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Abstract: Background: Gentamicin (GM) is an antibiotic that is widely used to treat many Gram-
negative bacteria, such as those involved in urinary tract infections. However, being nephrotoxic,
GM dose adjustment and reno-protective elements must be concurrently administered with GM to
minimize kidney damage. Oxidative stress plays a pivotal role in the pathogenesis of GM-induced
nephrotoxicity. Thymoquinone (TQ) is a promising therapeutic substance, that is being extensively
studied in many diseases, such as diabetes mellitus, cancer, hypertension, and others. The powerful
antioxidant properties of TQ may greatly help in minimizing GM nephrotoxicity. Metformin (MF) is
a well-known, clinically approved oral hypoglycaemic drug that has many other actions, including
antioxidant properties. The aim of this work was to evaluate the possible antioxidant and reno-
protective effects of TQ and metformin in GM-induced nephrotoxicity in the same model (rats) at
the same time. In addition, we aimed to further understand the effects underlying GM-induced
nephrotoxicity. Methods: Twenty male rats were randomly divided into four equal groups: the first
group (control) received distilled water; the second group received GM only; the third group received
concurrent oral TQ and GM; and the fourth group received concurrent oral MF and GM. After
4 weeks, renal function and histopathology, as well as levels of the oxidative markers glutathione
peroxidase-1 (GLPX1), superoxide dismutase (SOD), and malondialdehyde (MDA) in the kidney
tissues, were assessed. Results: Compared with the control group, and as expected, the GM-injected
rats showed significant biochemical and histological changes denoting renal damage. Compared
with GM-injected rats, the concurrent administration of TQ with GM significantly reduced the levels
of serum creatinine, serum urea, and tissue MDA and significantly increased the levels of GLPX1
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and SOD. Concurrent metformin administration with GM significantly increased the levels of both
GLPX1 and SOD and significantly decreased the levels of tissue MDA but had no significant effect on
serum creatinine and urea levels. Compared with GM-injected rats, the addition of either TQ or MF
resulted in a reduction in endothelial proliferation and mesangial hypercellularity. Conclusions: Both
TQ and MF effectively alleviated the oxidative stress in GM-induced nephrotoxicity in rats, with TQ
but not MF producing a complete reno-protective effect. Further studies for evaluation of different
reno-protective mechanisms of TQ should be conducted.

Keywords: nephrotoxicity; gentamicin; thymoquinone; metformin; oxidative stress

1. Background

Antibiotics, especially aminoglycosides, have been notably linked to the develop-
ment of nephrotoxicity that may end in acute kidney injury (AKI). Gentamicin (GM), a
major aminoglycoside family member with low bacterial resistance rates (when compared
with the older aminoglycoside members, such as streptomycin [1]). Moreover, the preva-
lence of aminoglycoside resistance remained relatively low when compared with that for
cephalosporins or fluoroquinolones [2]. Although, GM is commonly used in the treatment
of life threatening conditions caused mainly by Gram-negative bacteria, its clinical uses are
greatly limited because of its nephrotoxicity [3].

Although GM nephrotoxicity has been attributed mainly to tubular cytotoxicity that
ranges from loss of brush border of epithelial cells to tubular necrosis [4], the exact main
site of tubular damage is still under investigation. Very early, in 1980, Moir’ et al., proposed
a central mechanism for the gentamicin-induced AKI that involved the accumulation
of the drug in the lysosomes of the cells of the proximal tubule with subsequent inhi-
bition of specific enzymes activities. In addition, lysosomal accumulation of the drug
led to altered properties of the lysosomal membrane permeability [5]. More recently,
gentamicin-induced AKI had been attributed mainly to apoptosis of the proximal tubule
and collecting cells [6]. Thus, the precise mechanism of GM-induced nephrotoxicity is
still not fully clarified, although the principle pathophysiology involves the generation
of reactive oxygen species (ROS), apoptosis, increased endothelin-1 levels, and increased
cellular infiltration [7]. Karadeniz et al. showed that increased ROS generation resulting
from GM-induced nephrotoxicity results in the inactivation of many enzymes involved in
oxidative stress [8]. It had been reported that GM promotes AKI through the generation
of ROS, such as superoxide anions [9], hydroxyl radicals, hydrogen peroxide [10], and
reactive nitrogen species (RNS) in the kidney [11]. Excess generation of ROS is responsible
for the pathogenesis of acute tubular necrosis (ATN) and a reduced glomerular filtration
rate (GFR), which are hallmarks of drug-induced nephrotoxicity [12]. Therefore, stud-
ies aiming to minimise GM-induced nephrotoxicity should be based on the concurrent
use of reno-protective agents, including ROS scavengers and antioxidant agents. At the
histopathological level, the previous studies revealed that gentamicin-induced nephrotoxic-
ity involved both glomerular and tubular changes in the form of tubular necrosis, apoptosis
of glomerular mesangial cells [13], tubular degeneration associated with swelling, cytosis,
and tubular irregularities [14].

TQ, the main volatile product of Nigella sativa, and MF (a well-known oral hypogly-
caemic drug) both have known antioxidant effects, and as such could potentially help
alleviate kidney damage in patients undergoing treatment with GM. In 2011, Sankara-
narayanan and Pari reported that TQ has antioxidant effects and possesses a notable
capability to prevent beta-cell damage in diabetic rats [15]. In addition, TQ has been
extensively investigated as an anti-inflammatory [16], gastroprotective [17], and tumour
anti-proliferative therapeutic agent [18]. MF, on the other hand, has been reported to have
novel antioxidant and anti-inflammatory effects in type 2 diabetic patients [19].
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Based on the findings that TQ and MF have antioxidant properties, the present study
aimed to evaluate the efficacy of both TQ and metformin as possible reno-protective agents
in GM-induced nephropathy in the same model (rats) at the same time. In addition,
we aimed to further understand the effects underlying GM-induced nephrotoxicity and
whether or not the antioxidant effect alone could protect against this nephrotoxicity.

2. Material and Methods
2.1. Animals

Twenty male Sprague-Dawley rats with average age between 5 and 6 months and
weighing between 250 and 300 g were included in this study. The rats were obtained from
the Animal House of College of Pharmacy, Qassim University, Saudi Arabia. The rats
were housed in well-aerated plastic cages (5 rats/cage) under standard housing conditions
(temperature of 24–25 ◦C, 50–80% humidity, with a 12 h light/dark cycle). The rats were
allowed free access to standard rat food and water throughout the experiments. This
study was approved by the Subcommittee of Health Research Ethics, Deanship of Scientific
Research, Qassim University (Approval No: 18-04-07) in accordance with National Research
Council (US) Guide for the Care and Use of Laboratory Animals [20].

2.2. Experimental Groups

The rats included in this study were randomly divided into four equal groups (n = 5
rats in each group). One group of rats was given 1 mL of distilled water per 100 g body
weight per day by oral gavage for 4 weeks and served as the control group (CT). The other
three groups were given a single daily intraperitoneal (IP) dose of GM (100 mg/kg body
weight for 4 weeks [21]; gentamicin 80 mg/2 mL, Memphis Pharmaceutical and Chemical
Industries, Egypt) The third group of rats, in addition to GM, was given concurrent
2-isopropyl-5-methylbenzoquinone (TQ; Sigma-Aldrich, St. Louis, MO, USA). TQ was
dissolved in dimethyl sulfoxide (DMSO), followed by normal saline (the final concentration
of DMSO was less than 0.5%). The prepared solution was given once daily by gastric gavage
at a dose of 50 mg/kg body weight for 4 weeks [22]. The fourth group of rats, in addition to
GM, was given concurrent MF (Sigma-Aldrich, St. Louis, MO, USA) at a dose of 60 mg/kg
body weight [23] orally by oral gavage for 4 weeks, in addition to GM. At the end of the
experiment, the rats were anaesthetized with ether, scarified, and blood samples were
collected via the medial canthus of the eye and from heart puncture and transferred into
sterilized tubes for serum separation for evaluation of renal function. After scarifying the
animals, the kidneys were carefully dissected and stored in 10% neutral buffered formalin.
Parts of one kidney sample were prepared for the histopathological examination. Other
parts of the same used kidney samples were carefully weighed and homogenized in ice-cold
100 mM phosphate buffer (pH 7.4) using a Potter-Elvehjem homogeniser fitted with a Teflon
Plunger. The homogenates were centrifuged, and the resulting supernatants were divided
into aliquots and stored at –80 ◦C until use for later oxidative stress enzymes analysis.

2.3. Renal Function

Serum creatinine was measured using a creatinine kit (Crescent diagnostics; cat. no.
CS604, KSA), using a kinetic method without deproteinization—the Jaffe reaction [24]. In
the Jaffe reaction, creatinine reacts with alkaline precipitate to produce a reddish-orange
colour, the intensity of which at 490 nm is directly proportional to creatinine concentration.

Serum urea was measured using a urea kit (Crescent diagnostics; cat. no. CS612, KSA),
with an enzymatic, colorimetric endpoint—the Berthelot method [25]. Urease catalyses
the conversion of urea to ammonia. In a modified Berthelot reaction, the ammonia ions
react with a mixture of salicylate, hypochlorite, and nitroprusside to yield a blue-green
dye (Indophenol). The intensity of this dye is proportional to the concentration of urea in
the sample.
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2.4. Oxidative Status Analysis

The homogenized kidney tissue was centrifuged for 20 min at 1000× g. The super-
natants collected and the samples stored in aliquot at −80 ◦C till assessment. The collected
supernatants were used for the evaluation of three oxidative enzymes in this study (GLPX1,
SOD, and MDA) using ELISAs (Cloud-Clone Corp; USA) according to the manufacturer’s
instructions as follows: For GLPX1, the kit was a sandwich enzyme immunoassay for
in vitro quantitative measurement in tissue homogenates. At the end of the procedure,
the colour change was measured spectrophotometrically at a wavelength of 450 ± 10 nm.
The concentration of SOD in the samples was then determined by comparing the optical
density (OD) of the samples with the standard curve. The same double-antibody sandwich
was also applied for assessment of SOD spectrophotometrically at the same wavelength
(450 ± 10 nm).

For MDA, the assay employed the competitive inhibition enzyme immunoassay
technique. A monoclonal antibody specific to MDA was pre-coated onto a microplate. A
competitive inhibition reaction was launched between biotin-labelled MDA and unlabelled
MDA (standards or samples) with the pre-coated antibody specific to MDA. After addition
of the substrate solution, the intensity of colour developed was reverse proportional to the
concentration of MDA in the sample.

3. Histopathological Evaluation of the Kidneys

The formalin-fixed tissues were processed using an automated tissue processor ma-
chine (Leica TP1020) and embedded in paraffin blocks. Serial 5 µm sections were prepared
using a microtome (Leica RM2245), stained with haematoxylin and eosin (H&E) and
examined using a light microscope (Olympus BX41), digital image camera (5 MP Binoc-
ular Microscope Electronic Eyepiece USB Video CMOS Camera for Image Capture), and
ToupView image analyser. All specimens were examined for glomerular and tubular
changes (glomerular endothelial and mesangial proliferation Bowman’s space, vacuolar
degeneration, tubular dilatation, and hyaline droplets).

Statistical Analysis

Statistical analysis was performed using Statistical Package for the Social Sciences
(SPSS) (Version 19; Chicago, IL, USA). The mean (M) ± standard deviation (SD) was used to
describe the studied variables, and one-way ANOVA was used for statistical comparisons.
A p < 0.05 was considered statistically significant.

4. Results

To confirm that our rat model accurately represented GM-induced nephrotoxicity, we
first assessed renal function and markers of oxidative stress in rats that had been treated
with GM daily for four weeks. As expected, rats treated with GM showed both significant
biochemical and histological changes when compared with the control group.

4.1. Biochemical Changes in the Different Groups
Nephrotoxic Effects and Oxidative Stress of GM in Treated Rats

The IP injection of GM at a single daily dose of 100 mg/kg body weight for four suc-
cessive weeks resulted in a significant reduction in renal function, as indicated by the signif-
icantly increased serum creatinine in the GM-treated rats (M ± SD = 2.25 ± 0.46 mg/dL)
compared with rats of the control group (M ± SD = 0.65 ± 0.05 mg/dL, p < 0.001) and the
significantly increased levels of serum urea (M ± SD 148.31 ± 21.16 mg/dL) compared
with those in the control group (M ± SD = 73 ± 1.3 mg/dL, p < 0.001; Table 1).
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Table 1. Comparison of renal function and oxidative stress status between control (CL), gentamicin (GM), thymoquinone
(TQ), and metformin (MF)-treated rats. Data expressed as Mean ± SD.

CL
(n = 5)

GM
(n = 5)

TQ
(n = 5)

MF
(n = 5) p

Renal function

Creatinine (mg/dL) 0.65 ± 0.05 2.25 ± 0.46 0.70 ± 0.14 1.58 ± 0.55

CL vs. GM < 0.001 *
GM vs. TQ < 0.001 *
GM vs. MF = 0.073
TQ vs. MF = 0.010 *

Urea (mg/dL) 73 ± 1.3 148.31 ± 21.16 74.37 ± 4.14 126.86 ± 25.16

CL vs. GM < 0.001 *
GM vs. TQ < 0.001 *
GM vs. MF = 0.183
TQ vs. MF = 0.002 *

Oxidative Stress status

Glutathione
peroxidase-1 (GLPX1)

(pg/mL)
106.51 ± 5.07 76.79 ± 14.22 111.88 ± 8.97 104.80 ± 5.01

CL vs. GM = 0.002 *
GM vs. TQ = 0.002 *
GM vs. MF = 0.003 *
TQ vs. MF = 0.162

Superoxide
dismutase (SOD)

(ng/mL)
2.76 ± 0.17 1.25 ± 0.54 2.61 ± 0.17 2.61 ± 0.13

CL vs. GM < 0.001 *
GM vs. TQ = 0.001 *
GM vs. MF = 0.001 *
TQ vs. MF = 0.969

Malondialdehyde
(MDA) (ng/mL) 325.93 ± 8.83 356.32 ± 12.5 319.41 ± 8.21 327.82 ±15.04

CL vs. GM = 0.002 *
GM vs. TQ = 0.001 *
GM vs. MF = 0.012 *
TQ vs. MF = 0.305

* means the p-value is significant (<0.05).

Additionally, injections of GM caused a significant reduction in oxidative buffering
capacity in the treated rats, as indicated by a significant reduction in GLPX1 and SOD
(M ± SD = 76.79 ± 14.22 and 1.25 ± 0.54, respectively) compared with that in the control
group (M ± SD = 106.51 ± 5.07 and 2.76 ± 0.17, respectively, p < 0.05) and the significantly
increased levels of tissue MDA (M ± SD= 356.32 ± 12.5 ng/mL) compared with those
in the control group (M ± SD = 325.93 ± 8.83 ng/mL, p < 0.002; Table 1). These findings
document the nephrotoxic effects of GM on the treated rats.

4.2. Renoprotective Effects of TQ on GM-Treated Rats

Next, we asked how treatment with TQ affected the biochemical changes induced
by GM treatment. The concurrent oral administration of TQ in GM-treated rats at a dose
of 50 mg/kg body weight daily for four successive weeks markedly alleviated the GM-
induced nephrotoxicity, as indicated by the significantly reduced serum creatinine level
(M ± SD = 0.70 ± 0.14 mg/dL) compared with that in the GM-treated rats (M ± SD = 2.25
± 0.46 mg/dL, p < 0.001) and the significantly reduced level of serum urea (M ± SD = 74.37
± 4.14 mg/dL) compared with that in the GM-treated rats (M ± SD = 148.31 ± 21.16 mg/dL,
p < 0.00; Table 1).

Additionally, the administration of TQ improved the oxidative buffering capacity
in the rats treated with GM, as indicated by the significant increase in GLPX1 and SOD
(M ± SD = 111.88 ± 8.97 and 2.61 ± 0.17) compared with that in the GM-treated rats
(M ± SD = 76.79 ± 14.22 and 1.25 ± 0.54, respectively, p < 0.05) and the significantly
reduced levels of tissue MDA in TQ-treated rats (M ± SD 319.41 ± 8.21 ng/mL) compared
with GM-treated rats (M ± SD = 356.32 ± 12.5 ng/mL, p < 0.00; Table 1). These findings
suggest that TQ succeeded in reversing the biochemical changes (renal function and
oxidative status) induced by GM injections.

4.3. Renoprotective Effects of MF on GM-Treated Rats

Next, we asked how treatment with MF affected the biochemical changes induced by
GM treatment. The concurrent administration of MF to the GM-treated rats at a dose of



Appl. Sci. 2021, 11, 3981 6 of 11

60 mg/kg body weight daily for four successive weeks produced no significant differences
in serum creatinine and urea (M ± SD= 1.58 ± 0.55 and 126.86 ± 25.16 mg/dL) levels com-
pared with those in the GM-treated rats (M ± SD = 2.25 ± 0.466 and 148.31 ± 21.16 mg/dL
for creatinine and urea, respectively; Table 1).

Additionally, the administration of MF improved the oxidative buffering capac-
ity in the rats treated with GM, as indicated by the significant increase in GLPX1 and
SOD (M ± SD = 104.80 ± 5.01 and 2.61 ± 0.13) compared with that in the GM-treated rats
(M ± SD = 76.79 ± 14.22 and 1.25 ± 0.54, respectively, p < 0.05) and the significantly
reduced levels of tissue MDA (M ± SD 327.82 ± 15.04 ng/mL) compared with those in the
GM-treated rats (M ± SD = 356.32 ± 12.5 ng/mL, p < 0.12; Table 1).

The comparison of the TQ-treated rats with the metformin-treated rats revealed no
significant differences regarding the oxidative buffering capacity, but the TQ-treated rats
showed better renal function (M ± SD = 0.70 ± 0.14 and 74.37 ± 4.14 mg/dL) than the
metformin-treated rats (M ± SD = 1.58 ± 0.55 and 126.86 ± 25.16 mg/dL with p < 0.5 for
serum creatinine and urea; Table 1). These findings suggest that MF could reverse the
biochemical changes induced by GM injections at the level of oxidative stress but did not
reverse the changes in renal function with the drug dose and experimental conditions used
for this study.

Next, we asked how treatment with GM, TQ, or MF affected the renal histopathology
of the treated rats.

5. Histopathological Changes in the Different Groups

Figure 1 shows the glomerular changes in the four groups. Compared with the
control group, GM induced mesangial cell hypercellularity and glomerular endothelial
cell proliferation. When compared with the GM-treated group, Bowman’s space was
noticeably preserved in the TQ-treated and MF-treated groups as a result of the reduction
in endothelial proliferation and mesangial hypercellularity. These finding suggest that both
TQ and MF persevered glomerular changes induced by GM treatment.
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H&E staining.
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Figure 2 shows the observed tubular changes in the four groups. When compared
with the control group, GM induced vacuolar degeneration of the tubular epithelium with
evidence of tubular necrosis and tubular irregularities. However, the hyaline droplets seen
in the GM-treated group were visibly reduced in the TQ-treated and MF-treated groups.
In addition, the tubular regularity was preserved, the tubular vacuolar degeneration was
reduced, and the ameliorative effects were increased in the TQ-treated group. These finding
suggest that TQ has more protective effects especially at the tubular level than those of MF.
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Figure 2. Tubular changes in in the four groups. When compared with the control group, GM induced
vacuolar degeneration (thin arrow) and tubular irregularities (dotted arrow). The hyaline droplets
seen in the GM-treated group (thick arrow) were reduced in the TQ-treated and MF-treated groups,
and the tubular regularity preservation was more pronounced in the TQ-treated group. (A): Control
group; (B): GM-treated group; (C): TQ-treated group; (D): MF-treated group. H&E staining.

6. Discussion

In this study, we showed that both TQ and metformin efficiently alleviated oxidative
stress in GM-induced nephrotoxicity in rats. However, only TQ produced reno-protective
effects. We also confirmed the effects of GM on kidney function. The accumulation of
GM, either intracellularly or in the cell membrane, lead to an increase in the production
of ROS that interact with cellular macromolecules (lipids, protein, DNA). ROS increase
denaturation of proteins, DNA damage, and production of MDA as a marker of lipid
peroxidation (LPO) of the cell membrane’s lipids. These events lead to cellular injury
and necrosis cascades that are commonly known as gentamicin-mediated nephrotoxicity
(Figure 3) [26]. In addition, increases in the production of ROS by GM lead to depletion of
antioxidant enzymes activity, such as superoxide dismutase (SOD), glutathione peroxidase
(GPx), glutathione reductase (GR), and catalase (CAT) Figure 1 [27]. The most common
markers indicating renal dysfunction and GM-nephrotoxicity are the increase of serum
levels of creatinine and blood urea nitrogen [28].
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by acting as a scavenger of ROS and preventing nephrotoxicity.

In the present study, the daily injection of GM for four weeks resulted in nephrotoxicity
as manifested by increased serum urea and creatinine concentrations. In addition, GM injec-
tion appeared to generate excess ROS, which resulted in a significant reduction in GLPX-1
and SOD levels, together with a significant increase in the MDA level. Histopathologically,
GM affected both the glomerular and tubular structure of the kidney. The glomerular
changes manifested as mesangial cell hypercellularity and glomerular endothelial cell
proliferation with a resultant reduction in Bowman’s space. As reported in another study,
GM simultaneously induced the proliferation and apoptosis of mesangial cells in vitro
and glomerular mesangial cells in vivo [13]. This study also revealed that, in the renal
tubules, GM induced vacuolar degeneration of the tubular epithelium with evidence of
tubular necrosis and tubular irregularities. In a study performed by Alarifi S. et al. in 2012,
tubular alterations caused by GM treatment appeared early in the form of necrosis, degen-
eration, and vacuolisation, and over time the degeneration progressed to severe necrosis.
The degenerated tubules showed swelling, cytolysis, and tubular irregularity [14]. Thus,
our results (glomerular and tubular changes) add support to the main pathophysiologic
theme in GM-induced nephrotoxicity and are consistent with many previously published
data [7,29–31]. Balakumar and his co-workers, attributed GM-induced nephrotoxicity
to ROS generation and increased endothelin-1 level, in addition to cellular infiltration
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and apoptosis [7]. Thus, it seems that any animal trial aiming to reduce GM-induced
nephrotoxicity should involve a substance with antioxidant activity and ROS scavenger
properties [26].

In the current work, we tested the ability of well-known substances (TQ and MF)
with antioxidant properties to reduce GM-induced nephrotoxicity. This is the first time
that the two drugs (QT and MF) have been compared side-by-side for prevention of
nephropathy in the same model (rats) at the same time. MF is widely used in diabetes,
and many novel studies recommend TQ in treatment of diabetes [15,22] and prevention of
diabetic complications, especially diabetic nephropathy. The concurrent administration of
TQ greatly alleviated the GM-induced nephrotoxicity, possibly by protecting the kidney
from lipid peroxidation, oxidative stress, and ROS production as well as by increasing the
antioxidant enzymes activity (Figure 3), as indicated by a significant reduction in serum
urea and creatinine levels and restoration of the disturbed oxidative stress status to normal
levels. These findings are consistent with those of previous studies [21,29] reporting that
TQ has a protective antioxidant effect and anti-inflammatory effect against GM-induced
nephrotoxicity. Samarghandian and his colleagues performed a study to examine the
cytokines profile (anti-inflammatory mechanism), renal function, and oxidative status in
GM-induced acute renal failure. Findings of the study revealed that GM caused various
changes, including renal failure [21].

This study also revealed that both TQ and MF ameliorated the effects of GM on the
kidney. The glomerulus in the TQ and MF groups showed preservation of Bowman’s space
when compared with the GM-group. In the renal tubules, the ameliorative effect of TQ
was more pronounced than that of MF, as the hyaline droplets seen in GM-treated rats
were visibly reduced; furthermore, the tubular regularity was preserved and the tubular
vacuolar degeneration was reduced. Our findings support the principle that TQ is an agent
that ameliorates or prevents GM-induced nephrotoxicity [32], and they are in agreement
with a study showing that that TQ ameliorates acute renal failure in GM-treated male
adult rats [21]. Another study revealed the ameliorative effect of MF on a mitochondrial
pathway and showed that in rats treated with GM and MF, most of the proximal tubules
contained completely viable cells; furthermore, necrosis was observed in less than 10%
of cells, and fewer structural alterations occurred in renal tissues [33]. In contrast, the
results of the current work show that the concurrent administration of MF improves the
oxidative stress status but does not reduce the increased urea and creatinine levels. These
findings increase the debate about the exact mechanism of GM-induced nephrotoxicity, as
MF has been reported to have antioxidative and anti-inflammatory effects on pancreatic
beta cells [19]. Thus, it appears that both antioxidative and anti-inflammatory effects are
necessary to protect against GM-induced nephrotoxicity but are not the only required
protective effects. TQ as well as metformin play a significant role in alleviating oxidative
stress in GM-induced AKI, with only TQ providing reno-protection. Moreover, TQ shows
a reno-protective role through modulating various activities, including oxidative stress and
maintenance of architecture of kidney tissues. Thus, it appears that mechanisms other than
oxidative stress may be involved in GM-induced nephrotoxicity, which opens the door for
more research.

7. Conclusions

Our findings show that both TQ and metformin efficiently alleviate oxidative stress
in rats with GM-induced nephrotoxicity, with TQ but not metformin displaying reno-
protective effects. Additionally, it appears that mechanisms other than ROS generation
are responsible for GM-induced nephrotoxicity. Further investigations with large sample
size and different doses of tested drugs are needed to delineate the exact mechanism of
GM-induced nephrotoxicity and other possible protective mechanisms of TQ and MF,
especially in diabetic rats.
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