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Abstract: Amikacin is one of the aminoglycoside antibiotics widely used in intensive care units for
pediatric and adult patients, especially for serious infections such as life-threatening Gram-negative
infections. This study investigated whether misoprostol, which has antioxidant and antiapoptotic
properties, had a beneficial effect on liver damage caused by amikacin administration in rats.
Misoprostol treatment increased serum high-density lipoprotein levels and significantly decreased
alkaline phosphatase, alanine transaminase, aspartate transaminase, total cholesterol, low-density
lipoprotein, direct bilirubin, total bilirubin, and triglyceride levels. Cytochrome P450 2B1 and
Cytochrome P450 2B2 gene expressions induced by amikacin treatment were ameliorated by
misoprostol. Liver weights increased by the phospholipidosis effect of amikacin were improved by
misoprostol treatment. A decrease in malondialdehyde levels and an increase in glutathione activities
were detected in the amikacin+misoprostol group compared to the amikacin group. Oxidative damage
caused by amikacin was ameliorated by misoprostol treatment due to its antiapoptotic and antioxidative
effects. Treatment with misoprostol significantly reduced Caspase 3 and Tumor Necrosis Factor-alpha
levels compared to amikacin. Our results showed that misoprostol could serve as a new therapeutic
target to prevent amikacin-induced hepatotoxicity by inhibiting reactive oxygen species generation and
modulating apoptosis.
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1. Introduction

Aminoglycosides (AG) are one of the most effective antibiotics developed in the 1940s
to treat a broad spectrum of bacterial infections [1, 2]. AGs were isolated from
Micromonospora purpurea, and Streptomyces griseus, and several natural and synthetic AGs
were subsequently developed, such as gentamicin (GC), amikacin (AK), and tobramycin (TM)
[3]. AGs bind to the 30S subunit of the bacterial ribosome, inhibiting the synthesis of proteins
necessary for bacterial growth [4]. As the use of AGs becomes more widespread, the toxic
effects of these agents, especially ototoxicity and nephrotoxicity, are more common. The
development of multidrug resistance, especially among bacteria, has led clinicians to use AGs
to treat serious infections. Studies have shown that one of the mechanisms underlying the toxic
effect of AK causes apoptosis by generating reactive oxygen radical species (ROS) [5]. In a
study on hepatotoxicity of AK, primary and secondary micro cholestasis which are associated
with the detachment of mitochondrial cristae and phospholipid aggregations, were observed,
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and an increase in blood urea nitrogen (BUN) and aspartate transaminase (AST) was reported
[6].

The liver is a crucial center for numerous physiological processes, including nutrient
metabolism, endocrine control, blood volume regulation, lipid and cholesterol homeostasis,
immune support, and the disintegration of xenobiotic compounds and many drugs [7]. The liver
becomes an important target for the emergence of toxicity of xenobiotics and drugs [8]due to
its complex metabolism and relationship with the gastrointestinal tract [9]. The imbalance
between detoxification processes and the formation of toxic metabolites during drug
metabolism affects the degree of hepatotoxicity [9]. Liver diseases due to drugs are increasing
day by day. As a result, morbidity and mortality increase, and quality of life gradually
decreases. Therefore, there is a need for natural protective agents to reduce the toxic effects of
drugs. The liver is the main organ involved in drug metabolism, and Cytochrome P-450s
(CYP)s are predominantly involved in drug metabolism [10, 11].

According to the general view, the most important cause of drug-induced liver injury is
hepatotoxicity of parent compounds by metabolization by CYPs. The resulting reactive
metabolites lead to hepatocyte apoptosis and mitochondrial dysfunction [12]. Therefore, CYP
enzymes have an important role in investigations regarding drug-induced hepatotoxicity.
CYPs, consisting of a large family of hemoproteins, are phase | metabolic enzymes with
essential roles in the biotransformation of fatty acids, various xenobiotics, steroids [13, 14],
dietary chemicals, and endogenous molecules [15]. This study investigated the effect of AK
and MP on CYP2B1 and CYP2B2 gene expressions. Cytochrome P450 2B1, encoded by
CYP2B1, and cytochrome P450 2B2, which CYP2B2 encodes, can be induced in rat liver [16].
However, the molecular mechanisms underlying the increased expression of cytochrome P450
genes, which play a key enzyme role in drug metabolism, have not yet been clarified [17]. In
particular, the induction mechanism of the CYP2B subfamily is not fully understood [18].

Many agents have been tried to prevent toxicity from AK, but no effective and safe
agent has been found, and it is still used despite serious side effects. This study used
Misoprostol (MP) to reduce or prevent AK-induced hepatotoxicity. MP is an antioxidant
Prostaglandin E1 (PGE1) analog, and in recent years, it has had antioxidant properties and
properties such as reactive oxygen species scavenger [19] and antiapoptotic [20], or
cytoprotective effects [20, 21]. In a study, it was reported that hepatotoxicity caused by drugs
is closely related to enzyme induction, and liver function tests alone are not sufficient to
determine drug-induced hepatotoxicity [22]. Therefore, in this study, biochemical and
oxidative stress parameters, gene expressions, and histopathological and immunochemical
studies were considered together within the framework of possibilities to understand AK-
induced hepatotoxicity. Also, there are no data showing the protective effect of MP on hepatic
toxicity caused by AK. This experimental study was designed to reveal whether MP has
antioxidant and antiapoptotic properties and curative and preventive effects against AK-
induced ROS formation.

2. Materials and Methods

2.1. Chemicals.

AK was supplied as Amikozit Flacon (0.5g/2ml; Eczacibasi, Istanbul, Turkey).
Misoprostol was available as Cytotec® (0.2 mg; Ali Raif, Istanbul, Turkey). All other
chemicals used in the study were bought from Sigma Aldrich.
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2.2. Animals.

Male Sprague-Dawley rats (n = 24; weight: 220-270 g; age: 3-4 months) were obtained
from Adiyaman University Experimental Animals Research Center. All rats were in standard
cages at 22 + 2 °C, 60% + 5% humidity, and 12 h/12 h light/dark cycle. Animals were given
standard rat chow and water throughout the experiment. All animal experiments conducted
during this study were approved by Adiyaman University Animal Experiments Ethics
Committee (Approval 1D: 2021/024).

2.3. Experimental design.

24 rats were acclimated for one week and then equally divided into four groups (n =
6/group):

(1) Control group: Intraperitoneal (i.p.) saline for six days;

(2) AK Group: 1.2 g/kg AK i.p. single dose [23];

(3) MP Group: 0.2 mg/kg/day MP [24] orally for six days;

(4) AK+MP Group: 1.2 g/lkg AK i.p. single dose + 0.2 mg/kg/day MP orally for six
days, three days before AK, and three days after were continued.

After the last MP administration, all rats were fasted for 12 hours and weighed. Samples
of blood were taken from the abdominal aorta of anesthetized rats and centrifuged at 5000 rpm
for 15 minutes at room temperature (RT) to collect their serum, then stored at 4°C. The liver
of each rat was rapidly removed and washed, then divided into three parts. One portion was
stocked at -86°C to measure gene expression levels and the other portion to measure oxidative
stress biomarkers. The third part was fixed in 10% neutral formalin solution until histological
and immunohistochemical analysis.

2.4. Biochemistry.

Serum biomarkers of liver function are alanine aminotransferase (ALT), alkaline
phosphatase (ALP), aspartate aminotransferase (AST), cholesterol (CH), triglycerides (TG),
high-density lipoprotein (HDL), low-density lipoprotein (LDL), direct bilirubin (DB) and total
bilirubin (TB) levels and were measured by Abbott Labs Architect C16000 systems (Abbott
GmbH & Co, Germany) and commercial Abbott kits were used. Serum activities of liver
function parameters were determined using the spectrophotometric method in the wavelength
range of 340-380 nm [25, 26].

2.5. Biomarkers of oxidative stress.

Malondialdehyde (MDA) as a lipid oxidation product forms thiobarbituric acid reagents
(TBARS), which can be easily measured by the double-boiled spectroscopic thiobarbituric acid
(TBA) reactivity method and can react with two equivalents of TBA to give a pink adduct [27].
MDA was reacted with TBA at pH 2-3 and 99 °C for 20 minutes. The reaction was finally
measured by spectrophotometer (UV mini-1240; Shimadzu, Tokyo, Japan) at 532 nm.

Glutathione (GSH) was measured according to the method described by Elman [28].
After 5,5'-dithiobis 2-nitrobenzoic acid (DTNB) was added to the sample, a yellow-green color
was formed at pH 8.9 as a result of the reaction between glutathione and DTNB in the medium.
The absorbance was measured at 412 nm with a spectrophotometer, and the amount of reduced
glutathione was determined.
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2.6. RNA extraction, cDNA synthesis, and quantitative PCR analysis.

Fresh frozen rat livers stored at -86 °C were processed for RNA extraction using
AccuZol™ Total RNA Extraction Solution (Bioneer, K-3090) under RNAse-free conditions
according to the manufacturer's instructions. After isolation, the absorbance values of RNAs
were measured at 230 nm and 260/280 nm with a NanoDrop spectrophotometer (Denovix DS-
11). For g-PCR, the first 5 pg of total RNA was reverse transcripted using AccuPower® RT
PreMix (Bioneer K-2041) using appropriate controls to ensure no genomic DNA
contamination.

gRT-PCR was used for the determination of the expression level of CYP2B1 and
CYP2B2 conducted following the instructions of the AccuPower GreenStar qPCR PreMix
(Bioneer, Cat No: K-6210) using the ExiCyclerTM96 gRT- PCR system (Bioneer). The
GAPDH gene was amplified as an internal control. The primers that were used in this study
were selected from previously published studies. Primers were for CYP2B1 forward, 5’-

AACCCTTGATGACCGCAGTAAA-37, and reverse, 5’-
TGTGGTACTCCAATAGGGACAAGATC-3’ [29], CYP2B2 forward 5'-
GGACACTGAAAAAGAGTGAAGCTTT-3 and reverse 5'-
AATGCCTTCGCCAAGACAAA-3’ [30], GAPDH forward, 5'-

CAACTCCCTCAAGATTGTCAGCAA-3 and reverse, 5'-GGCATGGACTGTGGTCATGA-
3'[25]. The PCR conditions were as follows: 95 °C for 1 min, followed by 45 cycles at 95 °C
for 5 sec, and 55 °C for 40 seconds. The 222 method was used to calculate the relative mMRNA
expression.

2.7. Histochemical analyses.

The liver tissue samples were washed in water for 12 hours and then fixed in a 10%
neutral formalin solution. The samples were dried by passing through different concentrations
of ethanol (50-60-70-80-90-100%). It was transparentized in xylol and embedded in paraffin.
3-4 um thick sections were taken from the paraffin blocks with a microtome (Leica SM2000R,
Germany) and stained with Hematoxylin-Eosin (H-E) and coated with entellan. During the
analysis, each sample's tissue structural features and cellular components were carefully
identified. Then, a semiquantitative analysis regarding the histopathological findings was
calculated to make statistical comparisons among the groups. All groups analyzed by
photomicroscopy were evaluated, taking into account the scoring made by Refaiy [31].

Histopathological findings were graded and evaluated by a semiquantitative method
using a photomicroscope as follows:

0 (-), negative score: No structural changes,

1 (+), 1 positive score: Light structural changes,

2 (++), 2 positive scores: Middle structural changes,

3 (+++), 3 positive scores: Serious structural changes.

In the evaluation, 10 different areas were scanned for each section at 20X magnification
under the objective of all groups. The results were statistically analyzed.

2.8. Immunohistochemical analyzes.

Tissues of 3—4um thicknesses were collected and stained with CAS-3 primary ab
(rabbit Caspase 3 antibody, Abcam, Cambridge, USA) and TNF-a primary ab (rabbit anti-
TNF- o antibody, Abcam, Cambridge, USA) and covered with entellan. Prepared liver tissue
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samples were analyzed and evaluated. Observed receptor densities were determined through
semiquantitative assessment [31]. Five different sections were examined and analyzed in each
sample. Then, points from 0 to 3 (-, +, ++, +++) were given according to the intensity of
staining;

0 (-), negative score: absence of staining,

1 (+), 1 positive score: slight staining,

2 (++), 2 positive scores: medium staining,

3 (+++), 3 positive scores: intense staining.

In the evaluation, 10 different areas were scanned for each section at 20X magnification
under the objective of all groups. The results were statistically analyzed.

3. Statistical analysis

Statistical analyzes were performed using Statistical Package 25.0 (SPSS, Chicago, IL,
USA) and GraphPad Prism, version 9 software (GraphPad Software Inc.; La Jolla, CA).
Normality was evaluated with the Shapiro-Wilk test. Groups were compared using a paired
sample t-test at the beginning and end of the study. Data obtained from within-group
comparisons for parametric values in genetic parameters were analyzed by one-way ANOVA
after LSD for liver weight data and biochemical parameters. Mann-Whitney U test for
histopathological and immunohistochemical analyzes in SPSS 25.0 software Gibson-Corley et
al. [32]. Differences were evaluated as significant for p<0.05. Values were appropriately
expressed as mean * standard deviation (SD) in at least triplicate.

4. Results

4.1. Weight gain/loss effects of AK and MP.

The total body weight of all rats was weighed daily from the beginning to the end of
the experiment. Body weight measurements over 7 days ranged from 221.00 g to 263.66 g.
Final body weight was higher for the MP, AK+MP group than the AK group. The body weight
of the AK group was significantly less than the control, MP, and AK+MP groups (p< 0.05).

At the end of the 7th day, the livers taken from the sacrificed rats were weighed and
proportioned according to their body weights (Table 1; Figure 1). Considering the fresh liver
weight and fresh liver weight/body weight ratio in the AK group, a statistically significant
increase was observed compared to the control, MP, and AK+MP groups (p<0.05) (Table 1,
Figure 1).

Table 1. Comparison of fresh liver weight (g) and fresh liver weight/body weight ratio of the study population.

STUDY GROUPS
Control AK MP AK+MP p-value
Fresh liver weight (g) 10.60 £ 0.67° 11.99 + 0.453¢d 10.71 + 0.54° 9.93 +0.59° 0,000
Fresh liver weight/body 0.040 + 0.002bcd 0.048 + 0.0012¢4d 0.041 + 0.0022b4d 0.039 + 0.0022b¢ 0,000

weight ratio (g)

Effect of AK and MP on liver weights in rats in a 6-day experiment. Each group represents the mean * SD for six
rats. a: Significant from Control; b: Significant from AK; c: Significant from MP; d: Significant from AK+MP.
p<0.05. Abbreviations: AK: amikacin; MP: misoprostol; AK: 1.2 g/kg; MP: 0.2 mg/kg/day; AK+MP: 1.2 g/kg
AK + 0.2 mg/kg/day MP.
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Figure 1. Effect of AK and MP on liver weights in rats in a 6-day experiment. Each group represents the mean
+ SD for six rats. Abbreviations: AK: amikacin; MP: misoprostol; AK: 1.2 g/kg; MP: 0.2 mg/kg/day; AK+MP:
1.2 g/kg AK + 0.2 mg/kg/day MP. **** p<0.0001, *** p<0.001, ** p<0.01.

4.2. Biochemistry results.

The effects of AK and MP on biochemical parameters are summarized in Table 2 and
Figure 2. Alkaline phosphatase (ALP), alanine transaminase (ALT), aspartate transaminase
(AST), total cholesterol (CH), low-density lipoprotein (LDL), direct bilirubin (DB), total
bilirubin (TB), triglyceride (TG) levels AK group was significantly higher when compared to
the control, MP and AK+MP groups. High-density lipoprotein (HDL) levels were significantly
decreased in the AK group compared to the AK+MP group (Table 2, Figure 2).

Table 2. Comparison of serum biochemical biomarkers of the experimental groups.

STUDY GROUPS
Biochemical parameters Control AK MP AK+MP p value
(Mean+SD)
ALP (U/L) 429.40+29.71° 492.80+17.88 2¢d 427.60+14.53 P4 431.60+14,17 2bc 0.000
ALT (U/L) 74.33+1.75° 81.6645.16 ¢4 72.66+2.42° 73.16+4.62° 0.002
AST (U/L) 129.16+9.02° 155.83+6.08 ¢4 129.66+9.64 ° 126.50+8.47° 0.000
CH (mg/dL) 51.00+5.93" 59.16+1.94 2¢d 52.66+3.50° 53.00+1.09° 0.005
HDL (mg/dL) 32.50+1.87" 27.16+2.132¢d 34.00+2.89° 37.16+3.31° 0.000
LDL (mg/dL) 14.83+1.16° 17.66+1.502¢4d 14.83+1.72°P 15.16+1.47° 0.008
DB (mg/dL) 0,001+0.004° 0.030+0,008 2<d 0.003+0.005" 0.005+0.005 " 0.000
TB (mg/dL) 0.101+0.004° 0.130+0.009 2¢d 0.103+0.005" 0.105+0.005" 0.000
TG (mg/dL) 25.00+5.89° 35.6645.12 2¢d 27.50+2.73° 28.50+2.16" 0.002

Effect of AK and MP on markers of liver function in rats in a 6-day experiment. Each group represents the mean
+ SD for six rats. a: Significant from Control; b: Significant from AK; c: Significant from MP; d: Significant from
AK+MP. p<0.05. Abbreviations: AK: amikacin; MP: misoprostol; ALP: alkaline phosphatase; ALT: alanine
transaminase; AST: aspartate transaminase; CH: total cholesterol; HDL: high-density lipoprotein; LDL: low-
density lipoprotein; DB: direct bilirubin; TB: total bilirubin; TG: triglycerides. AK: 1.2 g/kg; MP: 0.2 mg/kg/day;
AK+MP: 1.2 g/kg AK + 0.2 mg/kg/day MP.
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Figure 2. Effects of AK and MP on liver function markers in rats. Alkaline phosphatase (A), alanine
transaminase (B), aspartate transaminase (C), cholesterol (D): high-density lipoprotein (E), low-density
lipoprotein (F), direct bilirubin (G), total bilirubin (H) and triglycerides (TG) levels were determined. Each
group represents the mean + SD for six rats. Abbreviations: AK: amikacin; MP: misoprostol; ALP: alkaline
phosphatase; ALT: alanine transaminase; AST: aspartate transaminase; CH: total cholesterol; HDL.: high-
density lipoprotein; LDL: low-density lipoprotein; DB: direct bilirubin; TB: total bilirubin; TG: triglycerides
AK: 1.2 g/kg; MP: 0.2 mg/kg/day; AK+MP: 1.2 g/kg AK + 0.2 mg/kg/day MP. **** p<(.0001, *** p<0.001,
** p<0.01, * p<0.05.

4.3. Oxidative stress biomarkers.

The AK group exhibited a significantly higher level of MDA and significantly lower
GSH activities when compared to the control, MP, and AK+MP groups. MP treatments caused
a significant decrease in the level of MDA produced by AK. Additionally, MP therapy
https://biointerfaceresearch.com/ 70f18
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significantly increased the GSH activities, which were decreased by AK (Table 3, Figure 3)
(p< 0.05).

Table 3. Comparison of liver tissue oxidative stress biomarkers of the experimental groups.

STUDY GROUPS
Liver tissue oxidative Control AK MP AK+MP p-value
stress biomarkers
GSH 412.28+26,46° 328.64+20.642¢¢  384.81+38.44° 374.72+14.74° 0.000
MDA 31,51+4.07° 48.19+10.482¢4 34.48+6.44° 36.73+0.76° 0.001

Effects of AK and MP on liver tissue oxidative stress biomarkers. Each group represents the mean + SD for six
rats. AK increased MDA and reduced GSH. MP reduced MDA and increased GSH. a: Significant from Control;
b: Significant from AK; c: Significant from MP; d: Significant from AK+MP. p<0.05. Abbreviations: AK:
amikacin; MP: misoprostol; MDA: malondialdehyde; GSH: glutathione. AK: 1.2 g/kg; MP: 0.2 mg/kg/day;
AK+MP: 1.2 g/kg AK + 0.2 mg/kg/day MP.
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Figure 3. Effects of AK and MP on liver lipid oxidation and antioxidant profile of rats after six days. Each
group represents the mean + SD for six rats. Abbreviations: AK: amikacin; MP: misoprostol; MDA:
malondialdehyde; GSH: glutathione. AK: 1.2 g/kg; MP: 0.2 mg/kg/day; AK+MP: 1.2 g/lkg AK + 0.2 mg/kg/day
MP. #*** p<0.001, ** p<0.01, * p<0.05.

4.4, Effects of AK and MP on the expression of CYP2B1 and CYP2B2 gene.

In the current study, the expression of CYP2B1 and CYP2B2 mRNAs was determined
by real-time reverse transcriptase-polymerase chain reaction (RT-PCR). Figure 4 shows the
effects of MP treatment against AK on CYP2B1/2 mRNA expression in all study groups and
control. CYP2B1 and CYP2B2 gene expressions significantly increased in the AK group
compared to the control group. The AK+MP group had significantly lower CYP2B1 and
CYP2B2 gene expression levels than the AK group (p<0.0001, and p<0.01, respectively)

(Figure 4).
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Figure 4. Effects of AK and MP on CYP2B1 and CYP2B2 mRNA expression in Spraque-Dawley rats.
CYP2B1 and CYP2B2 mRNA expressions were determined by quantitative PCR. Data are presented as
CYP2B1 and CYP2B2 mRNA expressions relative to the expression of the GAPDH housekeeping gene. AK
increased CYP2B1 and CYP2B2 mRNA expression. MP reduced CYP2B1 and CYP2B2 mRNA expression.
Each group represents the mean + SD for six rats. Abbreviations: CYP2B1: cytochrome P450 (CYP) 2B1;
CYP2B2: cytochrome P450 (CYP) 2B2. AK: amikacin; MP: misoprostol; AK: 1.2 g/kg; MP: 0.2 mg/kg/day;
AK+MP: 1.2 g/kg AK + 0.2 mg/kg/day MP. **#* p<0.0001, ** p<0.01.

4.5, Histochemical results.

The histological structures were normal in the control and MP groups (Table 4; Figure
5: A-C).

Table 4. Average score of histopathological findings between all groups.

Groups Monor)ucleqr Hemorrhagic Vascul_ar \éa:aunod?e[r- Si_nusoi_dal
Cell Infiltration Areas Congestions D . Dilatation
egeneration

1 (CONTROL) -1+ - - -+ -[+

2 (AK) 4+ +++ ++ +++ +++

3 (MP) -+ - - -+ -/+

4 (AK+MP) ++ ++ + ++ ++

The significance status obtained as a result of the comparison of the groups
1-2 p =0.000 p =0.000 p =0.000 p =0.001 p =0.001
1-3 p=0.87 p=0.98 p=0.79 p=0.94 p=0.97

1-4 p =0.001 p =0.000 p =0.000 p =0.001 p =0.001
2-3 p =0.003 p =0.002 p =0.001 p = 0.000 p =0.002
2-4 p =0.008 p =0.001 p =0.001 p = 0.000 p =0.000
3-4 p = 0.007 p =0.008 p = 0.000 p =0.004 p =0.003

p<0.05 were considered statistically significant. The relationships between groups and the results of
histopathological markers are assessed by the Mann-Whitney U test. (-), negative score: No structural changes;
(+), 1 positive score: Light structural changes; (++), 2 positive score: Middle structural changes; (+++), 3 positive
score: Serious structural changes. Abbreviations: AK: amikacin; MP: misoprostol; AK: 1.2 g/kg; MP: 0.2
mg/kg/day; AK+MP: 1.2 g/lkg AK + 0.2 mg/kg/day MP.
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When the AK and AK+MP groups were compared to the control and MP groups,
significantly increased histopathological findings, sinusoidal and tubular dilatation,
mononuclear cell infiltration, vascular occlusion in hepatocytes, pycnotic nuclei, and
hemorrhagic areas, granular and vacuolar degeneration were observed (p<0.05), (Table 4;
Figure 5: B-D). Histopathological changes were significantly decreased in the AK+MP group
when compared to the AK group (p<0.05) (Table 4; Figure 5: D).

Figure 5. Histopathological findings in liver tissues belonging to control and experimental groups: A, Control
group; normal histological structure of the liver, B, AK group; pyknotic nucleus in hepatocyte (yellow arrow),
mononuclear cell infiltration (black arrow), sinusoidal dilatation (blue arrows), hemorrhagic (red arrow), C, MP
group; normal histological structure, D, AK+MP group; mild histopathological findings, H-E, x20.
Abbreviations: AK: amikacin; MP: misoprostol; AK: 1.2 g/kg; MP: 0.2 mg/kg/day; AK+MP: 1.2 g/lkg AK + 0.2
mg/kg/day MP.

4.6. Immunohistochemical results.

CAS-3 and TNF-a receptors in the centrilobular areas of the liver sections of the control
and MP groups were observed to stain very slightly (Table 5; Figure: 6A-Al, C-C1). On the
other hand, more intense staining was detected in AK and AK+MP groups when compared to
control and MP groups (p<0.05) (Table 5; Figure 6: B-B1, C-D1).

The staining intensity of the receptors was highest in AK and moderated in AK+MP,
whereas it was less and the same in control and MP groups (p<0.05) (Table 5; Figure 6). When
stainings were compared, CAS-3 staining was more intense than TNF-a staining.

Table 5. CAS-3 and TNF-o. marking average degrees between all groups

Groups _CAS-3 _TNF-a
Staining Degree Staining Degree
1 (CONTROL) -/+ -/+
2 (AK) +++ ++
3 (MP) -+ -+
4 (AK+MP) HA++ H++
The significance status obtained as a result of the comparison of the groups
1-2 p =0.002 p=0.003
1-3 p=0.127 p=0.135
1-4 p = 0.004 p =0.005
2-3 p =0.003 p = 0.004
2-4 p =0.002 p = 0.004
3-4 p =0.007 p =0.006

p<0.05 were considered statistically significant. The relationships between groups and the results of
immunohistochemical markers are assessed by the Mann-Whitney U test. (-), negative score: No staining; (+), 1
positive score: Light staining; (++), 2 positive score: Middle staining; (+++), 3 positive score: Serious staining.
Abbreviations: AK: amikacin; MP: misoprostol; CAS-3: Caspase 3; TNF-o: Tumor Necrosis Factor-alpha. AK:
1.2 g/kg; MP: 0.2 mg/kg/day; AK+MP: 1.2 g/kg AK + 0.2 mg/kg/day MP.
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Caspase 3

Figure 6. CAS-3 and TNF-a immune stainings in liver tissues belonging to control and experimental groups. A-
AL, control group; no positive staining, B-B1, AK group; intensive positive staining, C-C1, MP group; no
positive staining, D-D1, AK+MP group; mild positive stainings, A-B-C-D; Caspase 3, A1-B1-C1-D1; TNF-aq,
immin satining, x20. Abbreviations: AK: amikacin; MP: misoprostol; CAS-3: Caspase 3; TNF-a: Tumor
Necrosis Factor-alpha. AK: 1.2 g/kg; MP: 0.2 mg/kg/day; AK+MP: 1.2 g/lkg AK + 0.2 mg/kg/day MP.

5. Discussion

Aminoglycoside (AG) antibiotics are widely used in many life-threatening infectious
diseases [33]. AGs activate cell death pathways by producing reactive oxygen species (ROS),
which induces apoptosis [34]. It is known that AGs, a group of antibiotics, produce ROS [35].
The use of amikacin (AK), an AG, often results in toxicity due to the overproduction of ROS
[36]. The molecular basis of hepatotoxicity is mainly due to oxidative stress and inflammation,
ROS production, impaired mitochondrial function, and apoptosis [37, 38]. This study linked
AK-induced liver injury to many mechanisms, including oxidative stress, apoptosis, and
inflammation. ROS primarily affects cellular structures: DNA, hepatocytic proteins, and lipids
[39]. The imbalance between the cell's antioxidant capacity and ROS production is defined as
oxidative stress [40, 41]. ROS is an agent that causes cell death in many different
developmental and pathological conditions [42, 43]. ROS are produced in the endoplasmic
reticulum and mitochondria of hepatocytes by cytochrome P450 enzymes [39].

In this study, AK treatment increased CYP2B1 and CYP2B2 mRNA expression levels.
It has been found that treatment with MP improves CYP2B1 and CYP2B2 mRNA expression
levels. Cytochrome P450 (CYP) 2B1 and Cytochrome P450 (CYP) 2B2 are markedly induced
by the administration of phenobarbital (PB), drugs, and other hydrophobic compounds, and the
molecular mechanisms controlling both basal and induced transcription of these genes are not
yet known. [44]. Cytochrome P-450 (P-450) enzymes, which play a crucial role in the
elimination of foreign compounds such as the CYP2B1 isoform, also contribute to the
production of toxic intermediates, especially ROS, which can cause cellular damage when
overproduced [45, 46]. A study found that overexpression of CYP2B1 significantly increased
ROS generation, cytotoxicity, cell death, and collapse of the actin cytoskeleton [47]. In another
study, induction of CYP2B1 in rat liver resulted in the production of hydroxyl radicals. As a
result, active oxygen produced by oxidized genomic DNA was shown to increase oxidative
stress, which may contribute to tumor initiation and progression [48]. A previous study reported
that doxorubicin-mediated induction of CYP2B1 and CYP2B2 causes cardiotoxicity [49]. An
experimental study reported that rats were exposed to octamethylcyclotetrasiloxane by
inhalation, inducing cytochrome P450 2B1/2 and 3A in the liver and causing hepatomegaly
and sustained hypertrophy [50]. Studies have reported that reactive intermediates formed
during the metabolism of toxic substances by CYP2B1, CYP2E1, and CYP1A1/2 isoenzymes
often covalently bind to tissue macromolecules and cause tissue damage [51, 52]. Consistent

https://biointerfaceresearch.com/ 11 of 18


https://doi.org/10.33263/BRIAC136.574
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC136.574

with the results of this study, this study demonstrates that AK treatment increased ROS
formation by inducing CYP2B1 and CYP2B2 mRNA expression levels, and as a result, it
causes liver tissue damage.

The serum ALP, ALT, AST, CH, LDL, HDL, direct bilirubin, total bilirubin, and TG
levels were also measured to assess liver damage. The AK group increased AST and ALT
levels, consistent with a previous study on liver toxicity [53]. In this study, a significant
improvement was observed in the levels of biochemical biomarkers indicating liver damage in
the AK+MP group. A significant increase was found in serum ALP, ALT, AST, CH, direct
bilirubin, total bilirubin, LDL, and TG levels. A significant decrease was seen in HDL
concentration in the AK group. However, the increased ALP, ALT, AST, CH, direct bilirubin,
total bilirubin, LDL, TG, and HDL levels after AK application in rats showed improvement as
a result of MP treatment, consistent with previous studies [54]. A study reported that treatment
with MP protected against CCls-induced hepatocellular necrosis and decreased ALT, AST, and
ALP levels [55]. According to the findings of this study, it is thought that ROS should be
cleared and antioxidant levels should increase in order best to prevent liver damage from the
toxic effect of AK. It has been reported that natural products, medicinal plant extracts, and
some chemical substances have a mitigating or preventive effect against AG-induced toxicity
[56] and hepatotoxicity [57, 58]. According to the results that were obtained in this study, it is
thought that MP with its antioxidant properties may be useful in reversing the liver damage
caused by AK. MP, a prostaglandin E1 (PGE1) analog, has received great attention in recent
years as a reactive oxygen species (ROS) scavenger [55, 59].

ROS alters the functions of lipids, nucleic acids, and proteins, and oxidative stress
occurs when the balance between antioxidative defense and ROS production is disrupted [60-
62]. In this study, malondialdehyde (MDA) and Glutathione (GSH) levels, which are oxidative
stress markers, were studied [63]. GSH is important in many cellular processes, especially
apoptosis, cell differentiation, and proliferation [64, 65]. GSH deficiency or a decrease in its
ratio causes increased susceptibility to oxidative stress, which plays a role in cancer progression
[64]. GSH can protect cells against oxidative stress damage by scavenging ROS [66]. MDA is
one of the most frequently measured oxidative stress biomarkers, lipid peroxidation [67]. Cell
death occurs at the end of the lipid peroxidation process, and its end product is MDA, which
acts as an indicator of oxidative damage [68]. Excessive MDA produced as a result of tissue
damage combines with free amino groups of proteins and can alter their biological properties
[69]. The AK group increased MDA levels and decreased GSH levels, consistent with a
previous study on liver toxicity [53]. On the other hand, the MP group decreased MDA levels
and increased GSH levels [70]. Studies show that GSH has an important role in detoxifying
xenobiotics and drug metabolism and the inflammatory response and repair systems against
oxidative stress by supporting anti-inflammatory and antioxidant activities [71, 72].

In this study, weight gain/loss was statistically significant in the control and other
groups according to the body weight measurements made for 7 days. It was observed that fresh
liver weight and fresh liver weight/body ratio increased statistically in the AK group compared
to the control, MP, and AK+MP groups. Consistent with the results of this study, studies in rats
have reported that AK causes weight gain in organs due to its phospholipidosis feature [73,
74]. A study showed that AG antibiotics induce phospholipidosis as a result of excessive
phospholipid accumulation in lysosome-derived vesicles [75]. This study observed
inflammatory reactions and histopathological changes because AK causes phospholipidosis in
the liver. Per the findings of this study, previous studies have reported that organs affected by
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phospholipidosis show inflammatory reactions and histopathological changes [76]. Treatment
with MP prevented phospholipidosis by improving liver damage.

Gene expressions were consistent with the findings of this study on biochemical and
oxidative stress and with the histological and immunochemical results as well. According to
the histological results of this study, normal liver histology was observed in the control and
MP groups. Significant histopathological findings, including vascular occlusion in hepatocytes,
sinusoidal and tubular dilatation, pycnotic nuclei, hemorrhagic areas, mononuclear cell
infiltration, and vacuolar and granular degeneration, were observed in the AK group.
Histological structural changes were significantly reduced in the AK+MP group compared to
the AK group, which is consistent with the findings of previous studies [70]. This study showed
that the decrease in histological findings in rats treated with MP was achieved by normalized
liver enzymes, serum levels of biochemical and lipid profiles, and findings associated with
oxidative stress and inflammation. Thus, administration of MP may protect the liver tissue from
the AK’s toxic effects and strengthen the structural integrity as well as the functional integrity
of the liver.

This study measured Caspase-3 (CAS-3) and Tumor Necrosis Factor-alpha (TNF-o)
levels to comprehend the relationship between AK and apoptosis and inflammation. The
findings of this study showed that AK mediates apoptosis and inflammation by ROS
production. CAS-3 is a protease that plays a crucial role in apoptosis [77], cytokine maturation,
cell growth, and differentiation [78]. According to the findings, as a result of the antiapoptotic
property of MP, CAS-3 in the centrilobular regions of liver sections stained more intensely in
the AK group than in the AK+MP group. A study showed that AK significantly reduced the
number of viable cells in the liver compared to the control group [79]. According to these
findings, it can be said that MP reduces AK-induced apoptosis by inhibiting CAS-3. In a study
conducted in line with the results of this study, it was reported that MP protects liver cells from
apoptosis with its antiapoptotic property in hepatic ischemia-reperfusion injury[80]. In another
study, it was reported that apoptosis, necrosis, and proinflammatory cytokines activated by
ROS were improved as a result of ischemia/reperfusion treatment with MP [21].

TNF-0, produced by macrophages and monocytes in acute inflammation, is an
inflammatory cytokine and has an important role in various signaling events causing necrosis
or apoptosis [81, 82]. High TNF-a expression has been found to be associated with septic
shock, diabetes, tumorigenesis, rheumatoid arthritis, cardiovascular diseases, and
inflammatory bowel disease [83]. Oxidative stress can activate TNF-a gene expression, and
TNF-a plays an important role in many events, from inflammation to apoptosis [84, 85].
Oxidative stress mediates some of the effects of TNF-a [86]. In this study, it was found that
TNF-a was significantly higher in the AK group. As a result of the anti-inflammatory properties
of MP, liver TNF-a was significantly lower in the AK+MP group than the AK group, consistent
with the findings of previous studies [70]. Another study reported that MP inhibited TNF-a
and IL-1P production and increased IL-6 production [87].

According to the findings of this study, AK damages cell components such as lipids,
proteins, and DNA by causing the formation of ROS. On the other hand, this caused tissue
damage, resulting in a decrease in GSH and an increase in MDA. At the same time, this
situation was also seen in the serum biochemical parameters of liver damage in the findings of
this study. In fact, antioxidants such as MP neutralize free radicals and protect cells from
damage. However, due to the increase in the free radical level compared to the antioxidant
level, oxidative damage occurs, and oxidative stress occurs as a result [88, 89]. Oxidative stress,
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on the other hand, causes apoptosis and inflammatory processes by increasing CAS-3 and TNF-
a levels, as in the findings of this study, which in turn causes hepatotoxicity and ultimately
causes many diseases.

This study has some limitations regarding the budget. To understand the molecular
mechanism of MP's effect on AK-induced liver injury, more parameters related to liver injuries,
such as protein expression levels and oxidant/antioxidant system indicators, can be examined.
Therefore, these issues should be the target of new research in the future.

6. Conclusions

According to our findings, it is thought that antioxidants such as MP can be used to
prevent the negative effects and oxidative damage caused by AK, whose use is limited due to
its toxic effects, although its use is widespread. Although this study showed the beneficial
effects of MP against AK-induced liver injury, more clinical studies are needed to confirm
these results.

Funding

This research received no external funding.
Acknowledgments
This paper has no acknowledgment.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Chen, L. F.; Kaye, D. Current use for old antibacterial agents: polymyxins, rifamycins, and aminoglycosides.
Infectious disease clinics of North America 2009, 23, 1053-1075, https://doi.org/10.1016/j.idc.2009.06.004.

2. Ramirez, M. S.; Tolmasky, M. E. Amikacin: Uses, Resistance, and Prospects for Inhibition. Molecules (Basel,
Switzerland) 2017, 22, https://doi.org/10.3390/molecules22122267.

3. Maxwell, A.; Ghate, V.; Aranjani, J.; Lewis, S. Breaking the barriers for the delivery of amikacin: Challenges,
strategies, and opportunities. Life sciences 2021, 284, 119883, https://doi.org/10.1016/j.1fs.2021.119883.

4. Wargo, K. A.; Edwards, J. D. Aminoglycoside-induced nephrotoxicity. Journal of pharmacy practice 2014,
27, 573-577, https://doi.org/10.1177/0897190014546836.

5. Asci, H.; Saygin, M.; Cankara, F. N.; Bayram, D.; Yesilot, S.; Candan, I. A.; llhan, 1. The impact of alpha-
lipoic acid on amikacin-induced nephrotoxicity. Renal failure 2015, 37, 117-121,
https://doi.org/10.3109/0886022x.2014.967645.

6. Martines, G.; Butturini, L.; Menozzi, |.; Restori, G.; Boiardi, L.; Bernardi, S.; Baldassarri, P. Amikacin-
induced liver toxicity: correlations between biochemical indexes and ultrastructural features in an
experimental model. Revista de medicina de la Universidad de Navarra 1988, 32, 41-45,
https://pubmed.ncbi.nlm.nih.gov/3175438/.

7. Trefts, E.; Gannon, M.; Wasserman, D. H. The liver. Current biology : CB 2017, 27, R1147-r1151,
https://doi.org/10.1016/j.cub.2017.09.019.

8. Kulkeaw, K.; Pengsart, W. Progress and Challenges in the Use of a Liver-on-a-Chip for Hepatotropic
Infectious Diseases, Micromachines 2021, 12, 842, https://doi.org/10.3390/mi12070842.

9. Pifieiro-Carrero, V. M.; Pifeiro, E. O. Liver. Pediatrics 2004, 113, 1097-1106,
https://publications.aap.org/pediatrics/article-
abstract/113/Supplement_3/1097/66833/Liver?redirectedFrom=fulltext.

10. Sun, B.; Yang, Y.; He, M.; Jin, Y.; Cao, X.; Du, X.; Yang, R. Hepatoprotective Role of Berberine on
Doxorubicin Induced Hepatotoxicity - Involvement of Cyp. Current drug metabolism 2020, 21, 541-547,
https://doi.org/10.2174/1389200221666200620203648.

https://biointerfaceresearch.com/ 14 of 18


https://doi.org/10.33263/BRIAC136.574
https://biointerfaceresearch.com/
https://doi.org/10.1016/j.idc.2009.06.004
https://doi.org/10.3390/molecules22122267
https://doi.org/10.1016/j.lfs.2021.119883
https://doi.org/10.1177/0897190014546836
https://doi.org/10.3109/0886022x.2014.967645
https://pubmed.ncbi.nlm.nih.gov/3175438/
https://doi.org/10.1016/j.cub.2017.09.019
https://doi.org/10.3390/mi12070842
https://publications.aap.org/pediatrics/article-abstract/113/Supplement_3/1097/66833/Liver?redirectedFrom=fulltext
https://publications.aap.org/pediatrics/article-abstract/113/Supplement_3/1097/66833/Liver?redirectedFrom=fulltext
https://doi.org/10.2174/1389200221666200620203648

https://doi.org/10.33263/BRIAC136.574

11 Saran, C.; Sundgyvist, L.; Ho, H.; Niskanen, J.; Honkakoski, P. Novel Bile Acid-Dependent Mechanisms of

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

3L

32.

Hepatotoxicity Associated with Tyrosine Kinase Inhibitors, The journal of pharmacology and experimental
therapeutics 2022, 380, 114-125, https://doi.org/10.1124/jpet.121.000828.

Tarantino, G.; Di Minno, M. N.; Capone, D. Drug-induced liver injury: is it somehow foreseeable? World
journal of gastroenterology 2009, 15, 2817-2833, https://doi.org/10.3748/wjg.15.2817.

Oda, H.; Yoshida, Y.; Kawamura, A.; Kakinuma, A. Cell shape, cell-cell contact, cell-extracellular matrix
contact and cell polarity are all required for the maximum induction of CYP2B1 and CYP2B2 gene expression
by phenobarbital in adult rat cultured hepatocytes. Biochemical pharmacology 2008, 75, 1209-1217,
https://doi.org/10.1016/j.bcp.2007.11.003.

Dauda, W.P.; Abraham, P. Robust Profiling of Cytochrome P450s (P4500me) in Notable Aspergillus spp,
2022, 12, 451, https://doi.org/10.3390/1ife12030451. ,

Xu, S. F.; Hu, A. L.; Xie, L.; Liu, J. J.; Wu, Q.; Liu, J. Age-associated changes of cytochrome P450 and
related phase-2 gene/proteins in livers of rats. Peerd 2019, 7, e7429, https://doi.org/10.7717/peerj.7429.
Trottier, E.; Belzil, A.; Stoltz, C.; Anderson, A. Localization of a phenobarbital-responsive element (PBRE)
in the 5'-flanking region of the rat CYP2B2 gene. Gene 1995, 158, 263-268, https://doi.org/10.1016/0378-
1119(94)00916-g.

Kemper, B. Regulation of cytochrome P450 gene transcription by phenobarbital. Progress in nucleic acid
research and molecular biology 1998, 61, 23-64, https://pubmed.ncbi.nlm.nih.gov/9752718/.

Yamada, H.; Ishii, Y.; Yamamoto, M.; Oguri, K. Induction of the hepatic cytochrome P450 2B subfamily by
xenobiotics: research history, evolutionary aspect, relation to tumorigenesis, and mechanism. Current drug
metabolism 2006, 7, 397-409, https://doi.org/10.2174/138920006776873508.

Martin, E. M.; Till, R. L.; Sheats, M. K.; Jones, S. L. Misoprostol Inhibits Equine Neutrophil Adhesion,
Migration, and Respiratory Burst in an In Vitro Model of Inflammation. Frontiers in veterinary science 2017,
4, 159, https://doi.org/10.3389/fvets.2017.00159.

Yang, H.; Majno, P.; Morel, P.; Toso, C.; Triponez, F.; Oberholzer, J.; Mentha, G.; Lou, J. Prostaglandin E(1)
protects human liver sinusoidal endothelial cell from apoptosis induced by hypoxia reoxygenation. Microvasc
Res 2002, 64, 94-103, https://doi.org/10.1006/mvre.2002.2404.

Cura-Esquivel, I.; Delgado-Chavez, E. N.; Garcia-Narro, J. H.; Torres-Gonzalez, L.; Alarcén-Galvan, G.;
Moreno-Pefia, D. P.; Esquivel-Figueroa, D.; Cantd-Machuca, D. V.; Mufioz-Espinosa, L. E.; Garza-Ocafias,
L.; Cordero-Pérez, P. Attenuation of proinflammatory cytokines and oxidative stress by misoprostol in renal
ischemia/reperfusion in rats. Die Pharmazie 2018, 73, 537-540, https://pubmed.ncbi.nim.nih.gov/30223938/.
Walubo, A.; Barr, S.; Abraham, A. M. RAT CYP3A and CYP2B1/2 were not associated with nevirapine-
induced hepatotoxicity. Methods and findings in experimental and clinical pharmacology 2006, 28, 423-431,
https://doi.org/10.1358/mf.2006.28.7.1003580.

Ozer, M. K.; Bilgic, S. Thymoquinone protection from amikacin induced renal injury in rats. 2020, 95, 129-
136. https://doi.org/10.1080/10520295.2019.1650957.

Bilgic, S.; Armagan, |. Effects of misoprostol treatment on doxorubicin induced renal injury in rats.
Biotechnic & histochemistry : official publication of the Biological Stain Commission 2020, 95, 113-120,
https://doi.org/10.1080/10520295.2019.1645356.

Langnaese, K.; John, R.; Schweizer, H.; Ebmeyer, U.; Keilhoff, G. Selection of reference genes for
quantitative real-time PCR in a rat asphyxial cardiac arrest model. BMC molecular biology 2008, 9, 53,
https://doi.org/10.1186/1471-2199-9-53.

Aydin, G.; Adaleti, R.; Boz, E. S.; Yiicel, F. M.; Ozhan, H. K.; Aksaray, S. [Investigation of Anti-HCV S/CO
Value in Detecting Viremia in Patients with Hepatitis C Virus Infection]. Mikrobiyoloji bulteni 2020, 54,
110-119, https://doi.org/10.5578/mb.68833.

Draper, H. H.; Hadley, M. Malondialdehyde determination as index of lipid peroxidation. Methods in
enzymology 1990, 186, 421-431, https://doi.org/10.1016/0076-6879(90)86135-i.

Ellman, G. L. Tissue sulfhydryl groups. Archives of biochemistry and biophysics 1959, 82, 70-77,
https://doi.org/10.1016/0003-9861(59)90090-6.

Nagai, K.; Fukuno, S.; Suzuki, H.; Konishi, H. Higher gene expression of CYP1A2, 2B1 and 2D2 in the brain
of female compared with male rats. Die  Pharmazie 2016, 71, 334-336,
https://pubmed.ncbi.nlm.nih.gov/27455552/.

Orolin, J.; Vecera, R.; Markova, |.; Zacharova, A.; Anzenbacher, P. Differences in hepatic expression of
genes involved in lipid homeostasis between hereditary hypertriglyceridemic rats and healthy Wistar rats and
in their response to dietary cholesterol. Food and chemical toxicology : an international journal published
for the British Industrial Biological Research  Association 2009, 47, 2624-2630,
https://doi.org/10.1016/j.fct.2009.07.022.

Refaiy, A.; Muhammad, E.; ElIGanainy, E. Semiquantitative smoothelin expression in detection of muscle
invasion in transurethral resection and cystectomy specimens in cases of urinary bladder carcinoma. African
Journal of Urology 2011, 17, https://afju.springeropen.com/articles/10.1007/s12301-011-0002-6.
Gibson-Corley, K. N.; Olivier, A. K.; Meyerholz, D. K. Principles for valid histopathologic scoring in
research. Veterinary pathology 2013, 50, 1007-1015, https://doi.org/10.1177/0300985813485099.

https://biointerfaceresearch.com/ 15 of 18


https://doi.org/10.33263/BRIAC136.574
https://biointerfaceresearch.com/
https://doi.org/10.1124/jpet.121.000828
https://doi.org/10.3748/wjg.15.2817
https://doi.org/10.1016/j.bcp.2007.11.003
https://doi.org/10.3390/life12030451
https://doi.org/10.7717/peerj.7429
https://doi.org/10.1016/0378-1119(94)00916-g
https://doi.org/10.1016/0378-1119(94)00916-g
https://pubmed.ncbi.nlm.nih.gov/9752718/
https://doi.org/10.2174/138920006776873508
https://doi.org/10.3389/fvets.2017.00159
https://doi.org/10.1006/mvre.2002.2404
https://pubmed.ncbi.nlm.nih.gov/30223938/
https://doi.org/10.1358/mf.2006.28.7.1003580
https://doi.org/10.1080/10520295.2019.1650957
https://doi.org/10.1080/10520295.2019.1645356
https://doi.org/10.1186/1471-2199-9-53
https://doi.org/10.5578/mb.68833
https://doi.org/10.1016/0076-6879(90)86135-i
https://doi.org/10.1016/0003-9861(59)90090-6
https://pubmed.ncbi.nlm.nih.gov/27455552/
https://doi.org/10.1016/j.fct.2009.07.022
https://afju.springeropen.com/articles/10.1007/s12301-011-0002-6
https://doi.org/10.1177/0300985813485099

https://doi.org/10.33263/BRIAC136.574

33.

34.

35.

36.

37.

38

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

Shao, W.; Zhong, D.; Jiang, H.; Han, Y.; Yin, Y.; Li, R.; Qian, X.; Chen, D.; Jing, L. A new aminoglycoside
etimicin shows low nephrotoxicity and ototoxicity in zebrafish embryos. Journal of applied toxicology 2021,
41, 1063-1075, https://doi.org/10.1002/jat.4093.

Tabuchi, K.; Nishimura, B.; Nakamagoe, M.; Hayashi, K.; Nakayama, M.; Hara, A. Ototoxicity: mechanisms
of cochlear impairment and its prevention. Current medicinal chemistry 2011, 18, 4866-4871,
https://doi.org/10.2174/092986711797535254.

Al-Malki, A. L.; Moselhy, S. S. The protective effect of epicatchin against oxidative stress and nephrotoxicity
in rats induced by cyclosporine. Human & experimental toxicology 2011, 30, 145-151,
https://doi.org/10.1177/0960327110369820.

Kim, Y. R,; Kim, M. A;; Cho, H. J;; Oh, S. K.; Lee, I. K;; Kim, U. K.; Lee, K. Y. Galangin prevents
aminoglycoside-induced ototoxicity by decreasing mitochondrial production of reactive oxygen species in
mouse cochlear cultures. Toxicology letters 2016, 245, 78-85, https://doi.org/10.1016/j.toxlet.2016.01.005.
Prasanna, P. L.; Renu, K.; Valsala Gopalakrishnan, A. New molecular and biochemical insights of
doxorubicin-induced hepatotoxicity. Life sciences 2020, 250, 117599,
https://doi.org/10.1016/j.1fs.2020.117599.

.S. Li; R. Liu; G. Wei; G. Guo; H. Yu; Y. Zhang; M. Ishfag; S.A. Fazilani; X. Zhang. Curcumin protects against
Aflatoxin Bl-induced liver injury in broilers via the modulation of long non-coding RNA expression.
Ecotoxicology and environmental safety 2021, 208, 111725, https://pubmed.ncbi.nlm.nih.gov/33396056/.
Cichoz-Lach, H.; Michalak, A. Oxidative stress as a crucial factor in liver diseases. World journal of
gastroenterology 2014, 20, 8082-8091, https://doi.org/10.1016/j.1fs.2020.117599.

Migdal, C.; Serres, M. [Reactive oxygen species and oxidative stress]. Medecine sciences : M/S 2011, 27,
405-412, https://doi.org/10.1051/medsci/2011274017.

Park, S.; Park, S.Y. Can antioxidants be effective therapeutics for type 2 diabetes?, Yeungnam University
journal of medicine 2021, 38, 83-94, https://pubmed.ncbi.nlm.nih.gov/33028055/.

Hirose, K.; Hockenbery, D. M.; Rubel, E. W. Reactive oxygen species in chick hair cells after gentamicin
exposure in vitro. Hearing research 1997, 104, 1-14, https://doi.org/10.1016/s0378-5955(96)00169-4.

S. Hag; N. Sarodaya; J.K. Karapurkar; B. Suresh; J.K. Jo; V. Singh; Y.S. Bae; K.S. Kim; S. Ramakrishna.
CYLD destabilizes NoxO1 protein by promoting ubiquitination and regulates prostate cancer progression.
Cancer letters 2022, 525, 146-157, https://doi.org/10.1016/j.canlet.2021.10.032.

Luc, P. V.; Adesnik, M.; Ganguly, S.; Shaw, P. M. Transcriptional regulation of the CYP2B1 and CYP2B2
genes by  C/EBP-related  proteins.  Biochemical = pharmacology 1996, 51,  345-356,
https://doi.org/10.1016/0006-2952(95)02190-6.

Hirsch-Ernst, K. I.; Schlaefer, K.; Bauer, D.; Heder, A. F.; Kahl, G. F. Repression of phenobarbital-dependent
CYP2B1 mRNA induction by reactive oxygen species in primary rat hepatocyte cultures. Molecular
pharmacology 2001, 59, 1402-1409, https://doi.org/10.1124/mol.59.6.1402.

Eleftheriadis, T.; Pissas, G.; Filippidis, G.; Liakopoulos, V.; Stefanidis, . Reoxygenation induces reactive
oxygen species production and ferroptosis in renal tubular epithelial&nbsp;cells by activating aryl
hydrocarbon receptor. Molecular medicine reports 2021, 23, https://pubmed.ncbi.nlm.nih.gov/33179104/.
Tian, N.; Arany, I.; Waxman, D. J.; Baliga, R. Cytochrome-P450 2B1 gene silencing attenuates puromycin
aminonucleoside-induced cytotoxicity in glomerular epithelial cells. Kidney international 2010, 78, 182-190,
https://doi.org/10.1038/ki.2010.100.

Imaoka, S.; Osada, M.; Minamiyama, Y.; Yukimura, T.; Toyokuni, S.; Takemura, S.; Hiroi, T.; Funae, Y.
Role of phenobarbital-inducible cytochrome P450s as a source of active oxygen species in DNA-oxidation.
Cancer letters 2004, 203, 117-125, https://doi.org/10.1016/j.canlet.2003.09.009.

Zordoky, B. N.; El-Kadi, A. O. Induction of several cytochrome P450 genes by doxorubicin in H9c2 cells.
Vascular pharmacology 2008, 49, 166-172, https://doi.org/10.1016/j.vph.2008.07.004.

McKim, J. M. Jr.; Kolesar, G. B.; Jean, P. A.; Meeker, L. S.; Wilga, P. C.; Schoonhoven, R.; Swenberg, J.
A.; Goodman, J. I; Gallavan, R. H.; Meeks, R. G. Repeated inhalation exposure to
octamethylcyclotetrasiloxane produces hepatomegaly, transient hepatic hyperplasia, and sustained
hypertrophy in female Fischer 344 rats in a manner similar to phenobarbital. Toxicology and applied
pharmacology 2001, 172, 83-92, https://doi.org/10.1006/taap.2000.9110.

Kwak, M. K.; Kim, S. G.; Kwak, J. Y.; Novak, R. F.; Kim, N. D. Inhibition of cytochrome P4502E1
expression by organosulfur compounds allylsulfide, allylmercaptan and allylmethylsulfide in rats.
Biochemical pharmacology 1994, 47, 531-539, https://doi.org/10.1016/0006-2952(94)90185-6.

loannides, C.; Parke, D. The cytochrome P450 | gene family of microsomal hemoproteins and their role in
the metabolic activation of chemicals. Drug metabolism reviews 1990, 22, 1-85,
https://pubmed.ncbi.nim.nih.gov/2199176/.

Khaksari, M.; Esmaili, S. Palmatine ameliorates nephrotoxicity and hepatotoxicity induced by gentamicin in
rats. Archives of Physiology and Biochemistry 2021, 127, 273-278,
https://doi.org/10.1080/13813455.2019.1633354.

Godinho, A. F.; Silva, M. A. Effects of misoprostol on circulating HDL-cholesterol, total cholesterol,
triglycerides and their relationship with hepatic microsomal function. Pharmacology & toxicology 1995, 77,
255-258, https://doi.org/10.1111/j.1600-0773.1995.tb01023.x.

https://biointerfaceresearch.com/ 16 of 18


https://doi.org/10.33263/BRIAC136.574
https://biointerfaceresearch.com/
https://doi.org/10.1002/jat.4093
https://doi.org/10.2174/092986711797535254
https://doi.org/10.1177/0960327110369820
https://doi.org/10.1016/j.toxlet.2016.01.005
https://doi.org/10.1016/j.lfs.2020.117599
https://pubmed.ncbi.nlm.nih.gov/33396056/
https://doi.org/10.1016/j.lfs.2020.117599
https://doi.org/10.1051/medsci/2011274017
https://pubmed.ncbi.nlm.nih.gov/33028055/
https://doi.org/10.1016/s0378-5955(96)00169-4
https://doi.org/10.1016/j.canlet.2021.10.032
https://doi.org/10.1016/0006-2952(95)02190-6
https://doi.org/10.1124/mol.59.6.1402
https://pubmed.ncbi.nlm.nih.gov/33179104/
https://doi.org/10.1038/ki.2010.100
https://doi.org/10.1016/j.canlet.2003.09.009
https://doi.org/10.1016/j.vph.2008.07.004
https://doi.org/10.1006/taap.2000.9110
https://doi.org/10.1016/0006-2952(94)90185-6
https://pubmed.ncbi.nlm.nih.gov/2199176/
https://doi.org/10.1080/13813455.2019.1633354
https://doi.org/10.1111/j.1600-0773.1995.tb01023.x

https://doi.org/10.33263/BRIAC136.574

55.

56.

57.

58.

59.

60.

61.

62

63.

64.

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Salam, O. M. A.; Sleem, A. A.; Omara, E. A.; Hassan, N. S. Hepatoprotective effects of misoprostol and
silymarin on carbon tetrachloride-induced hepatic damage in rats. Fundamental & clinical pharmacology
2009, 23, 179-188. https://doi.org/10.1111/j.1472-8206.2008.00654.x.

Kahya, V.; Ozucer, B.; Dogan, R.; Meric, A.; Yuksel, M.; Gedikli, O.; Ozturan, O. Pomegranate extract: a
potential protector against aminoglycoside ototoxicity. The Journal of laryngology and otology 2014, 128,
43-48, https://doi.org/10.1017/s0022215113003460.

Liu, X.; Qiu, Y.; Liu, Y.; Huang, N.; Hua, C.; Wang, Q.; Wu, Z.; Lu, J.; Song, P.; Xu, J.; Li, P.; Yin, Y.
Citronellal ameliorates doxorubicin-induced hepatotoxicity via antioxidative stress, antiapoptosis, and
proangiogenesis in rats. Journal of biochemical and molecular toxicology 2021, 35, €22639,
https://doi.org/10.1002/jbt.22639.

Akin, A. T.; Oztiirk, E. Therapeutic effects of thymoquinone in doxorubicin-induced hepatotoxicity via
oxidative stress, inflammation and apoptosis. Anatomia histologia embryologia 2021, 50, 908-917,
https://doi.org/10.1111/ahe.12735.

Dogan, M.; Polat, H.; Yasar, M.; Kaya, A.; Bayram, A.; Senel, F.; Ozcan, 1. Protective role of misoprostol
against cisplatin-induced ototoxicity. European archives of oto-rhino-laryngology : official journal of the
European Federation of Oto-Rhino-Laryngological Societies (EUFOS) : affiliated with the German Society
for Oto-Rhino-Laryngology - Head and Neck Surgery 2016, 273, 3685-3692, https://doi.org/10.1007/s00405-
016-4031-4.

Jelic, M. D.; Mandic, A. D.; Maricic, S. M.; Srdjenovic, B. U. Oxidative stress and its role in cancer. Journal
of cancer research and therapeutics 2021, 17, 22-28, https://doi.org/10.4103/jcrt.JCRT_862_16.

Teleanu, R. I.; Chircov, C.; Grumezescu, A. M.; Volceanov, A.; Teleanu, D. M. Antioxidant Therapies for
Neuroprotection-A Review. Journal of clinical medicine 2019, 8, https://doi.org/10.3390/jcm8101659.

. Parlar Képrili, R. E.; Parlar, A.; Cam, S. A; Arslan, S. O. Effect of glabridin on microvascular permeability
of plasma proteins induced by carrageenan. Biointerface Research in Applied Chemistry 2022, 12, 2415-
2421, https://doi.org/10.33263/BRIAC122.24152421.

Marrocco, I.; Altieri, F. Measurement and Clinical Significance of Biomarkers of Oxidative Stress in
Humans. Oxidative medicine and cellular longevity 2017, 2017, 6501046,
https://doi.org/10.3390/jcm8101659.

Traverso, N.; Ricciarelli, R.; Nitti, M.; Marengo, B.; Furfaro, A. L.; Pronzato, M. A.; Marinari, U. M,;
Domenicotti, C. Role of glutathione in cancer progression and chemoresistance. Oxidative medicine and
cellular longevity 2013, 2013, https://doi.org/10.1155/2013/972913.

. Lv, S.; Chen, X.; Chen, Y.; Gong, D.; Mao, G.; Shen, C.; Xia, T.; Cheng, J.; Luo, Z.; Cheng, Y.; Li, W.; Zeng,
J. Ginsenoside Rg3 induces apoptosis and inhibits proliferation by down-regulating TIGAR in rats with
gastric precancerous lesions, BMC complementary medicine and therapies 2022, 22 188,
https://doi.org/10.1186/512906-022-03669-z.

Niu, B.; Liao, K.; Zhou, Y.; Wen, T.; Quan, G.; Wu, C.; Pan, X. Cellular defense system-destroying
nanoparticles as a platform for enhanced chemotherapy against drug-resistant cancer. Materials science &
engineering. C, Materials for biological applications 2021, 131, 112494,
https://doi.org/10.1016/j.msec.2021.112494.

Tsikas, D. Assessment of lipid peroxidation by measuring malondialdehyde (MDA) and relatives in
biological samples: Analytical and biological challenges. Analytical biochemistry 2017, 524, 13-30,
https://doi.org/10.1016/j.ab.2016.10.021.

Ucar, M.; Aydogan, M. S.; Vardi, N.; Parlakpinar, H. Protective Effect of Dexpanthenol on Ischemia-
Reperfusion-Induced  Liver  Injury.  Transplantation proceedings 2018, 50, 3135-3143,
https://doi.org/10.1016/j.transproceed.2018.07.012.

Dalle-Donne, I.; Rossi, R.; Colombo, R.; Giustarini, D.; Milzani, A. Biomarkers of oxidative damage in
human disease. Clinical chemistry 2006, 52, 601-623, https://doi.org/10.1373/clinchem.2005.061408.

Gur, F. M.; Bilgig, S. A synthetic prostaglandin E1 analogue, misoprostol, ameliorates paclitaxel-induced
oxidative damage in rat brain. Prostaglandins & other lipid mediators 2022, 162, 106663,
https://doi.org/10.1016/j.prostaglandins.2022.106663.

Homma, T.; Fujii, J. Application of Glutathione as Antioxidative and Anti-Aging Drugs. Current drug
metabolism 2015, 16, 560-571, https://doi.org/10.2174/1389200216666151015114515.

Ali, S. S.; Ahsan, H. Understanding oxidants and antioxidants: Classical team with new players. Journal of
food biochemistry 2020, 44, e13145, https://doi.org/10.1111/jfbc.13145.

Reasor, M. J.; Hastings, K. L.; Ulrich, R. G. Drug-induced phospholipidosis: issues and future directions.
Expert opinion on drug safety 2006, 5, 567-583, https://doi.org/10.1517/14740338.5.4.567.

Laurent, G.; Carlier, M. B.; Rollman, B.; Van Hoof, F.; Tulkens, P. Mechanism of aminoglycoside-induced
lysosomal phospholipidosis: in vitro and in vivo studies with gentamicin and amikacin. Biochemical
pharmacology 1982, 31, 3861-3870, https://doi.org/10.1016/0006-2952(82)90303-3.

Thompson, K. L.; Haskins, K.; Rosenzweig, B. A.; Stewart, S.; Zhang, J.; Peters, D.; Knapton, A.; Rouse,
R.; Mans, D.; Colatsky, T. Comparison of the diagnostic accuracy of di-22:6-
bis(monoacylglycerol)phosphate and other urinary phospholipids for drug-induced phospholipidosis or tissue

https://biointerfaceresearch.com/ 17 of 18


https://doi.org/10.33263/BRIAC136.574
https://biointerfaceresearch.com/
https://doi.org/10.1111/j.1472-8206.2008.00654.x
https://doi.org/10.1017/s0022215113003460
https://doi.org/10.1002/jbt.22639
https://doi.org/10.1111/ahe.12735
https://doi.org/10.1007/s00405-016-4031-4
https://doi.org/10.1007/s00405-016-4031-4
https://doi.org/10.4103/jcrt.JCRT_862_16
https://doi.org/10.3390/jcm8101659
https://doi.org/10.33263/BRIAC122.24152421
https://doi.org/10.3390/jcm8101659
https://doi.org/10.1155/2013/972913
https://doi.org/10.1186/s12906-022-03669-z
https://doi.org/10.1016/j.msec.2021.112494
https://doi.org/10.1016/j.ab.2016.10.021
https://doi.org/10.1016/j.transproceed.2018.07.012
https://doi.org/10.1373/clinchem.2005.061408
https://doi.org/10.1016/j.prostaglandins.2022.106663
https://doi.org/10.2174/1389200216666151015114515
https://doi.org/10.1111/jfbc.13145
https://doi.org/10.1517/14740338.5.4.567
https://doi.org/10.1016/0006-2952(82)90303-3

https://doi.org/10.33263/BRIAC136.574

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

injury in the rat. International journal of  toxicology 2012, 31, 14-24,
https://doi.org/10.1177/1091581811430167.

Anderson, N.; Borlak, J. Drug-induced phospholipidosis. FEBS letters 2006, 580, 5533-5540,
https://doi.org/10.1016/j.febslet.2006.08.061.

Van Opdenbosch, N.; Lamkanfi, M. Caspases in Cell Death, Inflammation, and Disease. Immunity 2019, 50,
1352-1364, https://doi.org/10.1016/j.immuni.2019.05.020.

Yan, S.; Li, Y. Z.; Zhu, X. W.; Liu, C. L.; Wang, P.; Liu, Y. L. HUGE systematic review and meta-analysis
demonstrate association of CASP-3 and CASP-7 genetic polymorphisms with cancer risk. Genetics and
molecular research : GMR 2013, 12, 1561-1573, https://doi.org/10.4238/2013.May.13.10.

Cynamon, M. H.; Swenson, C. E.; Palmer, G. S.; Ginsberg, R. S. Liposome-encapsulated-amikacin therapy
of Mycobacterium avium complex infection in beige mice. Antimicrobial agents and chemotherapy 1989,
33, 1179-1183, https://doi.org/10.1128/aac.33.8.1179.

Yang, H.; Majno, P.; Morel, P.; Toso, C.; Triponez, F.; Oberholzer, J.; Mentha, G.; Lou, J. Prostaglandin E1
protects human liver sinusoidal endothelial cell from apoptosis induced by hypoxia reoxygenation.
Microvascular research 2002, 64, 94-103, https://doi.org/10.1006/mvre.2002.2404.

Idriss, H. T.; Naismith, J. H. TNF alpha and the TNF receptor superfamily: structure-function relationship(s).
Microscopy  research and  technique 2000, 50, 184-195, https://doi.org/10.1002/1097-
0029(20000801)50:3<184::aid-jemt2>3.0.co;2-h.

Hu, Y.; Zhang, H. Bcl-3 promotes TNF-induced hepatocyte apoptosis by regulating the deubiquitination of
RIP1, Cell death & differentiation 2022, 29, 1176-1186. https://doi.org/10.1038/s41418-021-00908-7.

Li, J.; Zhang, H.; Huang, W.; Qian, H.; Li, Y. TNF-o inhibitors with antioxidative stress activity from natural
products. Current topics in medicinal chemistry 2012, 12, 1408-1421,
https://doi.org/10.2174/156802612801784434.

Victor, F. C.; Gottlieb, A. B. TNF-alpha and apoptosis: implications for the pathogenesis and treatment of
psoriasis. Journal of drugs in dermatology: JDD 2002, 1, 264-275,
https://pubmed.ncbi.nlm.nih.gov/12851985/.

Rossi, A.F.T.; da Silva Manoel-Caetano, F.; Biselli, J.M.; Cabral A, S.; Saiki, M.F.C.; Ribeiro, M.L.; Silva,
A.E. Downregulation of TNFR2 decreases survival gene expression, promotes apoptosis and affects the cell
cycle of gastric cancer cells, World journal of gastroenterology 2022, 28, 2689-2704,
https://doi.org/10.3748/wjg.v28.i24.2689.

Al-Shudiefat, A. A.; Sharma, A. K.; Bagchi, A. K.; Dhingra, S.; Singal, P. K. Oleic acid mitigates TNF-a-
induced oxidative stress in rat cardiomyocytes. Molecular and cellular biochemistry 2013, 372, 75-82,
https://doi.org/10.1007/s11010-012-1447-z.

Haynes, D. R.; Whitehouse, M. W.; Vernon-Roberts, B. The prostaglandin E1 analogue, misoprostol,
regulates inflammatory cytokines and immune functions in vitro like the natural prostaglandins E1, E2 and
E3. Immunology 1992, 76, 251-257, https://pubmed.ncbi.nlm.nih.gov/1321792/.

Sinha, N.; Dabla, P. K. Oxidative stress and antioxidants in hypertension-a current review. Current
hypertension reviews 2015, 11, 132-142, https://pubmed.ncbi.nlm.nih.gov/26022210/.

Betteridge, D. J. What is oxidative stress? Metabolism: clinical and experimental 2000, 49, 3-8,
https://doi.org/10.2174/1573402111666150529130922.

https://biointerfaceresearch.com/ 18 of 18


https://doi.org/10.33263/BRIAC136.574
https://biointerfaceresearch.com/
https://doi.org/10.1177/1091581811430167
https://doi.org/10.1016/j.febslet.2006.08.061
https://doi.org/10.1016/j.immuni.2019.05.020
https://doi.org/10.4238/2013.May.13.10
https://doi.org/10.1128/aac.33.8.1179
https://doi.org/10.1006/mvre.2002.2404
https://doi.org/10.1002/1097-0029(20000801)50:3%3c184::aid-jemt2%3e3.0.co;2-h
https://doi.org/10.1002/1097-0029(20000801)50:3%3c184::aid-jemt2%3e3.0.co;2-h
https://doi.org/10.1038/s41418-021-00908-7
https://doi.org/10.2174/156802612801784434
https://pubmed.ncbi.nlm.nih.gov/12851985/
https://doi.org/10.3748/wjg.v28.i24.2689
https://doi.org/10.1007/s11010-012-1447-z
https://pubmed.ncbi.nlm.nih.gov/1321792/
https://pubmed.ncbi.nlm.nih.gov/26022210/
https://doi.org/10.2174/1573402111666150529130922

