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Abstract
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Original Research

Nephroprotective Effect of N-Acetyl-L-Cysteine against Diazinon-in-
duced Nephrotoxicity in Rats via IKβ, NFκB, NLRP3 Signaling Path-
way

The present study analyzes the efficacy of N-acetyl cysteine (NAC) against diazinon (DZN)-induced nephro-
toxicity in male Wistar rats. Rats were divided into five groups with six animals in each group: Group 1 (G1) 
was maintained in typical control circumstances and given saline once daily intragastric (IG) for 4 weeks; 
G2 was administered 0.1 mL olive oil IG for 4 weeks; G3 was administered IG NAC 150 mg/kg daily as an 
aqueous solution for 4 weeks; G4 was administered IG diazinon at a dose of 15 mg/kg daily for 4 weeks; and 
G5 was administered IG NAC daily one hour before diazinon at the same dose in G3 and G4 for 4 weeks. 
Sub-chronic exposure to DZN impairs the kidney structure and function, as evidenced by the histopatholo-
gy, immunohistochemistry, and gene expression of NLRP3, NFκB, IKB, BCL2, BAX mRNA. Our findings 
showed that NAC reduces the renal dysfunctions induced by DZN by restoring urea and creatinine levels as 
well as oxidative indicators. Moreover, serum inflammatory markers (IL-1β and TNF-α) concentrations were 
ameliorated by NAC treatment. However, NAC has shown to play a beneficial role against nephrotoxicity 
by reversing the cytoarchitecture and downregulation of inflammatory (NLRP3, NFκB, IKB) and apoptotic 
(BAX) as well as upregulated BCL2 genes and proteins in kidney tissues, bringing them to near-normal levels. 
Moreover, IHC examination of renal tissue revealed the attenuation of expression of TNF-α. Therefore, NAC 
could be potentially used to protect the kidneys from pathological changes induced by DZN.
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INTRODUCTION

Insecticides comprise a higher proportion of the total pesti-
cide usage in developing countries than in developed countries. 
Organochlorine (OC), organophosphorus (OP), carbamate, pyre-
throid, and different inorganic compounds are the main groups 
that have been utilized as insecticides (Eddleston et al., 2002). 
Residual amounts of OP and OC pesticides have been detected in 
soil, water bodies, vegetables, grains, and other foods products 
(Pathak et al., 2022). Organophosphate insecticides are a group 
of insecticides acting on the enzyme acetylcholinesterase. They 
disrupt this enzyme in a variety of ways, rendering it permanently 
inactive and increasing the risk of poisoning in both humans and 
many other creatures, including insects. This enzyme is crucial for 
nerve activity (Hamad et al., 2016). 

In recent years, agricultural use of the organophosphate in-
secticide diazinon (DZN), [O, O-diethyl-O-(2-isopropyl-4-meth-
yl-6-pyrimidinyl) phosphorothionate], has increased significant-
ly. DZN can cause biochemical, physiological, and histological 
changes in several organs, including the liver, kidney, heart, tes-
tis, and brain, according to several investigations in rabbits, rats, 
and mice (Smith et al., 2018). These harmful effects have been 
linked to oxidative stress, DNA damage, and pro-inflammatory 
activities that increase reactive oxygen species generation and 
decrease antioxidant enzyme activity (Danaei et al., 2019). 

N-acetyl cysteine (NAC), a well-known antioxidant, has been 
demonstrated to be a potent disulphide linkages disruptor (Al-
dini et al., 2018). NAC is a safe and affordable medication, that 
is accessible as an over-the-counter supplementation (Mokhtari 
et al., 2017). The metabolism of NAC to L-cysteine, a precursor 
to glutathione, increases glutathione-S-transferase activity. As a 
result, NAC boosts the concentration of free glutathione in cells, 
supports detoxification, and guards against the damaging effects 
of various free radical species (Owumi et al., 2021).

NAC’s pharmacological effects include the reduction of neu-
trophil activity and the generation of TNF, as well as the resto-
ration of cellular antioxidant potential by refilling glutathione that 
has been depleted by free radicals and ROS (Joshi et al., 2014). 

N-acetylcysteine is the acetylated variant of the amino acid 
L-cysteine and is widely used as the specific antidote for acet-
aminophen overdose. The prevention of chronic obstructive pul-
monary disease exacerbation, the avoidance of contrast-induced 
kidney injury during imaging procedures, the treatment of pul-
monary fibrosis, and the treatment of infertility in patients with 
clomiphene-resistant polycystic ovary syndrome are additional 
uses for N-acetylcysteine supplementation that are supported 
by scientific evidence. N-acetylcysteine may also play a role in 
the prevention of cancer, as an adjuvant in the treatment of He-
licobacter pylori, and in the prevention of gentamicin-induced 
hearing loss in patients receiving renal dialysis, according to pre-
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liminary investigations (Millea, 2009).
However, to the best of our knowledge, there are currently 

no available studies that investigate the effects of NAC against 
diazinon-induced kidney damage. As such, the aim of this study 
was to investigate the possible beneficial effects of NAC regard-
ing its prevention of oxidative stress and inflammatory pathways 
induced renal damage in rats.

MATERIALS AND METHODS

Ethical approval 

Regulations set forth by the Institutional Animal Ethics Com-
mittee were followed when conducting the current investigation, 
as well as Approval Protocol Number: BUFVTM 04-04-21 from 
Benha University in Egypt.

Chemicals

N-acetylcysteine (NAC) were purchased from Aldrich Compa-
ny, USA. Diazinon (DZN) was purchased from High Control Com-
pany in Naser City, Cairo, Egypt.

Experimental animals 

Twelve weeks old male adult Wistar rats (weighing 200 to 250 
g) were purchased from the Faculty of Veterinary Medicine, Exper-
imental Animal Unit, Benha University, Egypt. Rats were housed 
in orderly cages and were provided with clean food and water 
on demand. All rats were kept in standard conditions, including 
a room temperature of 23°C, a 12-hour light/dark cycle, and free 
water and food were available. Prior to therapy, baseline body 
weight measurements were performed for all groups. Weekly an-
imal weights were taken in order to modify the chemical dosage.

Experimental design

Five equal groups of six adult male Wistar rats each were cre-
ated from a total of 30 rats. The initial group (G1) was kept as a 
healthy control and given 0.1 mL intragastric saline once daily for 
4 weeks. The second group (G2) was administered 0.1 mL olive 
oil once daily for 4 weeks. The third group (G3) was administered 
intragastric NAC at a dose of 150 mg/kg b.wt. daily for 4 weeks 
(Oksay et al., 2013). The fourth group (G4) was administered in-
tragastric DZN (dissolved in olive oil) intragastric at a dose of 15 
mg/kg b.wt. daily for 4 weeks (Rashedinia et al., 2016). The fifth 
group (G5) was administered intragastric NAC daily one hour be-
fore DZN at the same dose in G3 and G4 daily for 4 weeks. The 
experimental rats were euthanized with isoflurane after the study 
was completed before being killed by decapitation, then blood 
samples were collected from the heart for estimation of the urea 
and creatinine. Tissue samples were collected for estimation of 
the interleukins [Interleukin-1 beta (IL-1β) and Tumor necrosis 
factor alpha (TNF-α)], oxidative markers [catalase (CAT), superox-
ide dismutase (SOD), glutathione peroxidase (GPx), reduced glu-
tathione (GSH) and malondialdehyde (MDA)], gene expression 
[IKβ, NFκB, NLRP3, BCL2, BAX mRNA genes], the preservation of 
tissue samples were at -80oC prior to analysis. Part from the kid-
ney tissue was used for histopathological examination. 

Preparation of kidney homogenate

According to Hegazy et al. (2020), kidney tissue homoge-
nates were prepared. The oxidative indicators [catalase activity 

(CAT), superoxide dismutase activity (SOD), quantity of glutathi-
one peroxidase (GSH-Px), quantity of reduced glutathione (GSH), 
and lipid peroxidation by-products malondialdehyde (MDA)], 
and total protein were measured in the collected supernatant.

Assay methods

Kidney function tests  

Serum urea and creatinine concentrations were measured by 
Bio-Diagnostic commercially available kits following the method 
of Skeggs (1957) and Weissman et al. (1974); respectively.

Oxidative markers in kidney tissue homogenate

According to using commercially available ELISA kits (Bio-
vision Inc. 155S Milpitas Blvd, Milpitas, CA, 95035 USA); cata-
lase (CAT), superoxide dismutase (SOD), glutathione peroxidase 
(GSH-Px), reduced glutathione (GSH) and malondialdehyde 
(MDA) were determined colorimetrically. Based on Bradford 
(1976) method, the tissue homogenate’s protein content was 
measured using Genei, Bangalore protein estimation kit. An En-
zyme-Linked Immuno-Sorbent Assay (ELISA) plate reader (Stat 
Fax 2200, Awareness Technologies, Florida, USA) was used to 
measure color absorbance. 

Cytokines in kidney tissue homogenate

Interleukin-1 beta (IL-1β) and Tumor necrosis factor alpha 
(TNF-α) were determined in kidney tissue homogenate using 
commercially available ELISA kits (Cloud-Clone Corp Co., Hous-
ton, USA) in line with the instructions provided by the manufac-
turer.  

Kidney mRNA gene expression 

Real-time polymerase chain reaction (PCR) was used to as-
sess the mRNA gene expression of the kidney’s IKβ, NFκB, NLRP3, 
BCL2, BAX genes. At end of fourth-week rat’s kidney specimens 
were quickly removed and weighed, then washed with cold sa-
line to exclude the blood cells and then blotted on filter paper; 
it was kept in RNAlater storage reagent for gene expression at 
-80ºC. Total RNA was extracted from kidney tissues using TRIzol 
(Invitrogen) according to the manufacturer’s instructions. The 
concentration and purity of extracted RNA were measured by 
Nano Drop 2000C spectrophotometer (Thermo Scientific, USA). 
At absorbance ratio A260/A280, RNA purity for all samples was > 
1.9. The integrity of RNA was verified on 2% agarose gel using gel 
electrophoresis image (Gel Doc. BioRad). Complementary DNA 
(cDNA) were synthesized for the target genes using SensiFast 
cDNA synthesis kits (Sigma Bioline, UK) according to the manu-
facturer’s instruction. NCode VILO miRNA cDNA Synthesis Kit (In-
vitrogen) were used for cDNA Synthesis from miRNAs following 
the manufacturer’s recommendations. SuperScript IV One-Step 
RT-PCR kit (Cat# 12594100, Thermo Fisher Scientific, Waltham, 
MA USA) was utilized for reverse transcription of extracted RNA 
followed by PCR in one step as shown in table 1. Each sample was 
performed in triplicate and the non-template control (NTC) was 
run also to test the presence of primer-dimer and cDNA contam-
ination. The expressions of renal IKβ, NFκB, NLRP3, BCL2, BAX, 
and GAPDH were analyzed by real time PCR using sense and an-
ti-sense primers throughout the experiment using the primers 
sets in Table 2. Thermal cycling and fluorescence detection were 
performed using a 7300 real-time-PCR system (Applied Biosys-
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tems, Foster City, CA, USA) using conditioned showed in Table 3. 
Cycle threshold (Ct) values acquired from real-time PCR equip-
ment were applied to a reference (housekeeping) gene (GAPDH) 
to detect changes in gene expression (Livak and Schmittgen, 
2001).

Protein markers in kidney tissue homogenate

We used the Bio-Rad Inc. ReadyPrepTM protein extraction 
kit (Catalogue #163-2086) for kidney tissue proteins extraction. 
Protein concentrations were measured using the Bradford Pro-
tein Assay Kit (SK3041) from Bio Basic INC (Markham, Ontario, 
L3R 8T4 Canada). The loading quantity of protein samples were 
20μg. The extracts were separated by Sodium Dodecyl Sulfate 
Polyacrylamide Gel Electrophoresis (SDS-PAGE) (12%), and then 
transferred to poly-vinylidene fluoride (PVDF) membrane (7min 
at 25V). After blocking the membrane for an hour at room tem-
perature with tris-buffered saline with Tween 20 (TBST) buffer 
and 3% bovine serum albumin (BSA), the membrane was sub-
jected to a variety of primary antibodies. Primary antibodies of 
NLRP3, NFκB, IKB, BCL2, BAX, and β-actin were purchased from 
OriGene Technologies Inc (9620 Medical Center Drive, Ste 200 
Rockville, MD 20850, USA). Then the primary antibodies were 
treated at 4oC overnight as anti-NLRP3, anti-NFκB, anti-IKB, an-
ti-BCL2, anti-BAX, and anti-β actin (housekeeping protein). For 
five minutes, the blot was being rinsed with TBST 3-5 times. The 
goat anti-rabbit IgG- HRP-1 mg Goat mab- Novus Biologicals 
secondary antibody solution was treated with the target protein 
for 1 hour at room temperature. The blot was then rinsed with 
TBST three times for five minutes. The blot was covered with the 

chemiluminescent substrate (Catalogue no. 170-5060, ClarityTM 
Western ECL substrate Bio-Rad). The chemiluminescent signals 
were captured using an imager that is based on a CCD camera. 
By protein normalization on the ChemiDoc MP imager, band in-
tensity of the target proteins was read against the control sample 
β-actin (housekeeping protein).

Histopathological examination

All groups had kidney samples collected right away, which 
were then fixed for 24 hours in 10% buffered neutral formalin. 
Following convenient fixing, the samples were cleaned in xylol, 
embedded in paraffin, dehydrated in various grades of ethyl al-
cohol, blocked, and sectioned into 4 µm thick sections. Followed 
by hematoxylin and eosin, and Masson’s trichrome staining and 
microscopic examination (Suvarna et al., 2019). 

Immunohistochemical study

Deparaffinized and hydrated paraffin sections were used. The 
sections were first blocked for non-specific reactions with 10% 
hydrogen peroxide, followed by incubation with primary rabbit 
polyclonal antibodies against TNF-α [TNFA/1172] (ab220210); a 
concentration of 2-4 µg/ml was used. Perform heat mediated an-
tigen retrieval with citrate buffer pH 6 before commencing with 
IHC staining protocol, abcam, UK). and rabbit polyclonal to SER-
CA2 ATPase (ab3625, a concentration of 1 µg/ml was used. Per-
form heat mediated antigen retrieval before commencing with 
IHC staining protocol, abcam , UK). Before beginning with IHC 
staining technique (Abcam, UK) and rabbit polyclonal to SERCA2 
ATPase (ab3625, a concentration of 1 g/ml was used), heat-me-
diated antigen retrieval with citrate buffer pH 6 was done. Be-
fore beginning the IHC staining process, heat-mediated antigen 
retrieval (Abcam, UK) was perfomed.  Next, a biotinylated goat 
anti-rabbit secondary antibody was used after phosphate buf-
fer washed the cells. To localize the immunological response, the 
slides were treated with labelled avidin-biotin peroxidase, which 
binds to the biotin on the secondary antibody. For visualizing the 
location where an antibody binds and peroxidase transforms it 
into a brown precipitate, diaminobenzidine was used as a chro-
mogen (Suvarna et al., 2013).
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Component Reaction (1X)

SuperScript™ IV RT Mix        0.5 µl

2X Platinum™ SuperFi™ RT-PCR Master Mix       25 μL

Forward primer (10 μM) 2.5 μL

Reverse primer (10 μM) 2.5 μL

Template RNA    10 µl

Nuclease free water    9.5 µl

Final Volume      50 µl

Table 1. SuperScript™ IV One-Step RT-PCR with ROX components:

Gene symbol Forward Reverse Gene bank

IKβ CTGTGCACGTCATTTGTGGG CAGTTAGGGAGAAAGGGCCG NM_053355.2

NFκB TCTGTTTCCCCTCATCTTTCC GCGTCTTAGTGGTATCTGTGCTT AF079314.2

NLRP3 GTAGGTGTGGAAGCAGGACT CTTGCTGACTGAGGACCTGA XR_005489722.1

BAX CGGCGAATTGGAGATGAACTGG CTAGCAAAGTAGAAGAGGGCAACC XM_032915032.1

BCL2 TGTGGATGACTGACTACCTGAACC CAGCCAGGAGAAATCAAACAGAGG XR_005492200.1

GAPDH CACCCTGTTGCTGTAGCCATATTC ACATCAAGAAGGTGGTGAAGCAG XM_032910454.1

Table 2. The evaluated genes’ primer sets.

Step Cycle Temp. Time

Reverse Transcription (RT)  1 55°C 10 mins

RT Enzyme inactivation 1 95°C 2 mins

Amplification

Denaturation 

40

95°C 10 secs

Annealing 55°C 10 secs

Extension 72°C 30 secs

Final extension 1 72°C 5 mins

Table 3. The Thermal profile cycling of RT-qPCR.
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Morphometric study 

Using the Image-Pro Plus programme version 6.0 (Media Cy-
bernetics Inc., Bethesda, Maryland, USA), the mean area percent-
age of collagen fiber deposition, TNF-α immuno-expression were 
calculated.  The mean area percentage was determined for five 
photographs taken from five different fields for each rat in each 
group.

Statistical analysis

The statistical analysis was completed using the SPSS for 
Windows (Version 18.0; SPSS Inc., Chicago, Illinois) statistical 
software for social research. With Duncan’s post hoc analysis, the 
one-way ANOVA test was utilized to identify significant differenc-
es between experimental groups. The mean and standard error of 
the mean (SEM) are used to express results. A P-values lower than 
0.05 were regarded as significant.

RESULTS

Throughout the study period, there were no deaths reported 
among the various treatment groups.

Serum urea and creatinine

Table 4 displays the mean and standard errors of the vari-
ous groups’ serum urea and creatinine levels. Urea and creatinine 
levels were increased noticeably in G4 (rats treated with DZN) 
compared to normal control, olive oil, and NAC treated groups 
after 4 weeks of the experiment. However, rats co-treated with 
both NAC and DZN (G5) had significantly lower serum urea and 
creatinine levels than the DZN treated group.

Changes in the kidney oxidative markers 

Table 5 shows the mean and standard errors of the individ-
ual groups’ oxidative markers. Rats in G4 treated with DZN had 
significantly higher levels of MDA in the kidney tissue than the 
healthy control, olive oil, and NAC treated groups. While treat-
ment of rats with both DZN and NAC (G5) showed significant de-
creases in MDA level when compared with the toxic group after 4 
weeks of the experiment. Likewise, the values of CAT, SOD, GPx, 
and GSH in the kidney tissue of the toxic rats (G4) treated with 
DZN showed markedly decreased than the normal control, olive 

oil, and NAC treated groups. However, treatment of the toxic rats 
with NAC (G5) resulted in a considerable rise in the CAT, SOD, 
GPx, and GSH level when compared with the toxic group (G4) 
after 4 weeks of the experiment.

Changes in kidney cytokines  

As displayed in Figure 1; the rats (G4) that were treated with 
DZN showed increased levels of serum concentrations of IL-
1β and TNF-α compared to normal control, olive oil, and NAC 
treated groups after 4 weeks of the experiment. However, rats 
co-treated with both NAC and DZN (G5) had significantly lower 
serum concentrations of IL-1β and TNF-α levels than toxic group 
(G4).

IKβ, NFκB, NLRP3, BCL2, and BAX mRNA expression in kidney tis-
sue 

As displayed in Figure 2, the expression of kidney IKβ, NFκB, 
NLRP3, BCL2, and BAX mRNA genes in the control, olive oil, NAC, 

Control Olive NAC DZN NAC+DZN

Urea (mg/dL) 27.31±1.09a 22.64±1.29a 30.47±1.34a 89.48±4.42c 70.55±3.34b

Creatinine (mg/dL) 0.70±0.03a 0.59±0.02a 0.73±0.02a 4.63±0.27c 3.24±0.35b

Table 4. Effect of N-Acetyl-Cysteine (NAC) versus diazinon (DZN) on serum urea and creatinine levels in various study groups after 4 weeks of treatment, (n=6). 

Data are expressed as mean±standard error. Means with different superscripts in the same row are significantly different at p<0.05.

Control Olive NAC DZN NAC+DZN

CAT (U/mg protein) 2.67±0.28b 2.84±0.48b 2.50±0.28b 1.10±0.08a 2.80±0.25b

SOD (U/mg protein) 2.90±0.18b 3.12±0.41b 2.80±0.16b 1.09±0.09a 2.60±0.10b

GPx (nmol/mg protein) 25.22±1.79c,d 28.54±3.36d 22.40±1.03b,c 10.30±0.74a 20.38±0.88b

GSH (µg/mg protein) 1.60±0.11b 1.62±0.16b 1.41±0.06b 0.66±0.08a 1.44±0.04b

MDA (nmol/mg protein) 0.51±0.06a 0.50±0.06a 0.56±0.07a 2.60±0.37b 0.72±0.00a

Data are expressed as mean±standard error. Means with different superscripts in the same row are significantly different at p<0.05.

Table 5. Effect of N-Acetyl-Cysteine (NAC) versus diazinon (DZN) on oxidative markers in the kidney homogenates of various study groups after 4 weeks of treat-
ment, (n=6).

Fig. 1. Effect of N-Acetyl-Cysteine (NAC) versus diazinon (DZN) on IL-1β and 
TNF-α levels of various study groups after 4 weeks of treatment The bars show 
the mean and standard error (n=6).
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DZN, and NAC-DZN-treated groups after 4 weeks of treatment. 
The intoxicated rats induced a marked upregulation in kidney 
IKβ, NFκB, NLRP3, and BAX mRNA with a marked downregula-
tion in kidney BCL2 mRNA. However, treatment of intoxicated 
rats with NAC induced a marked downregulation of IKβ, NFκB, 
NLRP3, and BAX mRNA genes with a marked upregulation in kid-
ney BCL2 mRNA.

Changes in kidney protein markers 

As displayed in Figure 3, the average relative density of kid-
ney NLRP3, NFκB, IKB, BAX, and BCL2 normalized to β-actin in the 
NAC, DZN, and NAC-DZN-treated groups than normal control 
and olive oil treated groups after 4 weeks of experiment. Com-
paring the intoxicated group (G4) to the healthy control and olive 
oil groups, revealed noticeably higher level of NLRP3, NFκB, IKB, 
and BAX as well as a substantial drop in BCL2 protein markers 
in kidney tissue. After 4 weeks of the experiment, the intoxicat-
ed group that had received NAC treatment (G5) had significantly 
lower level of NLRP3, NFκB, IKB, and BAX as well as significantly 
higher levels of BCL2 compared to the intoxicated group (G4).

  

Histopathological assessment of kidney tissue 

Examination of kidney sections revealed that intoxicated rats 
(G4) showed dilated Bowman’s space, inflammatory cell infiltra-
tion, glomerular and peritubular vascular congestion and swell-
ing of renal tubular epithelium cells (Figure 4d). Co-treatment 
of intoxicated rats with NAC showed nearly normal histological 
structure as there were decreased of Bowman’s space dilatation, 
inflammatory cell infiltration, reduction of glomerular and peritu-
bular vascular congestion and reduction of the renal tubular ep-
ithelium cells swelling (Figure 4E). The kidney tissues of rats that 
administered olive oil, NAC as well as the normal control group 
appeared to be normal; they revealed renal corpuscles consisting 
of glomeruli surrounded by narrow Bowman’s space and Bow-
man’s capsule. The corpuscles were surrounded by proximal and 
distal convoluted tubules (Figure 4A, B, and C).

Masson’s trichrome stain examination

Examination of kidney sections stained with Masson’s tri-
chrome showed that the intoxicated group (G4) displayed a 
significant increase in the amount of collagen fiber deposition 
between the tubules and among the glomerular capillaries (Fig-
ure 5D). On the other hand, the intoxicated group treated with 
NAC (G5) showed decreased amounts of collagen fibers among 
the glomerular capillaries and surrounding the renal corpuscles 

Fig. 2. mRNA expression of IKKβ, NFκB, NLRP3, BCL2, and BAX in the kid-
ney’s mRNA. Four weeks following treatments, total RNA was extracted from 
the kidney tissues of rats given olive oil, N-Acetyl-Cysteine (NAC), diazinon, 
NAC vs diazinon, and control. Real-time PCR was used to assess expression 
levels, with a p-value˂0.05 when compared to control values. The bars show the 
mean and standard error (n=6).

Fig. 3. Western blotting with densitometric analysis of NLRP3, NFκB, IKB, 
BAX, and BCL2 proteins in kidney tissue of rats treated with olive oil, N-Ace-
tyl-Cysteine (NAC), diazinon, NAC versus diazinon, and control on 4 weeks 
after treatments (n=6).

Fig. 4. Photomicrograph from kidney of experimental rats. (A), (B), and (C) 
Normal control rat (G1), Olive oil treated rats (G2) and rat treated with N-Ace-
tyl-Cysteine (NAC) (G3), the kidney showed normal glomerulus (G) and Bow-
men’s capsule, distal tubule tubules (DT) and proximal tubules (PT). (D) Intox-
icated rats (G4) induced by diazinon; showed dilatation of Bowman’s space and 
degenerated glomeruli (DG) and inflammatory cell infiltration (arrow); glomer-
ular and peritubular vascular congestion, swelling of renal tubular epithelium 
cells (curved arrow). (E) Intoxicated rat by diazinon then treated with NAC (G5), 
showed normal glomeruli (G) and tubules (PT andDT). (HandE,×200) (Scale bar 
represents 25 μm).
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and tubules (Figure 5E). The minimal amounts of collagen fibers 
among the glomerular capillaries and surrounding the renal cor-
puscles and tubules were detected in the normal control, olive oil, 
and NAC-treated groups (Figure 5A, B, and C).

Immunohistochemical assessment of kidney tissue

TNF-α immunohistochemical staining sections of kidney tis-
sues observed that intoxicated rats exposed to DZN (G4) showed 
strongly positive cytoplasmic reaction of the glomerular epitheli-
al cells (Figure 6D). While intoxicated rats treated with NAC (G5) 
showed minimal positive cytoplasmic reactions of the glomerular 
epithelial cells (Figure 6E). TNF-α immunohistochemical stain-
ing sections of kidney tissues of normal control, olive oil, and 
NAC-treated rats showed a minimal reaction in the glomerular 
epithelial cells (Figure 6A, B, and C).

Morphometric study

The mean area percentage of Masson’s Trichrome, and TNF-α 
immuno-expression for all groups are presented in Figures 5F, 
and 6F; respectively. The intoxicated rats treated with DZN (G4) 
showed a significant increase in the mean area percentage com-
pared to normal control, olive oil, and NAC-treated rats. While in-
toxicated rats treated with NAC (G5) showed significant decrease 
in the mean area percentage.

DISCUSSION

DZN is an organophosphate insecticide that has a lot of com-
mercial and agricultural uses. It is also one of the most common 
causes of poisoning, therefore its effect on various organs is im-
portant. DZN toxicity can be acute or chronic. Acute toxicity oc-
curs in suicide or accidental ingestion, while chronic toxicity is 
due to long-term exposure (Yurumez et al., 2007). Upon entry 

into the body, DZN is metabolized by the cytochrome P 450 en-
zymes, which are present in most tissues of the body particularly 
in the liver, to highly toxic oxon intermediate metabolites. Several 
studies indicate that these oxon reactive metabolites cause tissue 
lipid peroxidation and oxidative stress. Lipids are one of the most 
susceptible biological molecules to ROS due to their interaction 
with other molecules to build cellular and organellar membranes 
(El-Demerdash and Nasr, 2014). 

The kidney is responsible for elimination of active metabo-
lites. DZN metabolites are excreted via kidney. However, DZN and 
its metabolites elimination through kidney are associated with 
kidney and tubular damage. Our study indicated that DZN has 
induced oxidative stress (manifested by significant decreases in 
CAT, SOD, GPx, and GSH, as well as a significant increase in MDA 
when compared with control) and kidney dysfunction that indi-
cated by increases in serum creatinine and urea. Concentration 
of creatinine is a marker of kidney function, and its elevation is 
associated with kidney injury. Serum creatinine also shows kidney 
clearance. Therefore, increasing urea and creatinine is resulting 
from DZN-induced kidney damage and clearance reduction.

Indeed, the present results confirm that, like other OP insec-
ticides, diazinon also has strongly oxidative properties even af-
ter sub-lethal exposures, as was evidenced by the raised MDA 
concentrations. A similar effect on LPO has been observed with 
other OP pesticides as well as diazinon (Durmaz et al., 2006), with 
a recent study reporting that Wistar rats orally treated with 10 
mg/kg of diazinon showed significantly increased MDA in differ-
ent tissues after 1, 4, and 7 weeks of treatment, the cause being 
either LPO induction or an increase in reactive oxygen species 
(Ogutcu et al., 2006). The increase in this marker in different tis-
sues has been associated with oxidative stress, which is an imbal-
ance between the generation of ROS and the antioxidant defense 
system. This imbalance favors the production of ROS rather than 
the antioxidant system, reducing the in vivo antioxidant capacity 
in the kidney, lungs, and liver (Ajibade et al., 2016). In the pres-
ent study similar to previous investigations, MDA levels of kidney 
(Karimani et al., 2018) increased following DZN administration 
that is indicator of free radical formation of DZN in renal tissues.  

Fig. 5. Photomicrographs of kidney sections stained with Masson’s trichrome; (A), (B), and (C) Normal control rat (G1), Olive oil treated rats (G2) and rat treated 
with N-Acetyl-Cysteine (NAC) (G3), the kidney showed minimal collagen fibers among the glomerular capillaries (arrow) and surrounding the renal corpuscles and 
tubules (arrow). (D) Intoxicated rats (G4) induced by diazinon; the kidney showed accumulation of collagen fibers among the glomerular capillaries (arrow) and 
surrounding the renal corpuscles and tubules (arrow). (E) Intoxicated rat by diazinon then treated with NAC (G5), showed minimal collagen fiber among the glo-
merular capillaries (arrow). (F) Histogram represents the mean area percentage of collagen fiber deposition in all experimental groups. (Scale bar represents 25 μm).
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Additionally, reductions in antioxidant activities induced by 
DZN, our study provides further evidence that DZN can weaken 
tissue defences against oxidative stress damage by producing an 
excessive amount of ROS and depleting antioxidant power. Over-
all, it can be concluded that oxidative deterioration of the cell ar-
chitecture, which may eventually result in cell death, is caused by 
peroxidation of membrane lipids due to redox imbalance under 
DZN-induced unfavourable conditions, particularly the O2-sen-
setive membrane-associated polyunsaturated fatty acids (Mossa 
et al., 2012; Karimani et al., 2018). Therefore, abnormal renal func-
tion determinants, as observed in DZN-treated rat, confirmed an 
indication of kidney damage (Karimani et al., 2019). These results 
were supported by histopathological and immunohistochemical 
examination of renal tissues which revealed dilated Bowman’s 
space, inflammatory cell infiltration, glomerular and peritubular 
vascular congestion and swelling of renal tubular epithelium cells 
in DZN intoxicated group.

In the present work, increased consumption of GSH (as one 
of intracellular antioxidant defense system) in response to the 
sub-lethal diazinon exposure probably caused the general de-
crease in this biomarker’s levels, similar to what other studies have 
observed in different organs of rats and mice in which GSH levels 
were identified as being clearly depressed (Hernández-Moreno et 
al., 2018). The depletion of GSH may be due to its increased use 
by cells to scavenge the free radicals produced by the pesticide, 
thus indicating the protective importance of this tripeptide to 
cope with oxidative substances (Leong et al., 2013). Because GSH 
can directly interact with and detoxify peroxynitrite (Knight et al., 
2002) and is a co-substrate for glutathione peroxidase to reduce 
hydrogen peroxide (Brigelius-Flohé and Flohé, 2020). 

Catalase is the predominant enzyme in regulating and con-
trolling intracellular H2O2 concentrations, being involved in the 
second line of defense against ROS (Ajibade et al., 2016). Sever-
al previous results confirm the effect of diazinon weakening the 
animals’ enzymatic antioxidant defense system (Abbasnezhad et 
al., 2009).

The relationship between cellular senescence and fibrosis 
can be explained by the pro-inflammatory microenvironment 

produced by senescent cells. Senescent cells express a range 
of secreted factors consisting of various proinflammatory mol-
ecules, metalloproteases, and growth factors. This phenome-
non is termed as senescence-associated secretory phenotype 
(SASP), which affects tissue and organ function (Van Deursen, 
2014; Childs et al., 2015).  In the present study, we detected in-
creased serum levels of proinflammatory factors including IL-1β, 
TNF-α, as well as renal tissue TNF-α immune-expression besides 
the mRNA expression and protein levels of pro-apoptotic factor 
BAX and decreased mRNA expression and protein levels in re-
nal tissue of anti-apoptotic factor BCL2 of rats-treated with DZN. 
Components of the SASP attract and activate immune cells to 
destroy the tissue environment. In addition, SASP components 
including IL-6 can stimulate fibrosis of specific epithelial tissues 
by inducing epithelial mesenchymal transition (EMT) (Van Deurs-
en, 2014). Hence, senescence-mediated extracellular matrix re-
modeling through the SASP is a potential mechanism underlying 
premature senescence-associated fibrosis in renal tissue of DZN 
treated rats. These results were confirmed in the current study by 
increased collagen area percentage in DZN group.

N-acetylcysteine (NAC), a thiol donor compound, is a pre-
cursor to various antioxidants in the human body (Samuni et al., 
2013). NAC has a variety of biological functions, mainly involved 
in the decomposition of peroxides in the body and the storage of 
cellular glutathione (Zafarullah et al., 2003). NAC exhibits direct 
and indirect antioxidant properties. NAC interacts with hydrogen 
peroxide and hypochlorous acid, by its free thiol group that serves 
as an electron donor (Aruoma et al., 1989). This interaction leads 
to intermediate formation of NAC thiol, with NAC disulphide as 
a major end product. Further, NAC has indirect antioxidant pro-
priety related to its role as a GSH precursor. Its main property to 
increase the level of GSH was proven by several studies in vitro 
and in vivo (Lasram et al., 2015). This powerful ability of NAC 
to control oxidative stress and to increase GSH synthesis may 
play an important role in the protection of renal cell s against 
damage induced by DZN. In this context, our histopathological 
results revealed near normal histological structure as there were 
decreased of Bowman’s space dilatation, inflammatory cell infil-

Fig. 6. Tumor necrosis factor alpha (TNF-α) immunohistochemical staining sections of kidney of experimental rats. (A), (B), and (C) Normal control rats (G1), 
Olive oil treated rats (G2) and rats treated with N-Acetyl-Cysteine (NAC) (G3), showed minimal reaction in the glomerular epithelial cells. (D) Intoxicated rats (G4) 
induced by diazinon; showed strong positive cytoplasmic reaction in glomerular epithelial cells (arrow). (E) Intoxicated rat by diazinon then treated with NAC (G5), 
showed minimal positive cytoplasmic reaction in the glomerular epithelial cells (arrow). (F) Histogram representing the mean area percentage of TNF-α immunore-
action in all experimental groups. (Anti-TNF-α, ×400) (Scale bar represents 25 μm).
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tration, reduction of glomerular and peritubular vascular conges-
tion and reduction of the renal tubular epithelium cells swelling.

In addition to causing oxidative damage, ROS induced by 
DZN toxicity activates inflammatory pathways, and as a result, 
they trigger the expression of inflammatory proteins which are 
confirmed by increased serum concentrations of IL-1β and TNF-α. 
TNF-α, IL-1β as well as increased TNFα immune-expression and 
other cytokines exert paracrine effects to activate inflammatory 
pathways in insulin target cells. This leads to the activation of Jun 
N-terminal kinase (JNK), inhibitor of κB kinase (IKKβ), and other 
serine kinases (Lasram et al., 2015). The anti-inflammatory prop-
erties of NAC have been reported by various studies. Indeed, it 
was reported that NAC limits cytokine release during the initial 
phase of immune proliferation (Omara et al., 1997). Similarly, an-
other study has highlighted a decrease in TNF-α in septic shock 
by administering NAC (Emet et al., 2004). Furthermore, NAC 
reduces the production of IL-6 in hemodialysis patients (Nasci-
mento et al., 2010) and decreases the levels of proinflammatory 
cytokines TNFα and IL-1β in rodents subjected to focal cerebral 
ischemia (Khan et al., 2004; Chen et al., 2008). The anti-inflam-
matory effects of NAC were associated to the decrease of NF-κB 
activity. NF-κB is naturally bound to I-κB that prevents its nuclear 
translocation. Dissociation of I-κB following its phosphorylation 
by IKKβ allows its degradation by the proteasome, and the trans-
port of NF-κB to the nucleus. NAC suppressed the proteasome 
activity, thereby inhibiting NF-κB activation (Pajonk et al., 2002). 
Furthermore, NAC also inhibited the IKK themselves (Oka et al., 
2000). Indeed, NF-κB has been shown to be activated in the ab-
sence of I-κB degradation through an iron-mediated mechanism 
(Jimenez et al., 2000). On the other hand, NAC can modulate the 
expression and the activity of transcription factors (Samuni et al., 
2013). This raises the possibility that NAC promotes the synthe-
sis of certain proteins which inhibit the activation of IKKβ/NF-κB 
axis. The effects of NAC may be dependent on the synthesis of 
glutathione, suggesting that the inhibition of NF-κB by the sup-
pression of IKKβ could be the result of the indirect action of NAC. 
However, this does not necessarily exclude the role of free radi-
cals in the modulation of NF-κB activity. As a direct consequence 
of its antioxidant properties, NAC allows maintaining the cellular 
redox state, and thus can modulate the activity of redox-sensitive 
transcription factors such as NF-κB (Zafarullah et al., 2003).

NAC has, at the same time, antiapoptotic and cell growth 
stimulatory properties. As related by Aksoy et al. (2010). NAC 
can have different effects on apoptosis. Many data reported the 
ability of NAC to inhibit apoptosis while minor other showed no 
effect of NAC and a few showed an increase of apoptosis by NAC 
administration. Nevertheless, it has been demonstrated that NAC 
blocks apoptosis induced by LPS in endothelial cells (Abello et 
al., 1994), and apoptosis induced by TNF-α in neuronal cells (Tal-
ley et al., 1995). Moreover, NAC inhibits cytotoxic and apoptot-
ic effects of certain compounds such as paraquat (Hong et al., 
2003), cadmium (Abe et al., 1998) and cisplatin (Cui-E et al., 2005). 
Moreover, it was reported that NAC suppresses the ROS produc-
tion and apoptotic cell death in C6 cells (Sun et al., 2012) and 
protects against monosodium glutamate-induced astrocytic cell 
death (Park et al., 2014). In contrast, at high concentrations NAC 
appears to have cytotoxic effects that are cell-specific (Kawada 
et al., 1998). 

The present study has revealed that exposure to subchronic 
doses of DZN impairs the kidney structure and function, as evi-
denced by the histopathology, immunohistochemistry, and gene 
expression of NLRP3, NFκB, IKB, BCL2, BAX mRNA. However, NAC 
has shown to play a beneficial role against nephrotoxicity by re-
versing the cytoarchitecture and downregulation of inflammato-
ry (NLRP3, NFκB, IKB) and apoptotic (BAX) as well as upregulat-
ed BCL2 genes in kidney tissues, bringing them to near-normal 
levels. These effects could be attributed to the antioxidant and 
anti-inflammatory properties of NAC. Therefore, NAC could be 
potentially used to protect the kidneys from pathological chang-
es induced by DZN.

CONCLUSION

As a potential nephroprotective drug against DZN-induced 
nephrotoxicity, NAC was highlighted in the current investigation. 
As NAC enhanced kidney CAT, SOD, GPx, and GSH antioxidant 
levels as well as inhibited the production of TNF-α in renal tissues, 
it protected the kidney from the DZN insult and decreased lipid 
peroxidation through lowering kidney MDA levels. NAC’s ability 
to combat oxidative stress may be related to its modification of 
the NLRP3, NFκB, and IKB pathway and the subsequent overex-
pression of antioxidant enzymes like CAT, SOD, GPx, and GSH. 
Therefore, this research might help NAC be used in the future as 
a nephroprotective drug, increasing its medical usefulness.
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