diabetes has reached epidemic proportions, and there will be
592 million diabetics by 2035.°

Chronic high blood glucose disrupts homeostasis, triggers an immune response by causing increased oxidant stress,
increases microvessel and nerve damage, and causes tissue and organ damage.” Therefore, IRI effects may be greater in
these patients. Especially in this patient group, it is important to develop anti-inflammatory and antioxidant strategies
for IRI.

Sevoflurane is a volatile anesthetic commonly used in clinical anesthesia. Various studies have shown that sevoflurane
protects organs against damages caused by IRI as a result of its anti-inflammatory and antioxidative effects.®’

In recent years, the bioactive properties of water-soluble nanomaterials have been the subject of many studies. One of
these is fullerene derivatives. The large number of conjugated double pi bonds that can easily take an electron into their
structure makes them effective free radical scavengers. In addition, with their hollow spherical shape, they can be used as
carriers of contrast agents, radiopharmaceuticals, and drugs, allowing medical diagnosis and treatment applications.'”
Previous studies have shown that fullerenol nanoparticles can protect organs from IRI damage caused by oxidative stress
through their antioxidative stress activity.'''?

In the aforementioned studies, the effects of fullerenol C60 on tissues where IR was created were evaluated, and in
our study, we aimed to contribute to the literature by investigating whether it has a protective effect on distant organ
damage.

In the present study, we aimed to investigate whether fullerenol C60, sevoflurane anesthesia, or a combination of both
had protective effects on the liver and kidney in lower extremity IRI in mice with streptozocin-induced diabetes.

Materials and Methods

Animals and Experimental Protocol

This experimental study was conducted at the Gazi University Animal Experiments Laboratory in accordance with the
ARRIVE guidelines. The study protocol was approved by the Animal Research Committee of the Gazi University (G.U.
ET—22.088), Ankara, Turkey. All the animals were maintained in accordance with the recommendations of the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

Forty-six Swiss albino mice (20-25 g) were used. The mice were kept in daylight for 12 h and dark for 12 h. The
environment temperature was adjusted to 20-21°C. The mice were free to access food until 2 h prior to anesthesia. The
animals were randomly separated into six groups: control group (group C, n=7), diabetes group (group D, n=7), diabetes-
ischemia/reperfusion (group DIR, n=8), diabetes-ischemia/reperfusion-fullerenol C60 (group DIR-FC60, n=8), diabetes-
ischemia/reperfusion-sevoflurane (group DIR-S, n=8), and diabetes-ischemia/reperfusion-fullerenol C60-sevoflurane
(group DIR-S-FC60, n=8). The groups were set up this way because the ethics committee allowed a maximum number
of 46 animals.
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To induce diabetes, the mice received a single intraperitoneal (IP) injection of 125 mg/kg of streptozocin (Sigma
Chemical, St. Louis, MO, USA). The mice whose fasting blood glucose (FBG) exceeded 250 mg/dL by measuring blood
glucose levels 72 h after streptozocin administration were considered diabetic, and animals with FBGs >250 mg/dL were
assigned to the diabetic groups (group D, DIR, DIR-FC60, DIR-S). The mice were kept alive for 4 weeks after
streptozocin injection, resulting in the development of chronic diabetes. After that, the IR process was applied. Before
the experiment, all mice were anesthetized with 50 mg/kg intramuscular ketamine (Ketalar™; 1 mL = 50 mg; Pfizer,
Istanbul, Turkey) and 10 mg/kg xylazine hydrochloride (Alfazyne® 2%; Ege Vet, Izmir, Turkey).

Group C and Group D: The mice underwent only midline laparotomy.

Group DIR: Midline laparotomy was performed, followed by a 2-h ischemia period using an atraumatic micro-
vascular clamp in the infrarenal abdominal aorta. Then, the clamp was removed, and a 2-h reperfusion period was
administered.

Group DIR-FC60: A midline laparotomy was performed 30 min after fullerenol C60 (Sigma Aldrich®, Fullerene—
C60, 98%, 1G) (100 mg/kg) was administered intraperitoneally. IR was applied as in Group DIR.

Group DIR-S: IR was applied as in Group DIR. Sevoflurane was given during the IR period with 100% O,.
Sevoflurane was administered for the target minimum alveolar concentration (MAC) 1, with a 2.3% concentration
(Sevorane; AbbVie, Maidenhead, UK), at 4 L/min in a 40x40%x70 cm transparent plastic box. The box was integrated into
a semi-open anesthesia device using static hoses.

Group DIR-S-FC60: A midline laparotomy was performed 30 min after fullerenol C60 (100 mg/kg) was adminis-
tered; that is, sevoflurane was administered in the same manner throughout the IR period.

To avoid hypovolemia, an hourly 3 mL/kg IP isotonic solution was administered. During the IR period, the abdomen
was covered with a moistened sterile pad.

At the end of the experiment, liver and kidney tissue samples were taken from all mice for biochemical and
histopathologic evaluations. At the end of the 2-h reperfusion period, all mice were sacrificed by taking blood from
the abdominal aorta after intramuscular administration of ketamine (50 mg/kg). After the heartbeat and respiration
ceased, the mice were monitored for a further 2 min to confirm death.

Biochemical Analysis
Tissue blood samples were taken into blood collection tubes and centrifuged. Aspartate amino transaminase (AST),
alanine amino transaminase (ALT), and serum glucose levels were measured using the Abbott Architect c16000
autoanalyzer.

Liver and kidney tissues were washed with cold deionized water to purify them of blood pollution and then
homogenized in a homogenizer. Thiobarbituric acid reactive substance (TBARS) analyses were performed to determine
lipid peroxidation using the thiobarbituric acid method.'* The results were expressed in nmol/mg protein.

1.15

Superoxide dismutase (SOD) activity was measured using the method of Durak et al. > The results were expressed in

U/mg protein.

Histopathologic Analysis

After fixation, the muscle specimens were embedded in paraffin following routine tissue processing. Sections of 4-um
thickness were cut from paraffin blocks using a microtome (Leica RM2245, Germany) and stained with hematoxylin and
eosin (H&E) for the evaluation of histopathologic changes. The histopathological assessments were performed under
light microscopy at a magnification of x100 (Nikon Corporation, Tokyo, Japan). Liver and kidney tissues were evaluated

as in our previous studies.'®!’

Statistical Analysis

IBM SPSS Statistics for Social Sciences (IBM, Armonk, NY, USA) ver. 20.0 was used for statistical analysis. Each
categorical variable was analyzed using the Kolmogorov—Smirnov test. Biochemical and histopathological parameters
were tested using the Kruskal-Wallis test, Bonferroni correction test, and the Mann—Whitney U-test. A statistical value of
less than 0.05 was considered significant. All values are expressed as mean + standard error (SE).
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Results

Liver Tissue Histopathological Results

Hydropic degeneration, sinusoidal dilatation, pycnotic nuclei, necrosis, and parenchymal mononuclear cell infiltration
were found to be significantly different between the groups (p = 0.001, p = 0.039, p = 0.003, p = 0.014, and p = 0.042,
respectively) (Table 1).

Hydropic degeneration is more common in groups D, DIR, DIR-S, and DIR-S-FC60 than in the control group (p =
0.035, p < 0.001, p < 0.001, and p = 0.035, respectively). Additionally, hydropic degeneration was more common in
group DIR than in group D (p = 0.035). Significantly less hydropic degeneration was found in the DIR-FC60 and DIR-
S-FC60 groups than in the DIR group (p = 0.010 and p = 0.035, respectively) (Table 1, Figures 1-6).

Sinusoidal dilatation was more common in group DIR than in the control group and group D (p = 0.001 and p =
0.016, respectively). Significantly less sinusoidal dilatation was found in group DIR-FC60 than in group DIR (p = 0.016)
(Table 1, Figures 1-6).

Pycnotic nuclei were more common in groups DIR and DIR-S than in the control group (p < 0.001 and p = 0.008,
respectively). Additionally, pycnotic nuclei were more common in group DIR than in group D (p = 0.008). Significantly
fewer pycnotic nuclei were found in groups DIR-FC60 and DIR-S-FC60 than in group DIR (p = 0.008 and p = 0.008,
respectively). Pycnotic nuclei rates were found to be similar between groups DIR-FC60 and DIR-S-FC60 (p = 0.999)
(Table 1, Figures 1-6).

Necrosis was more common in the DIR and DIRS groups than in the control group (p = 0.002 and p = 0.008,
respectively). Additionally, necrosis was more common in group DIR than in group D (p = 0.030). Significantly less
necrosis was found in groups DIR-FC60 and DIR-S-FC60 than in group DIR (p = 0.008 and p = 0.030, respectively).
Necrosis was found to be similar between groups DIR-FC60 and DIR-S-FC60 (p = 0.572) (Table 1, Figures 1-6).

Parenchymal mononuclear cell infiltration was more common in groups DIR and DIR-S than in the control group (p =
0.002 and p = 0.035, respectively). Additionally, parenchymal mononuclear cell infiltration was more common in group
DIR than in group D (p = 0.035). Significantly less parenchymal mononuclear cell infiltration was seen in groups DIR-
FC60 and DIR-S-FC60 than in group DIR (p = 0.010 and p = 0.010, respectively). Parenchymal mononuclear cell
infiltration was found to be similar between groups DIR-FC60 and DIR-S-FC60 (p = 0.999) (Table 1, Figures 1-6).

Kidney Tissue Histopathologic Results

Under the light microscope, glomerular vacuolization (GV), tubular dilatation (TD), vascular vacuolization and hyper-
trophy (VVH), tubular cell degeneration and necrosis (TCDN), Bowman space dilatation (BSD), tubular hyaline
cylinders (THC), lymphocyte infiltration (LI), and tubular cell shedding (TCS) levels were found to be significantly
different between the groups (p = 0.009, p = 0.012, p = 0.034, p = 0.018, p = 0.005, p = 0.004, p = 0.014, and p = 0.042,
respectively). GV was seen more in groups DIR, DIR-S, and DIR-S-FC60 than in the control group (p < 0.001, p =

Table | Histopathologic Data of Hepatic Tissue (Mean * SE)

Group C Group D Group DIR Group Group DIR-S Group P¥*
(n=7) (n=7) (n=28) DIR-FC60 (n=28) DIR-S-FC60
(n=28) (n=28)

Hydropic 0.17 £0.17 0.83 £ 0.17* 1.50 + 0.22%1 0.67 £ 0.21% 1.17 £ 0.17% 0.83 £ 0.17%F 0.001
degeneration
Sinusoidal dilatation 0.33 £ 021 0.67 £ 0.21 1.50 + 0.22%1 0.67 £ 021% 1.00 + 0.26 0.83 £ 0.31 0.039
Pycnotic nuclei 0.17 £0.17 0.67 £ 0.21 1.50 + 0.22%} 0.67 + 0.21% 0.83 £ 0.17%% 0.67 + 0.21% 0.003
Necrosis 0.33 £0.21 0.67 £ 0.21 133 2 0.21%1 0.50 £ 0.22* 1.00 + 0.00* 0.67 £ 0217 0.014
Parenchymal 0.33 £ 021 1.00 + 0.00 1.33 £ 0.21%1 0.67 £ 021% 1.00 + 0.26* 0.67 + 021% 0.042
mononuclear cell
infiltration

Notes: P**: Kruskal-Wallis test, p < 0.05; *p < 0.05: Compared with group C; Tp < 0.05: Group D; ip < 0.05: Group DIR.
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Figure | Representative light microscopy of hepatic tissue from the control group. Normal liver tissue. Scale bar 50 ym, H&Ex|00.
Abbreviations: HL, hepatic lobule; VC, vena centralis; k, Kupffer cells; *, sinusoid dilatation; —, hepatocyte; G, glycogen granules.
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Figure 2 Representative light microscopy of hepatic tissue from the D group. Scale bar 50 ym, H&Ex100.
Abbreviations: HL, hepatic lobule; VC, vena centralis; er, erythrocyte; —, hepatocyte; mc, minimal cellular changes; ep, epithelium; G, glycogen granules; p, pycnotic and
hyperchromatic nuclei; H, hepatocyte degeneration.

0.008, and p = 0.031, respectively). Similarly, GV was seen more in group DIR than in group D (p = 0.043). GV was
found to be significantly less in group DIR than in group DIR-FC60 (p = 0.008) (Table 2, Figures 7-12).

TD was seen more in groups DIR and DIR-S than in the control group (p < 0.001 and p = 0.021, respectively). In
addition, TD was more common in the DIR group than in group D (p = 0.021). There was significantly less TD in groups
DIR-FC60 and DIR-S-FC60 than in group DIR (p = 0.021 and p = 0.006, respectively) (Table 2, Figures 7-12).

VVH was more common in the DIR and DIRS groups than in the control group (p = 0.001 and p = 0.043,
respectively). Similarly, VVH was seen more in group DIR than in group D (p = 0.043). In addition, significantly less
VVH was seen in groups DIR-FC60 and DIR-S-FC60 than in group DIR (p = 0.043 and p = 0.043, respectively)
(Table 2, Figures 7-12).
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Figure 3 Representative light microscopy of hepatic tissue from DIR group. Scale bar 50 ym, H&Ex100.

Abbreviations: HL, hepatic lobules; VC, vena centralis; er, erythrocyte; inf, inflammation; *, sinusoid dilatation; —, hepatocyte; mc, minimal cellular changes; ep, epithelium;
G, glycogen granules; p, pycnotic and hyperchromatic nuclei; H, hepatocyte degeneration; (¥), necrotic and apoptotic hepatocyte; nec, necrotic and apoptotic species; v,
vacuolation.

Figure 4 Representative light microscopy of hepatic tissue from DIR-FC60 group. Scale bar 50 ym, H&Ex100.
Abbreviations: HL, hepatic lobules; VC, vena centralis; er, erythrocyte; inf, inflammation; *, sinusoid dilatation; —, hepatocyte; H, hepatocyte degeneration; (*), necrotic
and apoptotic hepatocyte; dej, hydrophilic degeneration; v, vacuolation.

TCDN was more common in groups DIR and DIR-S compared with the control group (»p = 0.001 and p = 0.042,
respectively). Similarly, TCDN was higher in group DIR than in group D (p = 0.012). In addition, significantly less
TCDN was observed in groups DIR-FC60 and DIR-S-FC60 than in group DIR (p = 0.012 and p = 0.012, respectively)
(Table 2, Figures 7-12).

BSD was seen more in groups DIR and DIR-S than in the control group (p < 0.001 and p = 0.007, respectively).
Similarly, BSD was more common in group DIR than in group D (p = 0.026). In addition, significantly less BSD was
seen in the DIR-FC60 and DIR-S-FC60 groups than in group DIR (p = 0.007 and p = 0.005, respectively) (Table 2,
Figures 7-12).
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Figure 5 Representative light microscopy of hepatic tissue from DIR-S group. Scale bar 50 ym, H&Ex100.
Abbreviations: HL, hepatic lobules; VC, vena centralis; er, erythrocyte; inf, inflammation; *, sinusoid dilatation; —, hepatocyte; H, hepatocyte degeneration; (*), necrotic
and apoptotic hepatocyte; dej, hydrophilic degeneration; v, vacuolation.

Figure 6 Representative light microscopy of hepatic tissue from DIR-S-FC60 group. Scale bar 50 ym, H&Ex100.
Abbreviations: HL, hepatic lobules; VC, vena centralis; *, sinusoid dilatation; —, hepatocyte; H, hepatocyte degeneration; (*), necrotic and apoptotic hepatocyte; v,
vacuolation.

THC was more common in groups DIR and DIR-S than in the control group (p < 0.001 and p = 0.008, respectively).
Similarly, THC was more frequent in group DIR than in group D (p = 0.002). In addition, there was significantly less THC in
groups DIR-FC60 and DIR-S-FC60 than in group DIR (p = 0.002 and p = 0.008, respectively) (Table 2, Figures 7-12).

LI was more common in the DIR and DIR-S groups than in the control group (p = 0.001 and p = 0.022, respectively).
Similarly, LI was seen more frequently in group DIR than in group D (p = 0.022). In addition, significantly less LI was seen in
groups DIR-FC60 and DIR-S-FC60 than in group DIR (p = 0.005 and p = 0.022, respectively) (Table 2, Figures 7—12).

TCS was more common in the DIR and DIR-S groups than in the control group (p = 0.003 and p = 0.042,
respectively). Similarly, TCS was seen at a higher rate in group DIR than in group D (p = 0.042). In addition,
significantly less TCS was observed in the DIR-FC60 and DIR-S-FC60 groups than in the DIR group (p = 0.042 and
p = 0.042, respectively) (Table 2, Figures 7-12).
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Table 2 Histopathologic Data of Kidney Tissue (Meanx SE)

Group C Group D Group DIR Group DIR-FC60 Group DIR-S Group P**
(n=7) (n=7) (n=28) (n=28) (n=28) DIR-S-FC60
(n=8)

GV 033 +£0.21 0.83 £0.17 1.50 £ 0.22%1 0.67 + 0.21% 1.17 £ 0.31* 1.00 + 0.00* 0.009
TD 0.33 £ 0.21 0.83 £0.17 1.67 + 0.21%1 0.83 +0.17* 1.17 £ 0.17* 0.67 £ 0.21* 0.012
VVH 0.17 £0.17 0.67 +0.33 1.33 £ 0.21%1 0.67 £ 0.21* 0.83 £ 0.17* 0.67 £ 0.21* 0.034
TCDN 033 021 0.67 + 0.21 1.50 + 0.22%1 0.67 £ 0.21* 1.00 + 0.26* 0.67 £ 0.21* 0.018
BSD 033 + 021 083 £ 0.17 1.50 + 0.22%} 0.67 +021% 1.17 & 0.17* 0.60 + 0.24* 0.005
THC 0.33 £0.21 0.67 £ 0.21 1.50 + 0.22%, 0.50 + 0.22* 1.17 £ 0.17* 0.67 + 0.21% 0.004
LI 0.33 +0.21 0.67 £ 0.21 1.33 £ 0.21%1 0.50 + 0.22* 1.00 + 0.00* 0.67 £ 0.21% 0.014
TCS 033 +£0.21 0.67 + 0.21 133 £ 0.21%1 0.50 + 0.22* 1.00 + 0.26* 0.67 £ 0.21* 0.042

Notes: P¥: Kruskal-Wallis test p < 0.05;%p < 0.05: Compared to group C; Tp < 0.05: Group D; ¥ < 0.05: Group DIR.
Abbreviations: GV, glomerular vacuolization; TD, tubular dilatation; VVH, vascular vacuolization and hypertrophy; TCDN, tubular cell degeneration and necrosis; BSD,
Bowman space dilatation; THC, tubular hyaline cylinders; LI, lymphocyte infiltration; TCS, tubular cell shedding.

Biochemical Results

Liver tissue TBARS levels and SOD enzyme activities showed a significant difference between the groups (p < 0.001 and
p < 0.001, respectively). The TBARS level was found to be significantly higher in all groups compared with control
group (p = 0.012, p < 0.001, p = 0.007, p < 0.001, and p < 0.001, respectively). Similarly, TBARS levels were found to
be significantly higher in the DIR, DIR-S, and DIR-S-FC60 groups compared with group D (p < 0.001, p < 0.001, and
p = 0.022, respectively). In addition, TBARS levels were found to be significantly lower in groups DIR-FC60, DIR-S,
and DIR-S-FC60 compared with group DIR (p < 0.001 for all) (Table 3).

SOD enzyme activity was found to be significantly lower in all groups compared with control group (p < 0.001 for
all). Similarly, SOD enzyme activity was found to be significantly lower in groups DIR and DIR-S compared with group
D (p = 0.001 and p = 0.035, respectively). In addition, SOD enzyme activity was found to be significantly higher in
groups DIR-FC60 and DIR-S-FC60 compared with group DIR (p = 0.010 and p = 0.049, respectively) (Table 3).

Figure 7 Representative light microscopy of kidney tissue from the control group. Normal kidney tissue. Scale bar 50 ym, H&Ex|00.
Abbreviations: RC, renal cortex; pt, proximal tubule; dt, distal tubule; g, glomerulus; |, dilate tubules.
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Figure 8 Representative light microscopy of kidney tissue from the diabetes group. Scale bar 50 pm, H&Ex100.
Abbreviations: RC, renal cortex; pt, proximal tubule; dt, distal tubule; g, glomerulus; |, dilate tubules; m, macula densa; inf, inflammation; *, degenerated glomeruli; #,
Bowman space; v, vacuolation.

Figure 9 Representative light microscopy of kidney tissue from DIR group. Scale bar 50 um, H&Ex00.
Abbreviations: RC, renal cortex; pt, proximal tubule; dt, distal tubule; g, glomerulus; |, dilate tubules; m, macula densa; inf, inflammation; *, degenerated glomeruli; #,
Bowman space; v, vacuolation; dej, hydrophilic degeneration; conj, capillary/vascular congestion.

For blood glucose levels, there was a significant difference between the groups (p < 0.001). The blood glucose level
was found to be significantly higher in all groups compared with control group (p < 0.001 for all). Similarly, it was found
to be significantly higher in group DIR than in group D (p = 0.001). In addition, blood glucose levels were found to be
significantly lower in groups DIR-FC60, DIR-S, and DIR-S-FC60 compared with group DIR (p < 0.001, p = 0.008, and
p < 0.001, respectively) (Table 4).

When serum AST and ALT values were compared, there was a significant difference between the groups (p < 0.001
and p < 0.001, respectively). AST levels were found to be significantly higher in groups DIR, DIR-S, and DIR-S-FC60
compared with control group (p < 0.001, p < 0.001, and p = 0.036, respectively). Similarly, AST levels were found to be
significantly higher in the DIR and DIR-S groups compared with group D (p < 0.001 and p = 0.001, respectively). In
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Figure 10 Representative light microscopy of kidney tissue from the DIR-FC60 group. Scale bar 50 ym, H&Ex00.
Abbreviations: RC, renal cortex; pt, proximal tubule; dt, distal tubule; g, glomerulus; |, dilate tubules; m, macula densa; inf, inflammation; *, degenerated glomeruli; #,
Bowman space; v, vacuolation; dej, hydrophilic degeneration.

Figure || Representative light microscopy of kidney tissue from the DIR-S group. Scale bar 50 ym, H&Ex100.
Abbreviations: RC, renal cortex; pt, proximal tubule; dt, distal tubule; g, glomerulus; |, dilate tubules; m, macula densa; inf, inflammation; *, degenerated glomeruli; #,
Bowman space; v, vacuolation.

addition, AST levels were found to be significantly lower in groups DIR-FC60, DIR-S, and DIR-S-FC60 compared with
group DIR (p < 0.001, p = 0.002, and p < 0.001, respectively) (Table 4).

ALT levels were found to be significantly higher in groups DIR, DIR-FC60, DIR-S, and DIR-S-FC60 compared with
control group (p < 0.001, p = 0.002, p < 0.001, and p = 0.001, respectively). Similarly, ALT levels were found to be
significantly higher in groups DIR, DIR-S, and DIR-S-FC60 compared with group D (p < 0.001, p = 0.001, and p =
0.019, respectively). In addition, ALT levels were found to be significantly lower in groups DIR-FC60, DIR-S, and DIR-
S-FC60 compared with group DIR (p < 0.001, for all) (Table 4).

Kidney tissue TBARS levels, and SOD enzyme activities showed a significant difference between the groups (p <
0.001 and p < 0.001, respectively). TBARS levels were found to be significantly higher in all groups compared with

7552  rees International Journal of Nanomedicine 2023:18
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove

Sengel et al

Figure 12 Representative light microscopy of kidney tissue from the DIR-S-FC60 group. Scale bar 50 pm, H&Ex100.
Abbreviations: RC, renal cortex; pt, proximal tubule; dt, distal tubule; g, glomerulus; |, dilate tubules; m, macula densa; inf, inflammation; *, degenerated glomeruli; #,

Bowman space; v, vacuolation; dej, hydrophilic degeneration.

control group (p = 0.039, p < 0.001, p = 0.007, p < 0.001, and p < 0.001, respectively). Similarly, TBARS levels were
found to be significantly higher in groups DIR, DIR-S, and DIR-S-FC60 compared with group D (p < 0.001, p < 0.001,
and p = 0.030, respectively). In addition, TBARS levels were found to be significantly lower in groups DIR-FC60, DIR-
S, and DIR-S-FC60 compared with group DIR (p < 0.001 for all) (Table 5).

SOD enzyme activity was found to be significantly lower in all groups compared with control group (p < 0.001 for

all). Similarly, SOD enzyme activity was found to be significantly lower in group DIR than in group D (p = 0.002). In

addition, SOD enzyme activity was found to be significantly higher in groups DIR-FC60 and DIR-S-FC60 compared
with group DIR (p = 0.003 and p = 0.037, respectively) (Table 5).

Table 3 Liver Tissue Oxidant Status Parameter (Mean + SE)

Group C Group D Group DIR Group DIR- Group DIR-S Group DIR- [P
(n=7) (n=7) (n=8) FC60 (n = 8) (n=28) S-FC60 (n = 8)
TBARS 9.36 + 0.87 15.64 + 1.01% 38.65 + 2.20% ] 16.14 +2.50%F | 27.03 £ 125%™ | 21.30 + 1485 | <0.001
(nmol/mg. protein)
SOD 374.40 £ 37.25 188.25 + 18.74* 5865 + 12.31%1 | 159.88 + 26.87%F | 106.23 + 15.12%¢+ 134.63 + 11.74%% | <0.001
(U/mg protein)
Notes: P Kruskal-Wallis test p < 0.05; *p < 0.05: Compared to group C; Tp < 0.05: Group D; *p < 0.05: Group DIR.
Abbreviations: TBARS, thiobarbituric acid reactive substance; SOD, superoxide dismutase.
Table 4 Blood Glucose, AST, and ALT Data (Meant SE)
Group C Group D Group DIR Group DIR-FC60 Group DIR-S Group DIR-S-FC60 Pk
(n=7) (n=7) (n=8) (n=8) (n=8) (n=8)
Glucose 88.83 +2.23 325.17 + 31.44% 439.83 + 22.82%F 277.50 £ 22.25%F 350.33 £ 21.34%F 297.83 £ 23.39%F <0.001
ALT 48.83 + 3.40 61.17 +2.90 156.66 + 9.68% 79.50 + 551} 95.67 + 7.17%1* 83.17 + 627+ <0.001
AST 57.00 + 4.82 6420 + 4.85 182.50 + 19.18%1 87.17 + 10.85% 127.33 £ 15.65% 1 92.83 + 4.13%} <0.001
Notes: P Kruskal-Wallis test p < 0.05; *» < 0.05: Compared to group C; Tp < 0.05: Group D; *p < 0.05: Group DIR.
Abbreviations: AST, aspartate amino transaminase; ALT, alanine amino transaminase.
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Table 5 Kidney Tissue Oxidant Status Parameter (Meant SE)

Group C Group D Group DIR Group DIR-FC60 Group Group P
(n=7) (n=7) (n =8) (n=8) DIR-S (n = 8) DIR-S-FC60
(n=38)
TBARS 8.88 + 0.88 14.58 + 1.61* 36.39 + 2.07%1 16.58 + 3.1 1%} 2527 + 1.26%1F 2057 + 1425 | <0.001
(nmol/ mg. protein)
soD 443.78 + 50.65 192.93 + 23.14% 62.18 + 14.03* 1 186.92 + 24.69% 128.42 + 14.53%+ | 145.52 + 16.43%T | <0001
(U/ mg protein)

Notes: P¥: Kruskal-Wallis test, p<0.05; *p < 0.05: Compared to group C; Tp < 0.05: Group D; *p < 0.05: Group DIR.
Abbreviations: TBARS, thiobarbituric acid reactive substance; SOD, superoxide dismutase.

Discussion

In our study of diabetic mice, it was clear that fullerenol C60 administered IP 30 min before ischemia, alone or together
with sevoflurane, reduced oxidative stress in distant organ damage caused by lower extremity IRI, reducing liver and
kidney tissue damage in histopathologic examination.

IRI is a challenging clinical situation for physicians. Increased oxidative stress, lipid peroxidation, and ROS play roles
in IRL."® It is known that the IRI has negative effects on the affected organ and distant organs, such as the lung, liver, and
kidney.'”" In diabetes, mitochondrial dysfunction due to hyperglycemia causes excessive ROS production, which in
turn causes an increased inflammatory response with excessive cytokine production.>? Therefore, strategies to reduce IRI
damage are the subject of many studies and have become even more important in diabetes. For this reason, we used mice
with streptozocin-induced diabetes to determine the effects of fullerenol and sevoflurane. Two different methods can be
chosen to create streptozocin-induced diabetic models in mice. One of these is to use repeated low doses of streptozocin.
Animals are given multiple low doses of streptozocin over 5 days. In this way, exposure to the toxic effects of the drug is
reduced, and the onset of hyperglycemia is delayed. Another is the use of a single, high dose of streptozocin within 48
h and enables a rapid diabetes model with complete p-cell necrosis within 48 h.**2* In our study, we preferred to use
a single high dose of streptozocin (125 mg/kg single IP injection) in order to get rapid results. We did not experience any
animal loss.

In our results, we saw that TBARS levels were higher and SOD enzyme activities were lower in the liver and kidney
tissues in the diabetes group compared with the control group, and the difference was significant.

Liver tissue plays an important role in the body’s metabolism, detoxification, regulation of immunity, redox balance,
and the production of glutathione, an important endogenous antioxidant.*> Potentiation of liver antioxidant capacity may
help protect against liver damage caused by increased ROS in IRI. When acute kidney injury (AKI) occurs, supportive
treatment becomes important, and the limited therapeutic approach to preventing or treating its occurrence increases the
importance of preventive treatments.’?’ New preventive approaches to the prevention of distant organ effects of IRI are
the subject of much research. However, very few studies have investigated fullerenol and the distant organ effects of IRI.

Sevoflurane is mainly used in clinical anesthesia, and positive effects on liver and kidney tissue have been reported in
IRI due to its anti-inflammatory and anti-oxidant effects. Zhang et al used a liver IR model on rats. In the group that was
administered sevoflurane for 30 min after reperfusion, there were decreased AST, ALT, MDA, nitric oxide (NO), TNF-a,
IL-1B, and IL 6 levels, increased IL-10 levels and SOD enzyme activities, and decreased hepatocyte apoptosis. The
authors stated that they achieved this by increasing the expression of HO™', supporting the transport of Nrf2 from the
cytoplasm to the nucleus, and decreasing the expression of miR-122 and p53.%® Wang et al reported that sevoflurane
preconditioning reduced IR-induced hepatocyte apoptosis, hepatic inflammation, and the serum levels of GST, ALT, and
AST. They stated that this might be related to the inhibition of the IR-mediated down-regulation of miR-124-3p.?° In
another study, sevoflurane preconditioning was observed to decrease MDA and MPO levels and increase SOD and CAT
activity in a kidney IR mouse model. It has been stated that this is due to the upregulation of Nrf2 expression.*”

We observed an increase in AST and ALT levels in the streptozocin-treated group D, which was also shown in

31,32

previous studies, and the difference was not significant compared with the control group. When we looked at the
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other groups, the best results in terms of AST, ALT, and glucose levels in the groups in which fullerenol C60 was applied
were in group DIR-FC60, followed by groups DIR-S-FC60 and DIR-S, respectively.

Lipid peroxidation in the liver tissue was measured using a spectrophotometric assessment of TBARS.?* SOD is an
enzyme that prevents the formation of OH radicals by catalyzing the conversion of superoxide (O, ) radicals to
molecular oxygen (O,) or hydrogen peroxide (H,O,). It is an important antioxidant enzyme.** In our study, the best
results for TBARS levels and SOD enzyme activities in liver tissue were in group DIR-FC60 compared with group DIR,
followed by groups DIR-S-FC60 and DIR-S, respectively. Although we achieved better results in group DIR-S, the
difference was not significant compared with group DIR. These results seem to be compatible with histopathological
liver tissue results. Hydropic degeneration, sinusoidal dilatation, pycnotic nucleus, prenecrotic cell, and mononuclear cell
infiltration in the parenchyma also showed more positive results in group DIR-FC60. It may be concluded that the use of
fullerenol together with sevoflurane increases the positive results compared with sevoflurane used alone.

Yavuz et al stated that in the hepatic IRI model they used on rats, the best TBARS, CAT, and GST results were in the group
in which they used 100 mg/kg fullerenol, in the group in which they gave fullorenol-sevoflurane, and in the group in which
they administered sevoflurane, respectively. They stated that histopathologic results were better in all three groups compared
with the IR group and that fullorenol improved histopathologic results with its antioxidative effect.'? We found similar results.

Xu et al investigated the potential hepatoprotective and nephroprotective effects of fullerenol in carbon tetrachloride
(CCl4)-induced hepatotoxicity—nephrotoxicity to examine oxidative stress-involved damage in rats. They found that
pretreatment with fullerenol could improve serum marker levels and histopathological results by increasing antioxidant
capacity.”> Stvgin et al found that, in sevoflurane-administered rats, pretreatment with 100 mg/kg IP fullerenol before
sevoflurane anesthesia decreased MDA levels and CAT enzyme activity. They showed that it reduced oxidative stress by
increasing paraoxonase (PON) levels and effectively reducing histopathological kidney damage.*®

In our study, when we looked at the TBARS levels and SOD enzyme activities in the kidney tissue, the best results
were in groups DIR-FC60, DIR-S-FC60, and DIR-S, respectively. In terms of TBARS, the difference between all three
groups and the DIR group was significant. For SOD, the difference between groups DIR-FC60 and DIR-S-FC60 was
significant compared with group DIR. Again, in our histopathologic results, there was a significant difference in groups
DIR-FC60 and DIR-S-FC60 in terms of GV, TD, VVH, TCDN, BSD, THC, LI, and TCS compared with the DIR group.
More positive results were found in group DIR-S compared with group DIR.

In one study, the effects of fullerenol in the prevention of hepatotoxicity induced by a single high dose of doxorubicin
(10 mg/kg IP) were investigated in rats, and fullerenol 50 mg/kg and fullerenol 100 mg/kg IP were administered 30 min
before doxorubicin administration. Positive results were obtained in both groups in terms of the activity of catalase,
superoxide dismutase, glutathione peroxidase, and glutathione reductase, and they stated that fullerenol 100 mg/kg IP
significantly reduced the lipid peroxidation process and the degenerative and vascular changes caused by doxorubicin.®’
Srdjenovic et al investigated the efficacy of 100 and 50 mg/kg IP fullerenol C60 administration 30 min before 10 mg/kg
IP doxorubicin administration showed that 100 mg/kg fullerenol inhibited oxidative stress in rat kidneys, testicles, and
lungs.*® Based on previous studies, we decided on the application route and dose of fullerenol C60.

Our study has some limitations. There were a small number of animals in each group, and we did not measure
hemodynamic parameters such as arterial blood pressure or pulse.

Based on these findings, it can be concluded that fullerenol C60 administered at a dose of 100 mg/kg IP alone or in
combination with sevoflurane anesthesia significantly attenuated the negative effects of lower extremity IR on distant
organs, the liver, and the kidneys in diabetic mice by arranging lipid peroxidation levels and antioxidative enzyme
activity. Due to its antioxidant activity, hepatoprotective and nephroprotective effects were also observed histopatholo-
gically in liver and kidney tissue. These results will become even more important in diabetics who are exposed to chronic
oxidative stress. Nanoparticles, especially fullerenol C60, will continue to be the subject of many studies in the future on
IRI and on preventing the negative effects of IRI in distant organs.
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