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HIGHLIGHTS
¢ Gallic acid ameliorates gentamicin-induced nephrotoxicity.
e Gallic acid decreases levels of NO and MDA and enhances abilities of GSH, GPX, and CAT.
¢ Gallic acid improves altered liver and renal function markers in nephrotoxic animals.

e Gallic acid reduces renal histopathological injuries.

Abstract: Gallic acid (GA), as a strong antioxidant, was selected in this study to investigate its possible
nephroprotective effects against gentamicin (GM)-induced nephrotoxicity. Twenty-four rats were separated
into three groups (n=8): group 1 (control group) received saline (0.5 mL/day), group 2 (GM group) received
GM (100 mg/kg/day), and group 3 (treated group) received GM (100 mg/kg/day) and GA (100mg/kg/day). All
treatments were performed intraperitoneally for 12 days. After 12 days, the rats were euthanized, and kidneys
were removed immediately. For serum preparation, blood samples were collected before killing. Kidney
paraffin sections were prepared from one of the kidneys and stained by the periodic acid-Schiff process. GA
significantly decreased GM-induced renal histopathological injuries, including tubular necrosis, tubular cast,
and leucocyte infiltration compared with the GM group. Additionally, GA significantly improved proteinuria,
serum levels of urea and creatinine, and serum activities of aspartate aminotransferase (AST) and alanine
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aminotransferase (ALT) compared with nephrotoxic animals. Furthermore, GA caused a significant
improvement in the levels of cholesterol (Chol), low-density lipoprotein (LDL), high-density lipoprotein (HDL),
and cardiac risk ratios 1 and 2 in comparison with nephrotoxic animals. GA administration was observed to
significantly improve the levels of lipid peroxidation, nitric oxide (NO), and glutathione (GSH) compared with
the GM group. Finally, the activities and gene expression levels of catalase (CAT) and glutathione peroxidase
(GPX) significantly increased following GA administration compared with the GM group. Our results indicated
that GA has potential protective effects against GM nephrotoxicity by reducing oxidative stress in rats.

Keywords: gentamicin nephrotoxicity; gallic acid; oxidative stress; lipid profile; renal; liver function
markers.

INTRODUCTION

Gentamicin (GM) is recognized as an effective aminoglycoside antibiotic and commonly applied in
treating infections induced by gram-negative bacteria. Different studies have indicated that ototoxicity,
hepatotoxicity, and nephrotoxicity are the most important side effects of GM. Among these complications,
nephrotoxicity is the main problem that can inhibit the broad utilization of GM in clinic [1]. Despite the presence
of nephrotoxicity in 10-25% of therapeutic courses [2], the clinical use of GM is still ongoing because of its
rapid bactericidal action, broad-spectrum activity, chemical stability, clinical effectiveness, and importantly
low-cost [3]. The detail about mechanisms of GM-induced nephrotoxicity are still completely unknown.
Different studies have proposed several mechanisms, including oxidative stress, apoptosis, tubular necrosis,
phospholipidosis, increased endothelin |, and leukocyte infiltrations [2,4]. GM is absorbed by renal tubular
cells through anion transportation system. GM accumulation in these cells finally leads to morphological
alterations, functional impairments, and the increase of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in the kidney [5]. During nephrotoxicity, these free radicals promote inflammatory process,
apoptosis, and necrosis [2]. The free radicals also suppress renal antioxidant system via protein oxidation [6]
and lipid peroxidation (LPO) [7].To solve this problem in recent years, different studies suggested that
application of natural antioxidants seems to be a suitable approach to protect the kidney against GM
nephrotoxicity [8]. In addition, it has been reported that low levels of antioxidants accelerate nephrotoxicity
process [9]. Therefore, studies aiming to find new natural antioxidants with beneficial effects on GM
nephropathy are still important.

Nowadays, phenolic compounds are the most important natural antioxidants, which contribute to
decrease the incidence of oxidative stress-related diseases [10]. Among the phenolic compounds, gallic acid
(GA) (3, 4, 5-trihydroxy benzoic acid) (Figure 1) as an aromatic composition is well-found in many plants such
as gallnuts, sumac, tea leaves, and oak bark [11]. GA is documented as a potent antioxidant, free radical
scavenger, and an inhibitor of LPO [12]. Indeed, the antioxidant property of GA is associated with the location
of hydroxyl groups and other functional groups [12]. Furthermore, other fundamental characteristics of GA
can be mentioned, such as anti-bacterial, anti-viral, anti-inflammatory, and anti-cancer [13]. GA and its
derivatives are extensively utilized in food industries to prevent LPO induced rancidity [14]. The findings
acquired from some studies revealed that GA could protect the kidney against different pathological
conditions such as renal ischemia-reperfusion (RIR), chronic kidney disease (CKD), and heavy metal-
induced renal damages [15,16]. GA-mediated nephroprotective effects are associated with its abilities to

neutralize a variety of free radicals and enhance the potency of endogenous antioxidant system [17].
HO

HO OH

OH

Figure 1. Chemical structure of Gallic acid (3,4,5-Trihydroxybenzoic acid or C6H2(OH)3COOH)
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Toxicological studies previously revealed that GA at a dose of 119 mg/kg/day had no-observed-adverse-
effect level (NOAEL) in male rats [18]. Furthermore, the beneficial effects of the 100 mg/kg dose of GA against
RIR were observed in our recent study [19]. In this study, we investigated the possible effects of GA (100
mg/kg) against GM nephrotoxicity. For this purpose, we designed a histopathological, biochemical, and
molecular study.

MATERIAL AND METHODS

Chemicals

Tris-Ethylenediaminetetraacetic acid (Tris-EDTA), Tris-HCI and EDTA were obtained from Merck
Company (Germany). Commercial kits for the assessment of triglyceride (TG), cholesterol (Chol), high
density lipoprotein cholesterol (HDL-C), urea, creatinine (Cr), alkaline phosphatase (ALP), aspartate
aminotransferase (AST), and alanine aminotransferase (ALT) were purchased from Pars Azmoon Company
(Tehran, Iran). Trizol reagent and GA (purity: 97.5%) were obtained from Sigma Aldrich Company (USA).
SYBER Green gPCR Master Mix 2x and cDNA synthesis kit were purchased from Yekta Tajhiz Azma
Company (Iran). GM was provided from Alborz Darou Company (80 mg/2mL, AMP).

Animals and Experimental Design

Twenty-four adult male Wistar rats (180-200 g) were prepared from the Razi Herbal Medicines Research
Center in Lorestan, Iran. The rats were housed in wire-bottomed cages with standard conditions including an
adjusted temperature of 2511 °C, a humidity of 50£10 %, and 12 hours: 12 hours:12 hours' light: dark cycle.
The Animal Ethics Committee of Lorestan University of Medical Sciences approved our study protocol. This
research was also consistent with the guidelines of the National Health and Medical Research Council.

The rats were randomly divided into three equal groups (n=8) as follows:

Group | (Control group): The rats in this group received intraperitoneal saline (0.5 mL/day) for 12 days.

Group Il (GM group): The rats in this group received intraperitoneal GM (100 mg/kg/day) [20] for 12 days.

Group Il (Treated group): The rats in this group received intraperitoneal GM (100 mg/kg/day) + GA (100
mg/kg/day) [19] for 12 days. The study was reviewed and approved by the Lorestan University of Medical
Science's Ethics Committee (code: LUMS.REC.1397.160).

Sample Collection

After 12 days of the experiment, all of the rats were housed in individual metabolic cages for the collection
of 24-hour urine. 24-hour urine samples were centrifuged for 5 min (1400 rpm), and the supernatant was
collected for the determination of the proteinuria excretion rate. Later, the rats were anesthetized with
ketamine (75 mg/kg intraperitoneally) and xylazine (13 mg/kg intraperitoneally). Subsequently, blood samples
were collected from the heart of each rat and then centrifuged at 3000 rpm for 15 minutes (4 °C) to serum
separation. Serum samples were stored at -20 °C for further biochemical measurements. Furthermore, the
right kidney was separated carefully and fixed immediately in neutral formaldehyde (10%) for the
histopathological evaluations. The left kidney was divided into two equal parts. One of these parts was
homogenized immediately in ice-cold phosphate-buffered saline (PBS, pH 7.4). After that, the homogenate
was centrifuged at 18,000xg (4 °C) for 30 min; the supernatant was utilized for the assessments of renal
biochemical parameters. For the evaluation of mMRNA expression levels of antioxidant enzymes, the other
part was posited in the Trizol reagent (Sigma-Aldrich Company, USA) and kept at -70 °C.

Kidney Histopathological Assessment

For histopathological evaluations, fixed tissue samples with formaldehyde solution (10%) were
processed in a series of graded ethanol and embedded in paraffin. Then, paraffin sections were prepared at
5um thickness and stained with periodic acid Schiff (PAS) staining method. For the evaluation of the
histopathological alterations, different parameters including leukocyte infiltration, tubular cast, and tubular
necrosis were observed in 40 fields of proximal convoluted tubules (PCT) of each kidney at a light microscopic
magnification of x400. These histopathological alterations were measured semiquantitatively according to
Caramel method [21] as follows:

0=no damage, 1=mild, 2=moderate (damage<25%), 3=marked (25%<damage<50%), 4=massive
(damage>50%).
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Biochemical Assessment

Measurement of renal function markers

The markers of kidney function, including serum creatinine (Cr) and urea, were measured by an auto-
analyzer (Olympus AU-600, Tokyo, Japan) using commercial kits (Pars Azmoon Company, Tehran, Iran). In
order to evaluation of proteinuria excretion rate, total protein in the urine samples was measured
turbidimetrically based on Shahangian and coauthors method [22,23].

Measurement of Liver Enzymes Activity

The activities of liver enzymes in serum including alkaline phosphatase (ALP), aspartate
aminotransferase (AST), and alanine aminotransferase (ALT) were executed by above commercial kits and
auto-analyzer similar to our previous study [24].

Measurement of lipid profile and atherogenic indices

The serum levels of triglyceride (TG), cholesterol (Chol), and high-density lipoprotein-cholesterol (HDL-
C) were determined by an auto-analyzer (Olympus AU-600, Tokyo, Japan) using commercial kits (Pars
Azmoon, Tehran, Iran). Moreover, the low-density lipoprotein (LDL) and very-low-density lipoprotein (VLDL)
levels were evaluated in our study using Friedewald and coauthors Equation [25]. Ikewuchi [26,27] Equation
was utilized for the calculation of cardiac risk ratio 1 (CRR 1): (TC/HDL-C) and CRR 2: (LDL/HDL-C).

Measurement of oxidative stress biomarkers

Serum and renal malondialdehyde (MDA) levels

The levels of MDA, as the marker of LPO in the serum and kidney of the rats, were measured based on
thiobarbituric acid (TBA) assay [28,29]. The absorbance was measured spectrophotometrically at 532 nm.
Serum and renal glutathione (GSH) levels

The measurement of serum and renal levels of GSH was performed spectrophotometrically at 412 nm,
according to Ellman's method [30].
Serum and renal glutathione peroxidase (GPX) activities

Glutathione peroxidase (GPX) activities in the serum and kidney were evaluated according to Rotruck
and coauthors method [31]. The absorbance was measured at 420 nm by an ELISA reader, and GPX activity
is shown as U/mg protein.

Serum and renal catalase (CAT) activities

Sinha method [32] was used for the measurement of serum and kidney activities of CAT. The reaction
was initiated through the addition of a sample (20 uL of serum or supernatant) in 2 mL of hydrogen peroxide
(H202, 30 mM) in potassium phosphate buffer (50 mM, pH 7.0). Enzyme units were considered as mM of
consumed H2O2 per min g or mL.

Serum paraoxonase 1 (PON 1) activity

Serum PON 1 activity was measured by the utilization of paraoxon as a substrate similar to our previous
study [33].

Serum nitric oxide (NO) level

Serum NO level in the rats of three groups was measured by evaluation of the nitrite as the end product
of NO. The evaluation of the nitrite level was performed based on Giustarini and coauthors method [34].
RNA Isolation and Quantitative Real-Time RT-PCR

The mRNA expression levels of the antioxidant enzymes, including Cu-Zn SOD, CAT, and GPX, were
determined by quantitative real-time reverse-transcription polymerase chain reaction (RT-PCR). Total RNA
was extracted from kidney samples with Trizol reagent (Sigma Aldrich Company, USA), as explained
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completely in our previous study [35]. After that, RNA integrity and purity were determined by NanoDrop
spectrophotometer (Biochrom WPA Biowave I, UK) and electrophoresis (2% agarose gel). Following RNA
isolation, cDNA synthetization was carried out from 2ug of RNA samples applying cDNA synthesis kit
(YT4500, Yekta Tajhiz Azma, Iran) based on its manufacturer's guidelines. The expression levels of target
genes (GPX, CAT, and Cu-Zn SOD) and reference gene (B-actin) were assessed by RT-PCR using SYBER
Green gPCR Master Mix 2x (YT2551, Yekta Tajhiz Azma, Iran). All reactions were performed in triplicate on
Rotor-Gene 6000 (Corbett Research) with thermal cycling condition as follows: 1 cycle of 95 °C for 3 mins
and 40 cycles of 95 °C for 5 secs (denaturation), and 40 cycles of 60 °C for 20 secs (annealing & extension).
The results of quantitative real-time RT-PCR were analyzed by the 222¢T method. The sequence of primers
(Forward and Reverse) for each gene is indicated in Table 1.

Table 1. The sequence of utilized primers for quantitative real-time RT-PCR

Gene Primer position Primers sequences (5'—3')
SOD (Cu-Zn) Forward TTCGAGCAGAAGGCAAGCGGTGAA
Reverse AATCCCAATCACACCACAAGCCAA
GPX Forward GGTGTTCCAGTGCGCAGAT
Reverse TCGAACCCGATATAGAAGCCCT
CAT Forward ATTGCCGTCCGATTCTCC
Reverse CCAGTTACCATCTTCAGTGTAG
B-actin Forward TATCGGCAATGAGCGGTTCC
Reverse AGCACTGTGTTGGCATAGAGG

Statistical Analysis

All of the parameters were calculated as mean + standard error (SE) and compared between the groups
using one-way ANOVA followed by LSD test (for histopathological and biochemical parameters) and Dunnett
T3 test (for real-time RT-PCR results). Statistical analyses were accomplished by SPSS statistics software
(SPSS; version 20). Statistically, the significance between different groups was accepted at a P-value < 0.05.

RESULTS

Histopathological Results

The results of the histopathological examination of PAS stained kidney sections from each group are
represented in Figures 2. The induction of nephrotoxicity by 12 days of GM administration could significantly
enhance the intensity of tubular necrosis and the levels of tubular cast formation and leukocyte infiltration in
the GM group against the control group. By contrast, the examination of kidney sections from animals
received 12 days of GA + GM showed a significant reduction (53.43%, 59.16%, and 59.58%, respectively) in
these histopathological parameters and a marked improvement in renal architectures compared to the GM
group (Figure 2).
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Figure 2. The effects of GA on GM-induced histopathological changes observed in the photomlcrographs of kidney
sections stained with periodic acid Schiff (PAS). A) A kidney section from the control group indicates normal glomeruli
and tubules (x 400). B) A section from the kidney tissue of rats treated with GM shows massive tubular casts,
tubulorrhexis, and leukocyte infiltration (x 400). C) A kidney section from GM + GA group represents the amelioration of
renal tissue with few casts, a few leukocytes (arrows), and desquamated tubules (x 400).
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Biochemical Results

The effect of GA on renal function markers in rats with GM nephrotoxicity

The serum levels of Cr and urea and proteinuria excretion rate significantly increased (4.03-fold, 3.54-
fold, and 2.84-fold, respectively) after 12 days of GM administration in the GM group compared with the
control group (Figure 3). Treatment with GA was able to decrease (37.19%, 56.30%, and 38.72%,
respectively) Cr and urea levels as well as proteinuria excretion rate in the GM + GA group compared to the
GM group. GA treatment could not only completely inhibit GM related kidney dysfunction when compared to
the control group, but also could reverse GM adverse effects on the renal function when compared to the GM
group (Figure 3).
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Figure 3. The effects of GA on GM induced renal histopathological changes observed in kidney sections, including
tubular necrosis, tubular cast, and leucocyte infiltration in rats with GM nephrotoxicity. Bars display mean = SEM. One-
way ANOVA followed by a post hoc LSD test was applied for comparison between groups. *P<0.05 as compared with
the control group. #P<0.05 as compared with the GM group.

The effect of GA on the serum activities of liver enzymes in rats with GM nephrotoxicity

For evaluation of GA effects on GM induced hepatotoxicity, the activities of AST, ALT, and ALP were
determined in the serum of rats. Gentamicin hepatotoxicity, as shown by the significant increment in the
serum activities of AST, ALT, and ALP (2.01-fold, 1.67-fold, and 1.62-fold, respectively) was observed in
nephrotoxic rats when compared to control rats (Figure 4D, E, and F). By contrast, GA administration could
ameliorate GM induced hepatotoxicity, reflected by the reduced serum activities of these enzymes (54.69 %,
46.99 %, and 8.82 %, respectively) in the GM + GA group compared to the GM group. However, the decrease
in ALP activity was not statistically significant (P=0.33). The activities of AST and ALT in GA treated rats
reached a normal status in the control group (Figure 4D, E, and F).
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Figure 4. The effects of GA administration on renal and liver function markers in the serum of rats with GM
nephrotoxicity, including creatinine (A), urea (B), proteinuria excretion rate (C), AST (D), ALT (E), and ALP (F). Bars
represent mean + SEM. One-way ANOVA followed by a post hoc LSD test was applied for comparison between groups.
*P<0.05 as compared to the control group. #P<0.05 as compared with the GM group.

The effect of GA on serum PONL1 activity, lipid profile, and atherogenic indices in rats with GM nephrotoxicity

As shown in Table 2, the serum activity of PON1 significantly (2.49-fold) reduced in the GM group
compared with the control group. GA treatment enhanced (18.65%) serum PONL1 activity in the treated group
in comparison to the GM group, but this change was not statistically significant (P=0.69).

The levels of TG, Chol, LDL, VLDL, CRR1, and CRR2 (1.91-fold, 1.37-fold, 3.40-fold, 1.91-fold, 1.56-
fold, and 4-fold, respectively) were significantly higher in nephrotoxic rats than in control animals. At the same
time, parameters as mentioned above were less (18.78 %, 21.18 %, 68.57 %, 18.78%, 25.26 %, and 70 %,
respectively) in GA treated nephrotoxic rats than in untreated nephrotoxic rats (Table 2). Of note, there was
no statistically significant difference in the levels of TG and VLDL between the GA treated group and the GM
group (P=0.07 and P=0.07, respectively) (Table 2). Furthermore, the serum level of the HDL-C significantly
(1.13-fold) decreased in the GM group compared to the control group. By contrast, treatment with GA could
significantly increase the HDL-C level (5.98%) in the GM + GA group against the GM group (Table 2).

Table 2. The effects of GA on serum PON1 activity, the serum levels of lipid profile and NO, and CRRs in GM
nephrotoxicity in rats.

Control GM GM + GA
Parameters

Mean = SE Mean + SE Mean = SE
PONL1 activity (hmol/min/mL) 100.32 + 11.44 40.26 + 8.88 * 47.77+15.87 *
TG (mg/dL) 75.83 + 4.47 145.3+ 13.56* 118.0+ 12.05 *
Chol (mg/dL) 69.83+ 1.83 96.00+ 5.16 * 75.66+ 0.95 #
VLDL (mg/dL) 15.16+ 0.89 29.06+ 2.71 * 23.60+ 2.41*
LDL (mg/dL) 7.43+1.34 25.30+ 6.58 * 7.95+ 2.98 #
HDL-C (mg/dL) 47.23+ 0.47 41.62+ 0.45 * 44,11+ 0.62 *#
CRR1 (TC/HDL-C) 1.47+ 0.03 2.30+0.11 * 1.71+ 0.02 *#
CRR2 (LDL/HDL-C) 0.15+ 0.02 0.60+ 0.15 * 0.18+ 0.06 #
NO (nmol/dL) 1.27 + 0.00092 1.29 + 0.00706* 1.28 +0.00378*#

Note: *Significant change in comparison with the control group at P<0.05; #Significant change in comparison with GM
group at P<0.05; GA: Gallic acid; TG: Triglyceride; Cho: Cholesterol; HDL-C: High-density lipoprotein-cholesterol; LDL:
Low-density lipoprotein; VLDL: Very low-density lipoprotein; PON1: Paraoxonase 1; CRR: Cardiac risk ratio; NO: Nitric
oxide.
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The effect of GA on serum and renal oxidative stress biomarkers in rats with GM nephrotoxicity

As represented in Figure 5, the serum and renal activities of antioxidant enzymes CAT and GPX
significantly decreased (1.72-fold, 2.76-fold, 1.51-fold, and 1.52-fold, respectively) in GM intoxicated rats
compared to control rats. Treatment with GA could increase substantially (52.40%, 129.48%, 14.63%, and
48.86%, respectively) the activities of these antioxidant enzymes in both kidney and serum so that the serum
and renal activities of CAT and the renal activity of GPX reached to the normal activities observed in control
rats.

The serum and kidney levels of MDA and GSH and the serum level of NO are depicted in Figure 5. After
GM administration of the rats for 12 days, serum and kidney MDA levels and serum NO levels were
significantly (2.25-fold, 1.68-fold, and 1.01-fold, respectively) enhanced in the GM group against the control
group, however serum and kidney GSH levels were significantly (1.86- fold and 1.66-fold, respectively)
decreased. GA administration was able to significantly reduce the enhancement in serum and kidney MDA
levels and serum NO levels that followed after 12 days of GM administration (54.34 %, 25.25%, and 0.77 %,
respectively). GA treatment in the treated group could significantly enhance only serum GSH level (44.60%),
but not its kidney level, in treated rats in comparison to GM toxicated rats.
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Figure 5. The effects of GA on the serum and renal levels of CAT (A) and GPX (B), MDA (C), and GSH (D) and the
serum level of NO (E) in GM nephrotoxicity in rats. Bars display mean £ SEM. One-way ANOVA followed by a post hoc
LSD test was applied for comparison between groups. *P<0.05 as compared with the control group. *P<0.05 as
compared with the GM group.
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Gene Expression of Antioxidant Enzymes in the Kidney

As depicted in Figure 6, significantly lower levels of mRNA expression of Cu-Zn SOD, CAT, and GPX
(3-fold, 88.49-fold, and 62.5-fold, respectively) were found in untreated nephrotoxic rats after 12 days of GM
administration than in control animals. Expression levels of Cu-Zn SOD, CAT, and GPX were also detected
in the treated group, with their expressions being 2.51-fold, 37.22-fold, and 53-fold, respectively, higher in
treated nephrotoxic animals than in untreated nephrotoxic rats.
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Figure 6. The effects of GA administration on the renal mMRNA expression levels of antioxidant enzymes including CAT,
Cu-Zn SOD, and GPX in rats with GM nephrotoxicity. Bars indicate mean £ SEM. One-way ANOVA followed by a post
hoc Dunnett T3 test was applied for comparison between groups. *P<0.05 as compared with the control group. #P<0.05
as compared with the GM group.

DISCUSSION

GM is an aminoglycoside antibiotic that is highly used to treat gram-negative bacterial infections.
Unfortunately, the clinical application of this antibiotic is associated with severe side effects such as
nephrotoxicity, which is observed in up to 20% therapeutic courses and confined to the utilization of the drug
[36]. Several reports have shown that the applications of natural antioxidant ingredients are effective in
reducing the side effects of GM, especially nephrotoxicity [37]. Here, we demonstrated the protective effects
of a 100 mg/kg dose of natural antioxidant GA in a rodent model of GM nephrotoxicity. Our results revealed
that 12 days of GA administration in combination with GM ameliorated GM induced renal histopathological
damages and improved the biochemical parameters related to the renal and liver functions. Additionally, GA
could antagonize GM effects on lipid profile and atherogenic indices. Finally, GA could reduce NO and MDA
levels and increase GSH concentrations as well as the activities and gene expressions of antioxidant
enzymes.

Renal function impairment due to GM was confirmed biochemically by determining the increased
proteinuria excretion rate and serum levels of urea and Cr. Additionally, it was also approved
histopathologically by the observation of the high levels of tubular necrosis, eosinophilic cast, and leucocyte
infiltration. All of these results were in accordance with the findings of previous studies [8]. Interestingly, the
adverse effects of GM were significantly improved by 12 days of GA administration (100 mg/kg), showing
that the nephroprotective effects of GA against GM nephrotoxicity. More recently, similar studies showed that
GA in doses of 30, 200, 400 mg/kg administration for seven or eight consecutive days could improve renal
histopathological lesions and kidney dysfunction in rats intoxicated with GM, likely through its antioxidant
activities and its ability to maintain the cellular membrane integrity [38]. Also, previous studies indicated that
GA could protect the kidney in pathological situations such as lindane induced toxicity [39,40] and RIR [19]
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through its anti-oxidative properties. The results offered by a published study expressed that GA (20 mg/kg,
for seven days) isolated from Peltiphyllum peltatum mitigated the serum levels of urea, Cr, uric acid, and
blood urea nitrogen (BUN) in rats with NaF induced nephrotoxicity [41]. Moreover, the findings of our study
have confirmed previous researches on the effects of other antioxidants in ameliorating kidney damages due
to GM that can refer to aminoguanidine [42], gossypin [43], and nigella sativa [44]. Therefore, the protective
roles of GA in reducing the levels of renal function markers and histopathological changes may be associated
with its antioxidant activities, as reported in the present study and above-mentioned previous studies.

It has been demonstrated that GM could directly induce oxidative stress and apoptosis in the liver and
finally result in hepatotoxicity [45,46]. Furthermore, several studies have indicated that acute kidney injuries
(AKI) such as RIR and nephrotoxicity caused by cisplatin and GM can result in damage to other organs such
as the liver [47,48]. The detailed mechanisms of AKI induced liver damage are well unknown. However,
different agents such as uremic stress, ROS, inflammatory cytokines (TNF-a, IL-17A, and IL-6), and peptidyl
arginine deiminase 4 (PAD-4) have been recognized as the mediators of liver damages during AKI [49].
Khaksari and coauthors showed that GM directly enhanced apoptosis and oxidative stress in the liver of rats.
Arjinajarn and coauthors [50] and Mohamadi Yarijani and coauthors [8] reported that GM induced increased
AST, ALT, and ALP activities, elevated ROS and LPO productions, enhanced mitochondrial activated
apoptosis and intensified liver histopathological damages. In our results, we similarly found a marked
elevation in liver function parameters in GM treated rats, showing that liver injuries were induced during GM
administration. Because these enzymes are present in the cytoplasm and are discharged into blood flow after
altering the permeability of cellular membrane [51]. Previous studies declared that natural antioxidant
compounds such as Malva sylvestris [8], palmatine [46] and vitamin E [49] could ameliorate the harmful
effects of GM and AKI on the liver tissue. Interestingly, we found these serum activities of ALT, AST, and
ALP significantly reduced in nephrotoxic rats after treatment with GA. As reported previously, the
hepatoprotective effects of GA may be related to its anti-oxidative and anti-inflammatory characteristics in
the kidney and its impact on the liver tissue [19]. Further investigations are suggested to determine this
matter.

The findings of this study indicated that the levels of TG, Chol, VLDL, LDL, and atherogenic indices
markedly augmented in the nephrotoxic rats. However, the level of HDL-C significantly reduced following GM
treatment. Apart from TG and VLDL, treatment with GA could significantly reverse all of the above findings
Furthermore, PONL1 activity significantly declined in nephrotoxic rats, and treatment with GA could increase
PON1 activity, but it was not statistically significant. PON1, as an esterase, prevents LDL peroxidation and
the formation of oxidized LDL. It is stated that PON1 activity included positive and negative associations with
HDL and atherogenic indices, respectively in GM nephrotoxicity. The decline of PONL1 activity could relate to
oxidative stress caused by GM similar to some reports [52]. Therefore, compounds with high antioxidant
activity can amend lipid profile levels and also PON1 activity [52]. Hypolipidemic potentials of herbal
antioxidants like GA may result in the prevention of lipoprotein metabolism pathways through the intercepting
of enzymes and proteins function involved in the pathway. Additionally, antioxidants can reduce fat
absorption, incite cholesterol secretion through bile, and enhance cholesterol excretion into feces [53,54].
Following the present study, previous studies illustrated hypolipidemic properties of other natural antioxidants
such as oleuropein, histidine, the combination of quercetin and vitamin C, and the combination of quercetin
and a-tocopherol [52,55,56].

Our study results revealed that GM considerably augmented MDA and NO levels and also diminished
GSH levels. In contrast, treatment with GA displayed inverse results from MDA, NO, and serum GSH levels.
MDA is recognized as being an LPO marker and the last decomposition product of unsaturated fatty acids
peroxides. One of the primary reasons for the enhanced LPO in the GM group may be GM induced oxidative
stress in the cellular environment and the reduction of GSH that subsequently incremented MDA levels. In
consistent with our findings, several reports highlighted that natural antioxidants such as eugenol, selenium,
hydroxytyrosol, and quercetin included the ameliorative effects on MDA and GSH levels [57].

Moreover, other observations indicated that GA could mitigate LPO and GSH levels in RIR and NaF
nephrotoxicity [41]. NO is a potent vasodilator that physiologically regulates the vascular system and renal
tubular function [19,58]. Increased NO level plays the primary role in tissue damage through the reaction with
superoxide anion and the production of peroxynitrite as a powerful oxidant. Our results share several
similarities with the findings of Ghaznavi and coauthors [38], showing that GA and other natural antioxidants
could reduce LPO and NO and increase GSH content.

In our study, the serum and renal activities of CAT and GPX remarkably reduced in the nephrotoxic rats
in comparison with the control rats, representing GM promoted the production ROS in the nephrotoxicity
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process and inactivated the function of antioxidant enzymes according to previous studies [59]. Additionally,
renal mMRNA expression levels of CAT, Cu-Zn SOD, and GPX significantly decreased after GM administration
in nephrotoxic rats. By contrast, the treatment of nephrotoxic rats with GA could substantially prevent GM's
effects on both activities and mMRNA expression levels of antioxidant enzymes. Increased GPX and CAT
activities observed in GA treated animals may be associated with GA abilities to scavenge ROS and increase
gene expression levels of antioxidant enzymes [38]. In agreement with our study, the number of antioxidants
confirmed our findings. For example, the antioxidants such as quercetin, lycopene, curcumin, and melatonin
appear to be well in the improvement of oxidative stress status [20]. Moreover, different studies showed that
GA could enhance the activities of antioxidant enzymes SOD, CAT, GPX, and GSH in many pathological
conditions such as myocardial infarction, CCl4-induced chronic liver injury, diabetes, and spinal cord injury
[60].

CONCLUSION

Our biochemical, histopathological, and molecular results showed that GA, at a dose of 100 mg/kg/day,
has potential nephroprotective effects. Therefore, it has ameliorated GM nephrotoxicity in experimental rats.
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