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Abstract

Our aim was to investigate the protective role of ozone treatment against gentamicin-induced nephrotoxicity in an experimental rat model.
In this study, a total of 30 rats were allocated in 5 groups (n=6 in each group). The control group (Group 1) received isotonic saline only, while
Groups 2 and 3 received gentamicin at doses of 15 mg/kg/day and 50 mg/kg/day, respectively. In Group 4, intraperitoneal ozone treatment
(1 mg/kg, 5% 0s-95% O,) was performed after administration of gentamicin at a dose of 15 mg/kg/day. Group 5 underwent ozone treatment
intraperitoneally following the application of gentamicin (50 mg/kg/day). Nephrotoxicity was formed by administration of glycerol. Serum levels
of urea, creatinine, neutrophil-gelatinase-associated lipocalin (NGAL), lactate dehydrogenase (LDH), total antioxidant capacity (TAC) and protein
carbonyl were measured, and kidneys were histopathologically examined after the sacrifice of animals on the 5" day. Group 4 displayed more
favorable outcomes regarding biochemical markers of oxidative stress such as NGAL, LDH, creatinine, urea, TAC and protein carbonyl. Similarly,
histopathological alterations indicating gentamicin-induced nephrotoxicity such as hemorrhage, the presence of protein casts and epithelial
injury in renal tubules were less evident in Groups 4 and 5 which received ozone treatment. To conclude, results of this experimental study
demonstrated that ozone treatment might ameliorate biochemical disturbances and histopathological alterations linked with gentamicin-
induced nephrotoxicity. However, further trials are warranted to document the actual therapeutic potential of ozone treatment in the clinical setting.
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Gentamisinin indiikledigi Nefrotoksisitede Ozonun Koruyucu Etkisi ve
Neutrophil Gelatinase-Associated Lipocalin (NGAL) Diizeyleri: Deneysel
Calisma

Oz

Deneysel sican modelinde, ozon tedavisinin gentamisin kaynakli nefrotoksisiteye karsi koruyucu roliinii arastirmak amaclanmistir. Bu ¢alismaya
5 grup olacak sekilde toplamda 30 rat dahil edildi (her grupta n = 6). Kontrol grubu (Grup 1) sadece izotonik salin alirken, Grup 2 ve 3, sirastyla 15
mg/kg/giin ve 50 mg/kg/giin dozlarinda gentamisin aldi. Grup 4’e 15 mg/kg/giin dozunda gentamisin uygulamasindan sonra intraperitoneal
ozon tedavisi (1 mg/kg, %5 0s-%95 O,) uygulandi. Grup 5% 50 mg/kg/ glin dozunda gentamisin uygulamasindan sonra intraperitoneal ozon
tedavisi (1 mg/kg, %5 0s-%95 O,) uygulandi. Gliserol uygulanmast ile nefrotoksisite olusturuldu. Serum diizeyleri Gre, kreatinin, notrofil-jelatinaz
iliskili lipokalin (NGAL), laktat dehidrojenaz (LDH), total antioksidan kapasite (TAC) ve protein karbonil 6l¢lldi ve 5. glin hayvanlarin sakrifiye
edilmesinden sonra bobrekler histopatolojik olarak incelendi. Grup 4'Gin; NGAL, LDH, kreatinin, lre, TAC ve protein karbonil gibi oksidatif stresin
biyokimyasal belirleyicileri ile daha olumlu sonuglar verdigi g6zlemlendi. Benzer sekilde, kanama, protein dokiintdileri ve renal tiiplerde epitel
hasari gibi gentamisin ile indiiklenen nefrotoksisiteyi gosteren histopatolojik degisiklikler, ozon tedavisi alan Grup 4 ve 5'te daha az belirgindi.
Bu deneysel calismanin sonuglari ozon tedavisinin, gentamisin kaynakli nefrotoksisite ile baglantili biyokimyasal bozukluklari ve histopatolojik
degisiklikleri iyilestirebilecegini gdstermistir. Bununla birlikte, klinik ortamda ozon tedavisinin gercek terapotik potansiyelini belgelemek icin
daha fazla deneme yapilmasi gerekmektedir.

Anahtar sézciikler: Gentamisin kaynakl nefrotoksisite, Ozon, Oksidatif stres, NGAL, Antioksidan savunma
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INTRODUCTION

Kidneys are frequently vulnerable to the deleterious effects
of various drugs. Among these, antibiotics are the most
common medications resulting in nephrotoxicity. The
reason for this is excretion of antibiotics or their metabolites
and high concentration of these substances in renal tissue.
Nephrotoxicity due to antibiotics may occur due to several
mechanismsincluding direct cellularinjury,immunological
mechanisms, hypersensitivity reactions and intratubular
obstruction attributed to precipitation of drugs. Acute
renal failure (ARF) linked with acute tubular necrosis,
or acute interstitial nephritis may be encountered as a
consequence of these pathological processes. Moreover,
disturbances of acid-base and electrolyte balances may be
detected following the use of antibiotics ['.

Nephrotoxicity is diagnosed in 10-25% of patients treated
with aminoglycosides. Nephrotoxicity may develop due to
the toxic accumulation in the renal cortex and diminution
of glomerular filtration and renal blood flow. Risk factors
involve advanced age, former renal dysfunction, dehydration,
pregnancy, hypothyroidism, metabolic acidosis, use of
other nephrotoxic agents (amphotericin B, vancomycin,
diuretics, non-steroidal anti-inflammatory drugs, cisplatin,
cyclosporin) and long-term administration of antibiotics .

In current practice, monitorization of serum levels of creatinine
and aminoglycosides, the omission of simultaneous use of
other nephrotoxic agents and limitation of the administration
of aminoglycosides in short-term are recommended
to decrease the risk of nephrotoxicity. Gentamicin is an
important aminoglycoside used against Gram (-) bacterial
infections. Acute renal failure is detected in up to 20%
of patients even after the use of aminoglycosides at
therapeutic doses 1%,

Neutrophil gelatinase-associated lipocalin (NGAL) gene
was recently shown to be one of the maximally induced
genes early phase in the postischemic and nephrotoxic
kidney injury. NGAL production is rapidly increasing in
response to renal epithelium damage or inflammation.
Animal models of NGAL protein have been shown to
increase in renal tubule cells in ischemic and nephrotoxic
akute kidney injury, as well as in plasma and urine levels.
Protein carbonyl content is the most general and well-
used biomarker of severe oxidative protein damage '],

Glycerol administration is an established model for ARF in
rats 1'%, In the present study, we aimed to investigate the
alterations in biochemical markers, and histopathological
indicators of renal injury in an experimental model of
ARF triggered with the administration of glycerol in rats
receiving aminoglycosides at two different doses high
doses. Furthermore, we sought whether ozone exhibited
a protective effect against the hazardous impacts of
gentamicin on kidneys.

MATERIAL and METHODS

Study Design

In this experimental study, ARF was elicited with the use
of 50% glycerol at a dose of 9 mL/kg intramuscularly in all
groups else than the control group. Five groups (n=6 for
each group) consisting of male Sprague-Dawley rats were
constituted. The animals were kept under a 12 h light/
dark cycle with room temperature maintained at 25°C,
humidity at 60% and food and water available ad libitum.
The experiments were performed in compliance with the
ethical guidelines for investigations in laboratory animals
and were approved by the Ethical Committee for Animal
Experimentation (The study was approved from the Kafkas
University Animal Experiments Local Ethics Committee
(KAU-HADYEK/2018-076).

After the administration of glycerol, rats were followed-up
for macroscopic hematuria. Gentamicin was parenterally
given at doses of 15 mg/kg/day and 50 mg/kg/day
consecutively for 3 to 5 days. In the control group (Group 1),
isotonic saline (0.1 mL) was administered intraperitoneally
for five days. Second and third groups received gentamicin
at doses of 15 mg/kg/day and 50 mg/kg/day, respectively.
In the fourth group, intraperitoneal ozone treatment (1
mg/kg, 5% 03-95% O,) was performed after administration
of gentamicin at a dose of 15 mg/kg/day. The fifth group
underwent ozone treatment intraperitoneally (1 mg/kg,
5% 05;-95% O,) following application of gentamicin (50
mg/kg/day). After the treatment protocols were complete,
intracardiac blood samples were obtained from rats that
were kept fasting for 8 h. Body weights of all animals were
recorded in 5 groups. Prior to the intervention, thiopental
sodium was intraperitoneally given at a dose of 75 mg/
kg. Animals were sacrificed on the 5" day, while those
with the deterioration of general condition, poor feeding,
significant macroscopic hematuria were sacrificed on the
3 day. Kidneys were rapidly dissected, removed and fixed
in 10% formaldehyde. Tissues were embedded in paraffin,
sectioned at 3 mm, stained with hematoxylin and eosin
(H/E) and evaluated under light microscopy.

Outcome Parameters

Histopathological examination involved assessment of
intratubular hemorrhage, intratubular protein leakage,
tubular epithelial injury, interstitial hemorrhage and
inflammation, glomerular injury and edema in kidney
tissue.

Biochemical indicators under investigation were neutrophil
gelatinase-associated lipocalin (NGAL) (ng/mL), antioxidant
(Mm), protein carbonyl (hmol/mL), urea (mg/dL), lactate
dehydrogenase (LDH) (U/L), and creatinine (mg/dL).

The laboratory investigators were blinded to the sample
sources and clinical outcomes until the end of the study.
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Measurement of Biochemical Indicators

Neutrophil Gelatinase-Associated Lipocalin (NGAL): For
measurement of serum NGAL levels, ELISA was performed
in accordance with the previous literature "\, Microtiter
plates pre-coated with a mouse monoclonal antibody
raised against human NGAL (HYB211-05, AntibodyShop,
Gentofte, Denmark) were blocked with buffer containing
1% bovine serum albumin, coated with 100 pL of serum
samples or standards (NGAL concentrations ranging from
1-1000 ng/mL, Randox Laboratories, Crumlin, UK), and
incubated with a biotinylated monoclonal antibody against
human NGAL (HYB211-01B, AntibodyShop) followed by
avidin-conjugated HRP (Dako, Carpinteria, CA, USA). TMB
substrate (BD Biosciences, San Jose, CA) was added for
color development, which was read after 30 min at 450
nm with a microplate reader (Benchmark Plus, BioRad,
Hercules, CA, USA). All measurements were made in
triplicate. The inter- and intra-assay coefficient variations
ranged between 5-10%.

Total Antioxidant Capacity (TAC): Total antioxidant
capacity (TAC) was measured in serum via a commercially
available kit (Randox Co, England). The assay is based on
the incubation of 2, 2’-azinodi-(3-ethylbenzthiazoline
sulphonate) (ABTS) with methmyoglobin and hydrogen
peroxide to produce the radical cation ABTS+, which has
a relatively stable blue-green color, measured at 600 nm.
The suppression of the color is compared with that of
the Trolox, which is widely used as a traditional standard
for TAS measurement assays, and the assay results are
expressed as Trolox equivalent (mmol/L) 18,

Protein Carbonyl: Serum protein levels were measured,
and the concentration was brought to 0.5-2.0 mg protein
in the test sample by diluting with high purity water
(TKA MicroMed, TKA Wasseraufbereitungssysteme GmbH,
Germany). Protein carbonyls (damaged proteins) in the
serum were measured using a commercially available
protein carbonyl content kit (BioVision Inc., USA) according
to the manufacturer’s instructions ",

Urea and Creatinine: Serum urea and creatinine were
determined using the standard assay kit following back
titration, diacetyl monoxime, and alkaline picrate methods,
respectively %,

Lactate Dehydrogenase (LDH):Following serum preparation,
level of LDH was measured using the method described by
Buhl and Jackson ',

Statistical Analysis

Biochemical variables were compared using one way
ANOVA, and post hoc comparisons were carried out by
Tukey HSD test under the assumption of equal variances.
The assumption of normality is assessed with the Shapiro-
Wilk test for each group (P>0.05). The pathological
variables were compared using the Fisher’s exact tests.

RESULTS

A comparative analysis of biochemical variables including
NGAL, protein carbonyl, urea, creatinine, and LDH in 5
experimental groups is shown in Table 1 and Fig. 1. Our
results yielded that Group 4 displayed the most favorable
results in terms of markers of antioxidant defense and
oxidative stress. Interestingly, an increased dose of
gentamicin seemed to result in deterioration of oxidative
system balance in spite of administration of ozone
treatment. An increased dose of gentamicin without
administration of ozone treatment was associated with a
more obvious increase in biochemical variables, whereas
rats receiving the therapeutic dose of gentamicin together
with the application of ozone treatment displayed the
most favorable outcomes.

In Table 2, an overview of frequencies of histopathological
alterations is presented. Accordingly, hazardous histo-
pathological effects of gentamicin-induced nephropathy
such as intratubular hemorrhage, tubular protein cast
formation and tubular epithelial injury were alleviated by
administration of ozone treatment in Group 4. However,
histopathological changes such as interstitial hemorrhage
and interstitial inflammation did not display any significant
differences between any groups. Fig. 2-5 demonstrate
various histopathological alterations that occur secondary
to gentamicin-induced nephrotoxicity.

DISCUSSION

Thepurposeofthepresentstudywastodeterminetheeffect
of ozone treatment against gentamicin-induced nephro-
toxicity in an experimental rat model. Histo-pathological
and biochemical evaluations of tissue and serum samples
obtained from subjects demonstrated that ozone treatment
alleviated the nephrotoxic effects, particularly in rats
receiving therapeutic doses of gentamicin. These effects
were evident both at the tissue level and in terms of
biochemical oxidative stress marker levels.

The mechanism underlying aminoglycoside-induced
nephrotoxicity is not well elucidated. The increase in
oxidative stress markers and pathological alterations in
renal tissue may provide important hints on the underlying
pathophysiology. Histopathological examination of the
kidneys of rats yielded that intratubular hemorrhage,
tubular epithelial injury, glomerular injury and edema
mightreflecttherenalinjury secondarytoaminoglycosides.
As a novel mode of treatment, ozone may have remarkable
potential as a protective agent against gentamicin-
induced nephrotoxicity. As shown in relevant publications,
the basis for this potential may be related to antioxidative
mechanisms 2.

Borrego et al.?® reported that oxidative preconditioning
with ozone (Os) displayed protective effects against drug-
induced acute nephrotoxicity in rats. They noted that
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Table 1. Comparison of biochemical variables between groups

Groups

Variable

Group 1 Group 2 Group 3 Group 4 Group 5 P*
NGAL (ng/mL) 4.2-10.0 24.7-51.7 45.6-81.3 10.1-22.5 20.5-67.1
Min-Max (Mean) (6.4) (41.52) (68.6) (16.2) (43.1) <0.001
Tukey HSD Test/F value (2.1)bce (10.2)2<d (14.3)2bde (4.2)0<e (18.0)2<d
TAC (Mm) 2.0-3.8 3.2-3.8 2.1-3.7 3.8-4.6 3.9-4.7
Min-Max (Mean) (2.8) (3.6) (3.1) (4.2) (4.3) <0.001
Tukey HSD Test/F value (0.7)de (0.2) (0.6)% (0.3)* (0.4)<
Protein carbonyl (hmol/mL) 43.4-80.4 75.0-108.8 94.2-115.9 68.8-89.5 68.1-83.6
Min-Max (Mean) (64.5) (87.9) (101.2) (79.3) (77.7) <0.001
Tukey HSD Test/F value (12.8)b< (12.2)? (8.6)4= (7.9)¢ (7.4)¢
Urea (mg/dL) 34-58 364-632 505-771 58-352 398-771
Min-Max (Mean) (41.3) (488.3) (624.0) (198.3) (498.2) <0.001
Tukey HSD Test/F value (8.8)b<e (102.7)2 (115.9)24 (112.8)P<e (155.1)4
LDH (U/L) 736-913 953-1182 1471-2204 354-1380 763-1123
Min-Max (Mean) (834.5) (1100.5) (1769.0) (839.5) (962.8) <0.001
Tukey HSD Test/F value (71.6)° (80.0)¢ (319.5)2bde (350.8)¢ (145.0)<
Creatinine (mg/dL) 0.45-0.59 4.73-7.98 9.43-11.7 2.85-5.75 3.04-9.48
Min-Max (Mean) (0.50) (6.23) (10.35) (4.05) 6.11) <0.001
Tukey HSD Test/F value (0.05)b<de (1.26)2< (0.88)2bde (1.30)2¢ (3.05)2¢

*One-way ANOVA is performed; TAC: total antioxidant capacity; NGAL: neutrophil gelatinase-associated lipocalin; LDH: lactate dehydrogenase; Post hoc comparisons
are conducted for further investigation of the differences between individual groups using the Tukey HSD test which assumes equal variances for the groups. Statistically
significant differences are presented. ¢ P<0.05 is observed for comparison with Group 1; ® P<0.05 is observed for comparison with Group 2; < P<0.05 is observed for
comparison with Group 3;¢P<0.05 is observed for comparison with Group 4; ¢P<0.05 is observed for comparison with Group 5; The letters *%<%¢ in superscripts indicate
Groups 1, 2, 3, 4, 5, respectively. They indicate the groups with which the group displays significant difference in terms of variable under investigation
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Fig 1. Demonstration of alteration of neutrophil gelatinase associated lipocalin, antioxidant, protein carbonyl,
urea, lactate dehydrogenase and creatinine levels in 5 experimental groups
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Table 2. Comparison of frequencies for pathological variables

Intratubular hemorrhage

None 6b,c,d,e Oa,d,e Oa,d,e Oa,b,c Oa,b,c
Moderate @ O35S @ 4abe e
Mild ob,c,d,e qade Oa,d,e 1abc 3a,b,c
Severe Qbede S (R e 020

<0.001

Intratubular epithelial injury

None GPcde 1ad 02d 02be 02
Mild Qbcde 02d 02d Gabe 42
Moderate Qbcde 5ad 604 1abe 2
Severe Qb<ede 04 024 02be 0°

<0.001

Edema
None 6 5 5 3 3

N/A
Yes 0 1 1 3 3

*Fisher’s Exact test is performed

terms of variable under investigation

9P<0.05 is observed for comparison with Group 1, °P<0.05 is observed for comparison with Group 2; <P<0.05 is observed for comparison with Group 3; 4
P<0.05 is observed for comparison with Group 4; ¢P<0.05 is observed for comparison with Group 5
The letters a, b, ¢, d, e in the table indicate Groups 1, 2, 3, 4, and 5, respectively. They show the groups with which the group displays significant difference in

Fig 2. Extensive presence of protein casts and fibrin (H&E;
100x magnification); green arrowheads denote fibrin and
white arrowheads indicate protein casts
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Fig 3. Decreased protein casrs in cortical tubules (H&E; 100x
magnification), green arrowheads show tubules without
protein casts, while white arrowheads indicate protein casts

Fig 4. Extensive intratubular casts (H&E; 200x magnification),
intratubular protein casts are demonstrated with white
arrowheads

Fig 5. Dilatation and epithelial degenration in tubules (H&E;
400x magnification), white arrowheads indicate degenerated
tubular epithelium
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ozone treatment remarkably avoided the decrease in renal
antioxidant defense mechanisms and thereby avoided
the deleterious impacts of drugs 2324, They implied that
the beneficial effects of ozone treatment were dose-
dependent. Ozone treatment was supposed not only to
enhance the biosynthesis of antioxidant enzymes but also
it could inactivate deleterious pathways of oxidative stress
injury 224 In conjunction with our results, ozone treatment
may attenuate renal tubular damage and facilitate the
regenerative response of damaged renal tubular cells.
The renal damage caused by aminoglycosides may be a
consequence of depletion and inhibition of antioxidant
systems.

Aminoglycosides have been commonly used due to their
powerful effects particularly against life-threatening
Gram (-) infections. However, nephrotoxicity may occur
in up to 10-15% of patients and may influence the rates
of morbidity, mortality, cost-effectivity as well as the
duration of hospitalization 22, Aminoglycosides are
polycationic drugs that are water-soluble, and they
scarcely bind to plasma proteins. They are excreted from
kidneys without any significant metabolic change. Some
amount of drug may bind to the anionic phospholipids
on the apical membrane of tubular cells, and it may be
transferred intracellularly to lysosomes using pinocytosis.
The subsequent release of lysosomal content to the
cytoplasm may cause deterioration of respiratory functions
of mitochondria, which leads to the formation of reactive
oxygen species. Accumulation of drug in renal cortex
causes a high level of drug at tissue compared to the serum
drug levels. Binding of aminoglycosides on the double
phospholipid layer of cell membrane adversely affects
the transport processes and receptor functions. Thereby,
the damaged cellular membrane cannot be repaired,
and necrosis can be evident. Clinically, aminoglycoside-
induced nephrotoxicity may lead to various renal findings.
Deterioration of proximal tubular transport may result in
glucosuria, aminoaciduria, and tubular proteinuria. Loss of
potassium and magnesium may be attributed to an adverse
effect on membrane transport and cellular permeability.
Disturbance of the effect of adenylate cyclase on renal
collecting ducts may cause failure of the concentrating
function of kidneys in case of aminoglycoside-induced
nephrotoxicity. Aminoglycoside nephrotoxicity is diagnosed
clinically as a non-oliguric acute renal failure after
administration of aminoglycoside treatment for about one
week. Monitorization of drug levels to foresee nephro-
toxicity is a controversial issue since the increase of
threshold value is mostly due to the decrease of excretion
linked with diminution of glomerular filtration rate. In
other words, the increased threshold already indicates
the presence of nephrotoxicity. Furthermore, there has
been no relationship between peak aminoglycoside
levels and occurrence of renal failure. Thus, follow-up of
aminoglycoside levels has very limited value for early
identification of nephrotoxicity !'252,

In the literature, there are publications that support the
beneficial effects of ozone treatment against cisplatin
-induced nephrotoxicity 2%, To the best of our know-
ledge, this study is the first trial that demonstrated
the protective effects of ozone against gentamicin-
induced nephrotoxicity. We hope that our promising
results for the use of ozone to ameliorate the hazardous
effects of aminoglycosides on kidneys may encourage
implementation of further experimental and clinical trials
on this topic. The utility of ozone against gentamicin-
induced nephrotoxicity may not only improve the rates
of mortality and morbidity, but it may also contribute to
achieving a more favorable cost-effectivity.

The oxidative features of ozone function as a double-
edged sword. The generation of reactive oxygen species
(ROS) may trigger either cell-activation or impairment
depending on the amount. Usually, an optimal amount
of ROS may activate phosphokinases and enhance the
intracellular calcium levels; exerting a cytoprotective effect.
On the other hand, a large amount of ROS is associated
with hyperoxidation of DNA lipids and proteins, which in
turn causes further impairment of cellular metabolism 3,
Hence, determination of the optimal dose in ozone
treatment is a key point that remains to be investigated in
further studies.

Moreover, possible protective roles of other antioxidant
agents such as vitamin E, ascorbic acid, lipoic acid and
glutathione against aminoglycoside-induced nephro-
toxicity must be elucidated. Borrego et al.>*! have reported
that ozone pretreatment had eliminated the increase
in serum creatinine levels and had inhibited the acute
tubular necrosis induced by cisplatin in renal tissue.
Our data demonstrated that ozone might display these
beneficial effects similarly versus gentamicin-induced
nephrotoxicity.

Evaluation of both biochemical and histopathological
aspects of ozone was a strength of the present study. On
the other hand, lack of investigation of the dose-related
effects of ozone treatment on gentamicin-induced nephro-
toxicity was a weakness of our study.

To conclude, results of this experimental study demonstrated
that ozone treatment might ameliorate biochemical
disturbances and histopathological alterations due to
gentamicin-induced nephrotoxicity. However, further trials
are warranted to document the actual therapeutic potential
of ozone treatment in the clinical setting.
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