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Abstract
The wider application of gentamicin is limited by potential adverse effects (nephrotoxicity and ototoxicity). The goal of our
study was to investigate the effects of chloroquine on biochemical and oxidative stress parameters in gentamicin-induced
nephrotoxicity in rats. Animals were randomly divided into 1 of 5 groups. First was Sham group (0.9% NaCl) (n = 8); second
group received gentamicin (n = 8); while third (n = 8), fourth (n = 8) and fifth group (n = 8) received gentamicin and chloroquine
in a dose of 0.3, 1 and 3 mg/kg, respectively. The urea and creatinine levels were significantly lower in chloroquine treated
groups in doses of 0.3 mg/kg and 1 mg/kg (P < 0.001). Total oxidant status and the oxidative stress index showed significantly
lower values in all chloroquine treated groups (P < 0.001; P < 0.005). Malondialdehyde was lower in chloroquine treatment in
doses of 0.3 mg/kg (P < 0.005) and 3 mg/kg (P < 0.05). Chloroquine treatment markedly reduced the level of superoxide
dismutase in doses of 1 mg/kg (P < 0.01) and 3 mg/kg (P < 0.05). Our study showed that chloroquine attenuates gentamicin-
induced nephrotoxicity in rats regarding biochemical and oxidative stress parameters.
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Introduction

Gentamicin represents an aminoglycoside antibiotic which
acts as a protein synthesis inhibitor through binding to the 30s
subunit of bacterial ribosome. This bactericidal antibiotic is
very effective against severe infections, especially Gram
negative bacteria. However, its wider application in clinical
practice is limited by its well known adverse effects.

In the first place, it is nephrotoxicity which, according to
some recent data, occurs in almost third of patients who were
exposed to gentamicin for more than a week.1 Additionally,
one study showed that even one dose of this antibiotic can
lead to acute kidney injury.2 Gentamicin-induced nephro-
toxicity (GIN) represents complex entity with a still unclear
pathogenesis. However, it is well known that this nephro-
toxicity is dose-dependent3,4 and leads to functional and
morphological changes in the kidney such as elevated blood
urea and creatinine level in serum, declined glomerular fil-
tration rate (GFR), edema, and acute injury in proximal
tubules.5,6

Additionally, recent studies concerning this topic showed
that inflammation, oxidative stress and massive production of
free radicals provided the basis for development of GIN.7 Such
findings brought different agents with antioxidant activity in
the focus of examination as potential therapy for GIN.8

Some recent studies advocated that an old antimalarial drug
- chloroquine may provide beneficial effects on renal function.
The potential protective mechanisms in kidney include increase
in urine flow rate, glomerular filtration rate, sodium excretion and
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stimulation of nitric oxide synthase.9 In addition to the above,
this antimalarial drug can affect both glomerular hemody-
namics and tubular function.10 Chloroquine and its derivate
hydroxychloroquine -induced alterations in proton fluxes
influence the type and chemical reactivity of reactive oxygen
species (ROS).11

Research on chloroquine and hydroxychloroquine has
become particularly important in the last two years, in the
era of the COVID-19 pandemic. Although this old and well-
known antimalarial drug was originally used in protocols
against COVID-19 infection, its toxic and adverse effects
appear to outweigh its potential benefits. However, it is
important to point out that numerous studies on this topic
have initiated research on the pleiotropic effects of this
agent and its possibilities for the treatment of many other
diseases.

Although research on chloroquine is often contradictory,
our previous research confirmed significant protection of renal
ischemia-reperfusion injury in rats by single dose of
chloroquine.12

Also the importance of oxidative stress and the influence of
pharmacological agents were examined in this experimental
model in our previous research.13

Oxidative stress is defined as an imbalance between the
increased formation of pro-oxidants and depleted antioxidant
mechanisms. When the redox balance becomes disrupted,
potentially toxic reactive molecules can produce broad
damage to the other biomolecules and cellular homeostasis.14

Antioxidative defense is achieved by the synergistic action of
enzymatic (superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), glutathione reductase (GR),
glutathione-S-transferase (GST) and glucose-6-phosphate
dehydrogenase (G6PD)) and non-enzymatic (reduced glu-
tathione, bilirubin, albumin, vitamins C and E, etc.) anti-
oxidants. A significant number of different analytical
methods are used for assessment of oxidative stress in bi-
ological samples. An insight into the redox status can be
made by quantification of individual markers of prooxidation
such as lipid peroxides (malondialdehyde-MDA), protein
oxidation products (advanced oxidation protein products-
AOPP) and markers of DNA damage, in combination with
various enzymatic and non-enzymatic antioxidants.15 The
general extent of oxidation can be estimated by assaying total
oxidant status (TOS), while total antioxidant status (TAS)
considers the mutual effect of enzymatic and non-enzymatic
antioxidants. The oxidative stress index (OSI) is derived
from TOS and TAS values and it delivers a comprehensive
insight into redox status, suggesting the presence or absence
of oxidative stress.16,17

The goal of our study was to investigate the effects of
chloroquine regarding some biochemical and oxidative stress
parameters in an experimental model of gentamicin-induced
nephrotoxicity in rats.

Material and Methods

Animals and Ethical Approval

Experiments were performed on adult, 2 months old, male
Wistar rats (n = 40) weighing between 210 and 270 g. Before
the beginning and during the experiments, animals were
housed in polycarbonate cages (4 per cage). The living
conditions were maintained constant at 12 h/12 h light/day
cycle, a temperature of 24 ± 1°C, and a humidity of 55 ± 10%.
The animals had ad libitum access to food (pellets of standard
rodent diet) and water (tap water).

The methodology used in our investigation was approved
by the Ethical Commission for the Welfare Protection of
Experimental Animals (Medical Faculty, University of Bel-
grade, 2017– 2379/02). Guidelines from the European Con-
vention for the Protection of Vertebrate Animals Used for
Experimental and other Scientific Purposes, Directive 2010/
63/EU for animal experiments, the Guide for the Care and Use
of Laboratory Animals and Good Laboratory Practice were
fully followed.13

Experimental Groups

Animals were randomly divided into 1 of 5 groups. First was
Sham group in which animals were given saline (0.9%NaCl) (n =
8); second group received just gentamicin (n = 8); while third (n =
8), fourth (n = 8) and fifth group (n = 8) received gentamicin and
chloroquine in a dose of 0.3, 1 and 3 mg/kg, respectively.

Acute Kidney Damage Induced by Gentamicin

Commercially available gentamicin was used for induction of
nephrotoxicity. Gentamicin was used in a 100 mg/kg dose and
it was administrated by intraperitoneal route (i.p.). The ad-
ministration was repeated every day during a period of 7 days.
The process of administration was performed in the morning
every day at the same time point. The complete methodology
is described in our previous paper.13

Sample Collection

Sample collection was undertaken on a first day post final
gentamicine administration. Before sample collection, ani-
mals were anesthezied with an intraperitoneal bolus injection
of sodium thiopentone (Thiopental®, Nycomed Pharma,
Unterschleibheim, Germany) in a dose of 120 mg/kg. Animals
were allowed to stabilize and to enter deep anesthesia before
the samples were taken. The depth of anesthesia was inves-
tigated by pinching the rat tail and the space between the toes
with tweezers or by poking these areas with a needle. The
absence of responding to both these stimuli was considered as
established deep anesthesia.
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After establishing of deep anesthesia, the blood samples
were obtained by heart puncture. The blood samples were kept
for 2 h at the room temperature, in order to extract the serum
and to allow samples to clot. After that, collected vessels were
centrifuged for 15 minutes at 1000 X g, which led to the final
serum separation. Samples were stored at �80°C for further
use. After cardiac punition, post mortem, both kidneys were
harvested for further investigation.13

Tissue Preparation

Approximately 5 mm3 of kidney tissues volume was excised,
placed in sterile tubes and stored at �80°C until further
manipulation. Each tissue specimen was thawed in 500 μL of
.5 mol/l sterile phosphate buffer (pH 7.5) and homogenized
with a mechanical homogenizer (M-HOG-020, Labec, Mar-
rickville, NSW, Australia) in sterile tubes, immersed in ice
cold distilled water during the homogenization process. The
homogenates were centrifuged at 8.161 × g for 10 minutes,
and the supernatants were aliquoted and stored at �80°C for
further analyses.18

Total Protein Concentration

Total protein in tissue homogenates was determined by the
Bradford spectrophotometric method,19 using a Shimadzu,
UV-2600 spectrophotometer (Shimadzu, Kyoto, Japan). The
results were expressed as the mean mg proteins per ml of
tissue homogenates.

Total Oxidant Status

TOS was determined according to the method of Erel.16 The
assay is based on the oxidation of ferrous to ferric ion in acidic
medium in the presence of various oxidant species, and the
detection of ferric ion by xylenol orange. Calibration and
construction of a standard curve were performed using a
hydrogen peroxide concentration gradient (0-100 μmol/l). The
absorbance at 560 nm was measured on a spectrophotometer.
The results were expressed as the mean micro molar equiv-
alent of hydrogen peroxide per mg of proteins in tissue ho-
mogenates [μmol H2O2 Eq./mg protein].

Total Antioxidant Status

TAS was determined according to the method of Erel.15 The
method is based on decoloration of 2,20-azinobis-
(3-ethylbenzothiazoline-6-sulfonic acid radical cation [ABTS(*+)]
by various antioxidants. Calibration and construction of stan-
dard curve were performed using a Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) concentration gradient
(0-100 μmol/l). The absorbance at 660 nm was measured
spectrophotometrically. The results were expressed as the mean
micromolar equivalents of Trolox per mg of proteins tissue
homogenates [μmol Trolox Eq./mg protein].

Oxidative Stress Index

OSI was defined as the ratio of TOS to TAS, and it was
displayed by arbitrary unit = TOS [μmol H2O2 Eq./mg
protein]/TAS [μmol Trolox Eq./mg protein].15

Lipid Peroxides

Lipid peroxides were determined according to the thio-
barbituric acid reactive substances (TBARS) method, quan-
tifying the total amount of malondialdehyde (MDA).20 The
pink colored chromogen’s absorbance formed by the reaction
of 2-thiobarbituric acid with the breakdown products of lipid
peroxidation was read at 535 nm. A standard curve con-
structed by MDA linear concentration gradient (0-100 μmol/l)
was used for calibration. The results are expressed as the mean
micromolar equivalents of MDA per mg of proteins in tissue
homogenates [μmol/mg protein].

Advanced Oxidation Protein Products

The method ofWitko-Sarsat was used to determine the AOPP
concentration.21 A linear concentration gradient (0-100 μmol/l)
of chloramine-T formed the standard curve used for calibration.
The results are expressed as the mean micromolar equivalents of
chloramine-T per mg of proteins in tissue homogenates [μmol
chloramine-T Eq./mg protein].

Superoxide Dismutase

Superoxide dismutase activity was estimated by using the
method of Sun and Zigman, which is based on the mea-
surement of the absorbance change during autooxidation of
adrenalin into adrenochrome at 340 nm.22 Commercial SOD
was used as an enzyme standard for calculation of total SOD
activity. The results are expressed in units of enzyme activity
per mg of proteins in tissue homogenates [U/mg protein].

Catalase

CAT activity was determined by the method of Beers and
Sizer.23 The absorbance change during hydrogen peroxide
breakdown by CAT was measured spectrophotometrically at
240 nm. Commercial CATwas used as an enzyme standard for
evaluation of the total CAT activity. The results are expressed
in units of enzyme activity per mg of proteins in tissue ho-
mogenates [U/mg protein].

Statistics

All biochemical measurements were run in duplicates and data
were expressed as mean ± SD. Data distribution was examined
using the Kolmogorov-Smirnov test. Evaluation of statistical
significance was assessed by One-Way ANOVA test, sup-
plemented by Bonferroni post hoc test for estimation of
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differences between biochemical parameters in different
groups. Correlation analysis was performed with Pearson’s
correlation test. For all analyses, P values at the level of 0.05
and less were considered statistically significant. All statistical
analyses were performed using SPSS20.0 software package
(IBM Corp., Armonk, NY).

Results

Biochemical markers of kidney function (urea, creatinine and
Na+ level in animal serum)

The serum levels of urea were different among investigated
animal groups. The highest concentrations were registered in
the group of animals that received gentamicin. In groups that
received chloroquine in lowest and medium dose (0.3 mg/kg

and 1 mg/kg), urea levels were significantly reduced (Figure
1A, P < 0.001). The group of animals treated with gentamicin
+ chloroquine 3 mg/kg had a significantly higher urea level
than a group of healthy, Sham animals and group treated with
lowest dose of chloroquine (Figure 1A, P < 0.001). Addi-
tionally, there was statistically significant difference between
the group treated with highest (3 mg/kg) and medium dose of
chloroquine (1 mg/kg) (Figure 1A, P < 0.01).

Similarly to urea, creatinine was also increased in genta-
micin group. The creatinine level was significantly lower in
the groups that received chloroquine in lowest and medium
dose (0.3 mg/kg and 1 mg/kg) (Figure 1B, P < 0.001). The
creatinine values were significantly higher in a group of an-
imals simultaneously treated with gentamicin and chloroquine
in highest dose (3 mg/kg) when compared to the group group
of healthy, Sham animals and group treated with lowest dose
of chloroquine (Figure 1B, P < 0.001). Additionally, there was
a statistically significant difference between the group treated
with highest (3 mg/kg) and medium dose of chloroquine
(1 mg/kg) (Figure 1B, P < 0.05).

The serum sodium level was unchanged and there were
almost identical sodium levels between investigated groups
(Figure 1C).

Oxidative Stress Markers

An insight into the oxidant/antioxidant events has been
made by examination of overall and individual indicators
of prooxidation and antioxidation processes. Figure 2.
demonstrates the TOS level, together with MDA and
AOPP concentration which represent biochemical markers
of oxidative kidney damage in different experimental
groups. It is clear that the gentamicin treated rats exhibited
the highest levels of TOS, while the chloroquine treated
rats (in all doses) had the significantly lower values of
TOS, even lower than in Sham group of animals (Figure
2A, P < 0.001).

Regarding the MDA concentration, rats treated with gen-
tamicin had highest extent of lipid peroxidation, while chlo-
roquine treatment in lowest and highest dose (0.3 and 3 mg/kg)
markedly reduced the production of lipid peroxides (Figure 2B,
P < 0.005 and P < 0.05, respectively). All experimental groups
had similar AOPP concentration, showing no significant dif-
ference among them (Figure 2C, P > 0.05).

TAS levels were markedly elevated in the Sham control
group, while other experimental groups did not differ sig-
nificantly (Figure 3A), which suggests its outflow in response
to oxidative stress caused by gentamicin treatment. The
gentamicin treated animals had highest augmentation of SOD
activity, when compared to the other groups. Chloroquine
treatment in medium and highest dose (1 and 3 mg/kg) sig-
nificantly reduced SOD activity compared to the gentamicin
group (Figure 3B, P < 0.01 and P < 0.05, respectively). There
is no apparent difference between groups in CAT activity
(Figure 3C, P > 0.05).

Figure 1. Biochemical markers of kidney function (urea, creatinine
and Na+ level in animal serum). A-urea levels, B-creatinine levels,
C-sodium levels. Sham group treated only with saline (0.9% NaCl).
Gentamicin group treated only with gentamicin, while groups G +
C0.3 mg/kg, G + C 1 mg/kg and G + C 3 mg/kg were treated with
gentamicin and chloroquine in dose of 0.3, 1 and 3 mg/kg,
respectively. Each bar represents mean ± SD.
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The OSI showed that overall redox status is imbalanced and
that the extensive renal oxidative stress exists in gentamicin
treated animals (Figure 4). The same figure clearly shows that
chloroquine reduced the oxidative stress in all 3 applied doses
(Figure 4, P < 0.005) and brought it to the physiological level,
since there was no significant difference between all treated and
Sham group of animals (Figure 4, P > 0.05).

Multiple significant correlations with strong association
between TOS and MDA in gentamicin treated group (r =
0.921, P < 0.01) and chloroquine treated groups were noticed
in all applied doses - 0.3, 1 and 3 mg/kg (r = 0.986, P < 0.01;
r = 0.873,P < 0.05; r = 0.982,P < 0.05, respectively) (Figure 5).

Although the overall AOPP levels are not increased sig-
nificantly in any group, there is a strong positive correlation
between its concentration and TOS levels in gentamicin

treated rats (r=0.961, P < 0.01) (Figure 6A). In the same group,
the marked negative correlation between TAS and AOPP was
showed (r=0.964, P < 0.01 ) (Figure 6B).

A chloroquine treated animals with 0.3 and 1 mg/kg es-
tablish a competent TAS response to lipid peroxidation, which
is evidenced by significant positive correlations presented in
Figure 7. Since these strong associations are not present in
Sham control, they implicate a corrective effect of chloroquine
on cellular redox homeostasis.

Discussion

Our study confirmed that the administration of gentamicin at
the dose of 100 mg/kg/day for 7 days i.p., successfully induced

FIgure 3. Oxidative stress markers of antioxidative protection in
kidney tissue of experimental animals. A-TAS levels; B-SOD
activity; C-CAT activity. Sham group treated only with saline (.9%
NaCl). Gentamicin group treated only with gentamicin, while groups
G + C .3 mg/kg, G + C 1 mg/kg and G + C 3 mg/kg were treated
with gentamicin and chloroquine in dose of .3, 1 and 3 mg/kg,
respectively. Each bar represents mean ± SD.

Figure 2. Oxidative stress markers of prooxidation in kidney tissue
of experimental animals. A-TOS levels; B-MDA amount; C-AOPP
concentration. Sham group treated only with saline (.9% NaCl).
Gentamicin group treated only with gentamicin, while groups G + C
0.3 mg/kg, G + C 1 mg/kg and G + C 3 mg/kg were treated with
gentamicin and chloroquine in dose of 0.3, 1 and 3 mg/kg,
respectively. Each bar represents mean ± SD.
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nephrotoxicity in all treated animals. This finding is in
agreement with some previous reports.13,24,25

Additionally, gentamicin-treated rats produced an in-
crease in parameters of renal oxidative stress (TOS, OSI,
MDA and SOD activity). Some earlier reports showed that
overproduction of ROS represents the most important
pathways in the process of gentamicin-induced
nephrotoxicity.

Although the pathogenesis of this clinical entity is still
unclear, oxidative stress is considered to be linked with de-
pletion of proximal renal tubules’ antioxidant potential which
causes lipid peroxidation, protein oxidation, apoptosis in-
duction and cause tubular damages.26,27

Additionally, ROS play a crucial role in the progression of
inflammation via NF-κB (Nuclear factor kappa B) activation
which further enhance synthesis of inducible nitric oxide
synthase (iNOS), cytokines - TNF-α (Tumor necrosis factor –
alpha) and IL-6 (interleukin 6) and other proinflammatory
markers.28

Some recent evidence suggests that oxidative stress in
gentamicin-induced nephrotoxicity happens by apoptosis
through mitochondrial dysfunction.29 Several studies showed
that gentamicin amplifies the generation of ROS in the kidney.

This is the reason why many substances with antioxidant
properties have been tested in previous years in this model.30-32

The effects of chloroquine on gentamicin-induced neph-
rotoxicity in our experimental model showed some different
effects in relation to the administered dose. For example, the
lowest dose of applied chloroquine provided the most sig-
nificant protection regarding biochemical markers of kidney
damage. In the group where the highest dose of chloroquine
was applied, the urea and creatinine levels were slightly lower
than those in the gentamicin group, but still significantly
higher than in the Sham group.

Additionally, significant protection of kidney damage in
this experimental model was shown in all chloroquine-treated
groups concerning some oxidative stress parameters that

indicate the overall extent of oxidation and comprehensive
insight into redox status (TOS, TAS and OSI). All chloroquine
treated animals with 0.3 and 1 mg/kg establish a competent
TAS response to lipid peroxidation, which is evidenced by

Figure 4. OSI levels in kidney tissue of different experimental
groups. Sham group treated only with saline (0.9% NaCl).
Gentamicin group treated only with gentamicin, while groups G + C
0.3 mg/kg, G + C 1 mg/kg and G + C 3 mg/kg were treated with
gentamicin and chloroquine in dose of 0.3, 1 and 3 mg/kg,
respectively. Each bar represents mean ± SD.

Figure 5. Correlation betweenTOS level andMDAamount in different
experimental groups. A-animals treated with 0.3 mg/kg of chloroquine;
B-animals treated with 1 mg/kg of chloroquine; C-animals treated with
3 mg/kg of chloroquine; D-animals treated only with gentamicin.
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significant positive correlations presented in Figure 7. Since
these strong associations are not present in Sham control, they
implicate a corrective effect of chloroquine on cellular redox
homeostasis. Beside this, MDA as a very sensitive, individual
marker of prooxidation showed protective effects in this ex-
perimental model in lowest (0.3 mg/kg) and highest dose (3 mg/
kg), while SOD, as very important antioxidant defense marker
displayed beneficial effects on kidney injury in medium and
highest dose (1 mg/kg and 3 mg/kg). On the other hand, the
use of chloroquine did not have any significant effect on CAT
and AOPP values.

Our results suggest that the effects of chloroquine could be
dose-dependent in the experimental model of gentamicin-
induced nephrotoxicity. This finding is consistent with
some of our previous research concerning the effects of
chloroquine on kidney damage.12

Chloroquine, as an old antimalarial drug possesses nu-
merous pleiotropic effects suh as inhibition of autophagy,
lysosomal protein degradation and macrophage activation,
decreases the level of proinflammatory cytokines and other
mediators.33

Also, some recent research suggests the importance of
chloroquine in reducing oxidative stress in kidney pathology.
Mo Kang et al. referred that chloroquine can induce AMP-
activated protein kinase (AMPK) -α phosphorylation and
improved mitochondrial fragmentation which may be very
important in development in oxidative stress. Additionally,

they explained that this antimalarial drug declined inflam-
matory markers, such as NF-κB, IL-6, and TNF-α, reduced
mitochondrial ROS production and decreased endoplasmic
reticulum (ER) stress.34

However, despite being effective in range of diseases,
clinical use of chloroquine was always under scrutiny because
it has narrow safety margin and showed wide range of adverse
effects including cardiac and neurological disorders, reti-
nopathy and ototoxicity. For example, several studies advo-
cate that hepatotoxicity caused by chloroquine is mainly due
to its oxidative potential.35-37

Also, there are studies that emphasize the role of
chloroquine as a prooxidative agent in kidney. Giovanella
et al. determined that this drug may promote oxidative
stress by decreasing non-enzymatic and enzymatic anti-
oxidant defenses, changing the redox state and stimulating
oxidative damage to DNA in brain and kidney of rats.38

However, it should be emphasized that much higher doses
of chloroquine have been examined in these studies
ranging from human therapeutic equivalent of 360 mg/kg
body weight to as high as 2000 mg/kg body weight.
Chloroquine appears to exhibit many adverse effects at
these doses, including triggering oxidative stress. It was
recently published that chloroquine induces endothelial
injury through lysosomal dysfunction and oxidative stress.
These findings also may contribute to the failure of
chloroquine as therapy for COVID-19.39

Figure 6. Correlation between TOS level and AOPP amount (A)
and TAS level and AOPP amount (B) in gentamicin treated animals.

Figure 7. Correlations between TAS level and MDA concentration
in group of animals treated with 0.3 mg/kg (A) and 1 mg/kg (B) of
chloroquine.

Brkić et al. 7



However, our study showed for the first time that chlo-
roquine (in low doses) possesses protective effects on bio-
chemical and oxidative stress parameters in an experimental
model of gentamicin-induced nephrotoxicity.

Future experiments should include a wider range of doses
of chloroquine and its examination on some more specific
markers of inflammation (such as NF-κB, TNF-α, IL-1, IL-6
etc.), some other markers of oxidative stress as well as novel
markers of kidney injury - KIM-1 (Kidney injury molecule–1),
NGAL (Neutrophil gelatinase-associated lipocalin) etc. in order
to provide more accurate explanation of nephroprotective effects
of chloroquine in this experimental model. Also, it could be
important to examine the effects of hydroxychloroquine in this
experimental model of gentamicin-induced nephrotoxicity, as a
less toxic derivative of chloroquine. Such and similar studies
could have clinical significance in reducing the adverse effects of
gentamicin therapy.
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