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Abstract

Background Gentamicin (GEN) can have serious adverse effects including nephrotoxicity. Setarud (IMOD™) is a new herbal
drug with beneficial immune effects, obtained by mixing Tanacetum vulgare (tansy), Rosa canina and Urtica dioica (nettle)
extracts as well as selenium, flavonoids and carotenes. This novel study aims to evaluate the effectiveness of Setarud
(IMOD™) in attenuating GEN-induced nephrotoxicity in male rats. Twenty-eight adult male Sprague Dawley rats (weigh-
ing 180-200 g) were randomly divided into four groups (7 rats in each group): Control, IMOD treated (20 mg/kg body
weight), GEN treated (100 mg/kg body weight), and GEN + IMOD co-treated. Injections were done intraperitoneally for
12 days. Serum urea, creatinine (Cr), Cr clearance, malondialdehyde (MDA), reduced glutathione (GSH) level, and activi-
ties of antioxidant enzymes Peroxidase (POD), Catalase (CAT), and Glutathione peroxidase (GPx) were measured by the
colorimetric method. Volume density of proximal convoluted tubule (PCT), tubular necrosis, tubular cast formation, and
leukocytic infiltration were evaluated histopathologically.

Results In the GEN group, there were significantly higher serum urea, Cr, and MDA levels with lower Cr clearance, GSH
levels, POD, GPx and CAT activities, and PCT volume density with presence of tubular necrosis compared to the control
and IMOD groups (P <0.05). Treatment with IMOD significantly reduced the levels of urea, Cr and MDA, and increased Cr
clearance and the activities of POD and CAT enzymes (P < 0.05). No significant differences in the activity of GSH and GPx
were reported in the GEN +IMOD co-treated group compared to the GEN group. Moreover, IMOD significantly amelio-
rated PCT volume density and renal lesions caused by GEN.

Conclusion IMOD (20 mg/kg body weight) can attenuate GEN-induced nephrotoxicity in rats by inhibition of oxidative
stress or increasing the normal activity of antioxidant enzymes. Further studies are recommended on the effects of dif-
ferent doses of IMOD.

Article Highlights

e IMOD can significantly reduce serum MDA and improve activity of antioxidant enzymes POD and CAT in the kidney
of rats with GEN-induced nephrotoxicity;

e IMOD can improve renal function and histopathological variables in rats with GEN-induced nephrotoxicity;

e Although IMOD can attenuate the nephrotoxicity caused by GEN, it cannot return kidney function to normal level.
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1 Background

Gentamicin (GEN) can be used for treating gram-negative bacterial infections (e.g. Pseudomonas, Proteus, etc.), caus-
ing less bacterial resistance compared to other antibiotics. However, its use is limited due to having potentially serious
adverse effects including ototoxicity and nephrotoxicity [1-3]. Nephrotoxicity is a rapid decline in the renal function
caused by toxic effect of chemicals and medications. It is manifested clinically as nonoliguric kidney failure, which is
associated with increased serum creatinine and development of hypoosmolar urinary output after treatment [4]. There
are different mechanisms that cause nephrotoxicity, including tubular cell toxicity, glomerular damage, inflammation,
thrombotic microangiopathy, and crystal nephropathy [5, 6. Since GEN is still used and is highly efficient in treating
infections, it is important to find methods to reduce its nephrotoxicity. Recently, GEN-induced nephrotoxicity can be
reduced by changing daily dosage and eliminating the risk factors [2]. Since oxidative stress plays an important role in
causing GEN-nephrotoxicity, the use of various antioxidants compounds such as L-carnitine, melatonin, and vitamin
E can attenuate nephrotoxicity [7]. Herbal plants such as olive leaves, garlic, Pistacia, Silymarin, Camphor, and Persian
hogweed have also shown positive effects on the treatment of GEN-induced nephrotoxicity [8-13].

Setarud (IMOD™) is new herbal drug with beneficial immune effects [14]. It was first introduced for the treatment of
human immunodeficiency virus infection in Iran. It is a naturally-derived immunomodulator [15], and is obtained by mix-
ing Tanacetum vulgare (tansy), Rosa canina and Urtica dioica (nettle) extracts as well as selenium, flavonoids and carotenes
[16]. Being rich in beta-carotene, polysaccharides and lectins, these herbal extracts are potentially useful for treatment
of a wide range of complaints such as high blood cholesterol and sugar levels [17]. IMOD can act as an effective antihy-
perglycemic agent and can positively affect the liver and lipid metabolism [18]. It has been used in some animal studies
in which the results have shown its positive effects on inflammatory bowel disease, stimulating angiogenesis, reducing
the frequency of micronuclei in bone marrow erythrocytes, and reducing oxidative stress and increasing antioxidant
enzymes activities in type 1 diabetes [19-22]. We found no study on the efficacy of IMOD in attenuating GEN-induced
nephrotoxicity in rats. In this regard, and due to the mechanisms involved in the physiopathology of nephrotoxicity
and considering antioxidant and anti-inflammatory effects of IMOD, and since males are more sensitive to GEN-induced
nephrotoxicity [23], this novel study aims to evaluate the possible effectiveness of IMOD in attenuating GEN-induced
nephrotoxicity in male rats.

2 Materials and methods
2.1 Materials

In this experimental study, the GEN for induction of nephrotoxicity was obtained from DaruPakhsh Company and the
IMOD drug was prepared from Pars Roos Company in Iran.

2.2 Animals

The animals were 28 male Sprague Dawley rats (2 months old, weighing 180-200 g). All rats were kept at 22 C and
50+ 10% humidity, with adequate water and food in 12 h of daylight and 12 h of dark. After 1 week of adaptation with
the new environmental conditions, they were randomly assigned to the following groups (7 rats in each group): Control
(healthy rats receiving 0.5 mL normal saline), IMOD (receiving 20 mg/kg body weight), GEN (injection of 100 mg/kg body
weight), and GEN +IMOD (receiving GEN at 100 mg/kg body weight plus IMOD at 20 mg/kg body weight). Injections
were done intraperitoneally (IP) for 12 days. The dose of 100 mg/kg body weight for GEN in induction of nephrotoxicity
was determined according to a previous study [24], and the dose of IMOD was determined based on a previous study
[25]. After the last injection, all animals were kept in individual metabolic cages to collect 24 h urine samples.

At the end of experiment, the animals were anesthetized for 30-45 min with ketamine (80-120 mg/kg) IP + xylazine
(5-10 mg/kg) IP, blood samples were taken from the animals’ hearts, poured into the test tubes, and its serum was
isolated by centrifugation (D-78532 Tuttlingen, Germany) for 20 min at 3000 rpm and stored in a freezer at - 80 C.
After blood sampling, to remove the kidney, the abdomen area was rinsed, the hair was removed, and the area was
cut using a scissor and grasped by forceps (Fig. 1). One kidney was removed and fixed in formaldehyde solution
(10%) for histopathological assessment. Other kidney was used for biochemical analysis to perform renal function
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tests. It was homogenized in 0.05 mol/L Tris hydrochloride (HCL; Merck Co., Germany) and 1.15% potassium chloride
(Merck Co., Germany; pH =7.4) buffer using a homogenizer (Wiggens, Germany). The homogenate was centrifuged
at 18,000 xg (4 C) for 30 min. The supernatant was then used for biochemical analysis of renal tissue [26].

2.3 Measurement of renal function markers

The kidney function markers including serum creatinine (Cr) and urea levels, were measured by an autoanalyzer
(Olympus AU-600, Tokyo, Japan) using commercial kits (Pars Azmoon Company, Tehran, Iran). The Cr clearance was
calculated and reported in mL/min/100 g body weight according to the method proposed by Goldman [27]

2.4 Malondialdehyde and glutathione assessment

Malondialdehyde (MDA) level assessment was based on the formation of the MDA-thiobarbituric acid (TBA) complex
between one molecule of MDA and two molecules of TBA [28]. For its assessment, 1000 pl of 1% Trichloroacetic acid
(TCA) and 1500 pl of 0.06% TBA were added to the test tube. Then, 100 ul of the serum sample was added. The tubes
were placed in a bain-marie (100 C) for 30 min and, after cooling, centrifuged for 15 min at 1000 rpm. Some of the
supernatant was removed and its absorbance was read at 535 nm using a spectrophotometer (UV-2100, UNICO,
Japan) against a blank solution. The amount of molar absorption coefficient was reported as the content of MDA
(nmol/L).

Glutathione (GSH) level was measured using the Ellman method [29]. Based on this method, 25 ul of super-
natant sample obtained from the kidney tissue was mixed with 140 ul of 2 M Tris—EDTA (pH=8) and 30 pyl of 1 M
5,5'-Dithiobis(2-nitrobenzoic acid) (DTNB; Sigma-Aldrich), and the change in their absorbance was read by an ELISA
reader (Stat Fax 2100, Awareness Technology, US) at 540 nm, and expressed as pmol/mg protein.

Fig.1 Cutting the rat’s abdo-
men area to remove kidney
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2.5 Antioxidant enzyme activity assessments in the kidney

The concentration of total protein in samples was measured by the Bradford protein assay [30]. For this purpose,
10 pl of samples were combined with 490 pl of Bradford reagent (containing 20 mg Coomassie brilliant blue G-250,
10 ml ethanol, 20 ml 85% phosphoric acid, and 10 ml distilled water, filtered through Whatman grade 1 filter). The UV
absorption of samples at 595 nm was read by the spectrophotometer. Finally, the concentration of total protein was
determined based on the standard curve. Based on its concentration, the specific activity of antioxidant enzymes
was evaluated.

Peroxidase (POD) activity was measured using the method described by McAdam et al. [31], where 20 M Sodium
phosphate (Merck Co.) buffer (pH=6) and 200 mM Guaiacol were used as electron donors and 10 pl of H,0, 30% w/v
as the electron acceptor. The change in the absorbance was finally read by the spectrophotometer at 575 nmina 1 min
period and expressed as unit/mg protein.

Glutathione peroxidase (GPx) activity was measured by modifying Paglia and Valentine’s method [32]. Based on this
method, 200 pl of 0.4 M HCL buffer with pH=7, 100 pL of T mM sodium azide (Sigma-Aldrich), 200 pL of serum sample,
200 pL of 2 mM glutathione (Sigma-Aldrich), and 100 pL of 0.2 mM H202 were added to the test tube and incubated
using an incubator (Memmert, Germany) for 10 min at 37 C.Then, 0.4 ml of 10% TCA was added to the tubes and cen-
trifuged at 2000 rpm for 3 min. Then, 25 ul of supernatant was transferred into ELISA microplates, and 140 ul of 0.2 M
Tris—EDTA (Merck Co.) with pH=8 and 30 pL of DTNB were added. After 30 min of incubation at room temperature, the
samples were read at 420 nm using an ELISA reader (DTNB solvent in this test was sodium citrate). The amount of molar
absorption coefficient was reported as the content of GPx (unit/mg protein).

Catalase (CAT) activity in serum samples was measured by the method described by Sinha et al. [33]. Based on this
method, 1000 pl of 50 mM potassium phosphate (Sigma-Aldrich) buffer with pH=7 and 50 ul of the serum sample was
poured into the test tube. When the spectrophotometer was ready to read the absorption, 50 pl of hydrogen peroxide
(H,0,; Sigma-Aldrich) was added and the absorption of the samples was read at 0, 30, and 60 s at 240 nm against Blank
solution. Since the reaction begins with the addition of H,0,, it is better to add oxygenated water in the final step. The
amount of molar absorption coefficient was reported as the content of CAT (unit/mg protein).

2.6 Histopathological and histological studies

After kidney sampling, the right kidney was fixed in 10% formaldehyde solution for at least 45 h. After processing, paraffin
sections with 5 um thickness were prepared and were stained by the periodic acid-Schiff (PAS) method. This method can
show brush border of proximal convoluted tubules ((PCTs) clearly and is a specific staining method for tubular basement
membrane and glomerular basement membrane [34]. The Caramel method [35] was used to assess histopathological vari-
ables such as leukocytic infiltration and tubular necrosis on tissue sections at x 400 magnification where the parameters
were evaluated semi quantitatively based on a score from 0 to 4 as follows: 0 = Absence of necrotic cells in the PCTs in
the field of view )no damage), 1=Presence of one necrotic cell in the PCTs (Mild damage), 2=Presence of more than one
necrotic cell in the PCTs (Moderate damage), 3 =Presence of PCTs with complete necrosis scattered in the field of view
(Severe damage), 4 =Presence of PCTs with complete necrosis (Very severe damage). The volume density (fraction) of
the PCT was estimated by the point-counting rule. In this regard, random microscopic images of the kidney were taken
by Leica DFC camera and transferred to a Computer. At x 300 linear magnification, a point probe (with a 12x 13 cm frame
containing 240 points on the transparent sheet) was superimposed onto the images of tissue sections on the monitor.
Then, the points on normal PCTs (epithelium with PAS-positive brush border) were counted. For each animal, 10 kidney
sections were studied and at least 60 microscopic fields per animal kidney sections were examined by the point-counting
rule. The volume density of PCT per cortex was estimated as Vv (PCT/Cortex) = XPp/%Pt, where XPp is the sum of points
hitting on PCT epithelium and Pt is the number of probe points which is 240. For example, if 10 microscopic fields are
evaluated in each kidney tissue section, 2Pt is obtained as 10 x 240 [36].

2.7 Statistical analysis

Data analysis was conducted in SPSS v.16 software. Mean and standard deviation were used for describing data. Accord-
ing to the Kolmogorov-Smirnov test results, the data distribution was normal (p > 0.05). One-way ANOVA was used to
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evaluate the differences between the study factors in the studied groups followed by Tukey’s post hoc test for multiple
comparisons. The significance level was set as less than 0.05.

3 Results

Table 1 presents the mean serum levels of Cr, urea, Cr clearance, MDA, and GSH. As can be seen, the urea, Cr and MDA
levels were higher in rats with GEN-induced nephrotoxicity, while treatment with IMOD reduced their level. The GSH
level and Cr clearance were lower in the GEN group. Co-treatment with IMOD caused an increase in Cr clearance, but no
considerable change was reported in the GSH level compared to the GEN group. Results of ANOVA (Table 1) showed a
significant difference among the groups in MDA, GSH, Cr, urea, and Cr clearance (p < 0.05). Based on the results of Tukey’s
post hoc test for the renal function parameters, there was a significant increase in the serum levels of urea and Crand a
significant decrease in the Cr clearance in the GEN group compared to the control group (p <0.001), a significant increase
in the urea, Cr, and Cr clearance in the GEN +IMOD group compared to the control group (p <0.001), a significant decrease
in the urea and Cr levels and a significant increase in the Cr clearance in the IMOD group compared to the GEN group
(p<0.001), a significant increase in the urea and Cr levels and a significant decrease in the Cr clearance in the GEN+IMOD
group compared to the IMOD group (p <0.001), and a significant decrease in the urea and Cr levels and a significant
increase in the Cr clearance in the GEN +IMOD group compared to the GEN group (p <0.001). No significant difference
was found between the control and IMOD groups (p > 0.05). In the MDA level, there was a significant increase in the GEN
group compared to the control group (p=0.001), a significant decrease in the IMOD group compared to the GEN group
(p<0.001), and a significant decrease in the GEN +IMOD group compared to the GEN group (p <0.001). No significant
difference was found between the control and IMOD groups (p=0.421). In the GSH level, there was a significant decrease
in the GEN group compared to the control group (p <0.001), a significant decrease in the GEN + IMOD group compared
to the control group (p <0.001), a significant decrease in the IMOD group compared to the GEN group (p <0.001), and
a significant decrease in the GEN + IMOD group compared to the IMOD group (p <0.001), No significant difference was
found between the GEN and GEN +IMOD groups (p=0.991).

Table 2 presents the mean score of the tubular necrosis and the mean volume density of PCT in four groups. As can
be seen, in rats with GEN-induced nephrotoxicity, the tubular necrosis score was higher and the PCT volume density was
lower. Treatment with IMOD reduced tubular necrosis score from 1.67 £0.19 to 0.87 £ 0.07 and increased volume density
of PCT from 0.085+0.01 to 0.12+0.01. Results of ANOVA (Table 2) showed a significant difference among the groups in
tubular necrosis and PCT volume density (p <0.05). Based on the results of Tukey’s post hoc test, tubular necrosis was
significantly higher in the GEN group than the control group (p <0.001), higher in the GEN +IMOD group than in the
control group (p <0.001), lower in the IMOD group than in the GEN group (p <0.001), higher in the GEN+IMOD group
than in the IMOD group (p <0.001), and lower in the GEN + IMOD group than in the GEN group (p <0.001). No signifi-
cant difference was found between the control and IMOD groups (p=0.998). The PCT volume density was significantly
higher in the IMOD group compared to the control group (p=0.003), lower in the GEN group compared to the control
group (p<0.001), lower in the GEN +IMOD group compared to the control group (p <0.001), higher in the IMOD group
than in the GEN group (p <0.001), lower in the GEN +IMOD group than in the IMOD group (p <0.001), and higher in the
GEN +IMOD group than in the GEN group (p <0.001).

Figure 2 compares the specific activity of antioxidant enzymes in four groups. The GEN intoxicated rats showed
a significant decrease in the activities of POD, GPX and CAT, but the co-treatment with IMOD showed a significant
increase in the activities of POD, GPX, and CAT from 6.36£2.26 to 21.36 +7.05, 721.64+39.21 to 1453.7 £396.16, and
48.40+8.35 t0 64.86 + 12.94 unit/mg protein, respectively. Regarding the POD level, there was a significant decrease in
the GEN group compared to the control group (p <0.001), a significant decrease in the GEN +IMOD group compared
to the control group (p =0.006), a significant increase in the IMOD group compared to the GEN group (p <0.001), a sig-
nificant decrease in the GEN +IMOD group compared to the IMOD group (p=0.001), and a significant increase in the
GEN +IMOD group compared to the GEN group (p <0.001). Regarding the GPx activity, there was a significant decrease
in the GEN group compared to the controls (p <0.000), a significant decrease in the GEN + IMOD group compared to the
controls (p=0.011), a significant increase in the IMOD group compared to the GEN group (p <0.001), and a significant
decrease in the GEN +IMOD group than in the IMOD group (p =0.007). No significant difference was found between the
GEN and GEN +IMOD groups (p=0.060). Regarding the CAT activity, a significant decrease was found in the GEN group
compared to the control group (p <0.001), a significant decrease in the GEN +IMOD group compared to the control
group (p<0.001), a significant increase in the IMOD group compared to the GEN group (p<0.001), a significant decrease
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Table2 Mean ,(SD) score of Groups Tubular necrosis score (0-4) PCT volume density
tubular necrosis and mean
PCT volume density in four Control (n=7) 0.12 (0.03)° 0.20 (0.006)*
study groups IMOD (n=7) 0.1 (0.02)° 0.21 (0.005)°
GEN (n=7) 1.67 (0.19)P 0.085 (0.01)°
GEN+IMOD (n=7) 0.87 (0.07)* 0.12 (0.01)®
ANOVA Results F (3,24) =364.96, p<0.001 F (3,24)=741.53,p<0.001
Note: (0-4) indicates the range of tubular necrosis score; based on this scoring, 0=No damage, 1=Mild
damage, 2=Moderate damage, 3=Severe damage, 4=Very severe damage. Values are represented as
Mean (SD)
GEN Gentamicin.
2Significant compared to the GEN group (P <0.05)
bSignificant compared to the control group (P <0.05)
Fig.2 Comparing the activity __ 50
level of POD, GPX, and CAT £ 40 T +
enzymes in the kidney of o "
different groups. *Significant = 30 L
compared to the control E 20
group (P <0.05), tSignificant § *
compared to the GEN group o 10
(P <0.05); GEN = Gentamicin. S N
Bars represent mean (SD).
One-way ANOVA followed by Control IMOD ~ GEN  GEN +
a Tukey’s post hoc test for the IMOD

comparison of groups

= 4000 — 150
— f
g 2
s 3000 . £ 100 -
£ 2000 2
Z = 50
£ 1000 £ -
& o = 0
Control IMOD GEN + Control IMOD GEN GEN+
IMOD IMOD

in the GEN +IMOD group compared to the IMOD group (p <0.001), and a significant increase in the GEN +IMOD group
compared to the GEN group (p=0.017).

Histopathological study showed that in the control and IMOD groups, there were normal structure of glomeruli with
no sign of intra-tubular casts, cell shedding, or tubular necrosis, and no leukocytic infiltration in the interstitial connective
tissue (Figs. 3, 4), while we observed the degeneration of proximal tubules in the GEN group (Fig. 5). These tubules were
without cuboidal epithelial cells and brush border, having large luminal membrane surface area. Cast formation and shed-
ding in cells were also observed in damaged tubules. In the GEN +IMOD group, there was an amelioration in the kidney
lesions in comparison with the GEN group as few casts, leukocytes and desquamated tubules were observed (Fig. 6).

4 Discussion

Gentamicin (GEN), by production of reactive oxygen species (ROS) and reactive nitrogen species, reduction of antioxi-
dant defense mechanism, inflammatory processes, and mesangial cell contraction as well as reduction of renal blood
flow can lead to tubular necrosis, leukocytic infiltration, cell damage, and finally decreased glomerular filtration rate,
resulting in kidney dysfunction [4-7]. GEN can induce nephrotoxicity by inhibiting protein synthesis in renal cells that
specifically causes necrosis of cells in the renal proximal tubule [24]. Studies have shown that the use of compounds
that have antioxidant activity or antioxidant enzymes can improve the damage caused by GEN [37-39]. In this study, we
aimed to investigate the antitoxic effect of Setaurd (IMOD™) (20 mg/kg B.Wt for 12 days), as a new herbal drug against
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Fig.3 Microscopic image of
the kidney tissue section in
the control group (PAS stain-
ing x400). It shows PCT with
brush border (blue arrows),
PCT lumen (black stars), intact
basement membrane (black
arrow head) and cuboidal PCT
epithelium (yellow arrows)

Fig.4 Microscopicimage

of the kidney tissue section
in the IMOD group (PAS
staining x400). It shows PCT
epithelium (black arrows),
PCT Lumen (black stars) with
brush border (blue arrows),
and there is no sign of intra-
tubular casts, cell shedding,
or tubular necrosis, and no
leukocytic infiltration in the
interstitial connective tissue

Fig. 5 Microscopic image of
the kidney tissue section in
the GEN group (PAS stain-
ing x400). It shows PCT with
no cuboidal epithelial cells
and no brush border (red
arrows), having large PCT
lumen (black stars), along
with cast formation (yellow
stars), leukocytic infiltration
(area shown by red line), and
cellular desquamation (black
arrows) in injured tubules. In
some regions of PCT, epithe-
lium was replaced with simple
squamous cells

@ Discover



Discover Applied Sciences (2024) 6:372 | https://doi.org/10.1007/542452-024-06071-1 Research

Fig.6 Microscopic image of
the kidney tissue section in
the gentamicin +IMOD group
(PAS staining x 400). It shows
partially preserved PCT lumen
(black stars), low epithelial cell
detachment (black arrows)
and leukocytic infiltration
(area shown by red line)

GEN-induced nephrotoxicity in male rats. IMOD consists of a mixture of herbal extracts with anti-inflammatory, anti-viral
and immunemodulating properties [15, 40], enriched with selenium [41]. Polyphenolic compounds and carotenes in this
drug have an important role in adsorbing and neutralization of free radicals, quenching ROS, or decomposing peroxides
[42,43]. In addition, selenium content in this drug can protect cells from oxidative stress by inducing or activating cellular
free-radical scavengers and enhancing the breakdown of hydrogen peroxides [44, 45]. Studies have shown that IMOD
can reduce the level of pro-inflammatory cytokines such as TNF-q, IL-2, IL-6, IL-12p70, total thiol molecules, and INF-y
[41, 46, 47]. IMOD affects TLR4 signaling and thereby prevent pro-inflammatory cytokine induction [41]. Navaei-Nigjeh
et al. concluded that IMOD reduce the toxic effects associated with Chlorpyrifos through free radical scavenging and
protection from apoptosis and necrosis [48]. Baghaee et al. evaluated the effect of IMOD on inflammatory bowel disease
in rats and reported that the drug significantly reduced TNF-a and IL-1f3 levels, resulting in a decrease in macroscopic
tissue damage [19].

In our study, the rats with nephrotoxicity had significantly higher serum urea, Cr, and MDA levels, lower Cr clearance
and GSH levels, as well as lower activity of POD, GPx, and CAT enzymes compared to healthy rats. Karahan et al. [49] also
showed a significant increase in kidney MDA and lower GPx and CAT activities in rats treated with GEN alone, while GSH
concentration was unaffected. In Khan et al’s study [50], GSH content and activities of CAT and POD were also reduced
by GEN in liver and kidney samples of rats. Apaydin Yildirim et al. [51], also reported that GEN significantly increased
renal MDA in rats. In Yarijani et al’s study, GEN also caused an increase in the Cr and urea levels and an increase in the
MDA level in male Wistar rats [52]. Ghaznavi et al. [9] also showed a significant increase in the MDA level and a decrease
in GSH, CAT, and GPx levels by GEN administration in rats. The co-treatment with IMOD in our study could significantly
ameliorate the changes in the above-mentioned parameters, although it could not return them to the normal level.

Our histological studies were confirmed by the histological findings, where the IMOD reduced tubular necrosis caused
by GEN. Also, according to our results, IMOD inhibited oxidative stress and ameliorated the innate activity of enzymatic
antioxidants. The reduction of tubular necrosis after administration of various antioxidants has also been reported in
other studies [49, 53]. After tubular necrosis, the survived tubular cells dedifferentiate and proliferate, migrate and then
differentiate, replacing the lost tubular cells [54]. The dedifferentiation and proliferation take place under influence of
growth factors such as hepatocyte growth factor, epidermal growth factor, insulin-like growth factor-1, transforming
growth factor-beta, platelet-derived growth factor [55] The amelioration of tubular necrosis by IMOD may be due to the
inhibition of PCT cell death caused by inhibition of ROS, the modulation/stimulation of growth factors involved in tubular
cell regeneration, or because of maintaining cell-to-cell and cell-to-basal lamina attachment. In our study, PCT volume
density was significantly lower in rats with GEN-induced nephrotoxicity compared to other groups. After administration
of IMOD, it was significantly improved; however, IMOD could not return it to the normal level. The absence of a PCT brush
border was also reported in rats with nephrotoxicity. IMOD preserved the brush border of tubules. The improvement of
PCT volume density by IMOD may contribute to the inhibition of tubular necrosis, maintenance of the apical membrane
structure of PCT, or new brush border formation after tubular cell regeneration. GEN induced leukocytic infiltration in
rats, but the administration of IMOD could significantly reduce it. Similar results have been reported in other studies
after administration of different antioxidants [38, 56]. Superoxide anion, as ROS, reacts with nitric oxide and produces
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peroxynitrite which can activate NFkf. The NFk can induce inflammation and leukocytic infiltration [38]. Due to the
antioxidant compounds in IMOD, it seems that this drug reduced leukocytic infiltration by inhibition of superoxide anion
or peroxynitrite. In our study, after injection of GEN, necrotic tubular cells and the proteins secreted by the tubular cells
formed a tubular pattern that may lead to tubular obstruction. After administration of IMOD, tubular cast formation was
significantly reduced. This is consistent with the results of other studies [57, 58]. The reduction in tubular cast formation
after injection of IMOD can be related to the antioxidant activity of the compounds of IMOD, as discussed above.
There were some limitations in conducting this study such as financial constraints, setting up of the experiments, low
sample size, lack of a follow-up phase, and no study of gene expression. Therefore, more studies are recommended using
larger sample sizes, a follow-up phase, other lab rats, or assessing the expression level of study enzymes. We tested the
effect of a 20 mg/kg B.Wt dose of IMOD. Further studies are recommended on the effects of different doses of IMOD.

5 Conclusion

IMOD (20 mg/kg body weight) can significantly reduce serum MDA (as a marker of oxidative stress) and improve activity
of antioxidant enzymes of POD and CAT, renal function tests (reduction of serum Cr and urea levels, and increase of Cr
clearance), and histopathological variables (reduction of PCT volume density, tubular necrosis, tubular cast formation,
and leukocytic infiltration) in rats with GEN-induced nephrotoxicity. Although IMOD can reduce the side effects of GEN,
it cannot return kidney function to normal level.
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