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Abstract 

Introduction: Penconazole (PEN) is a widely applied triazole fungicide. This study sought to define the efficacy of N-acetyl-

l-cysteine (NAC) in mitigating PEN-triggered hepatorenal toxicity in rats. Material and Methods: Twenty-eight adult male albino 

Wistar rats were assigned to four groups: a normal control (NC), a PEN group, a NAC group and a PEN+NAC group. 

Administration of PEN (50 mg/kg body weight (b.w.) every 2 days) and NAC (150 mg/kg b.w., daily) took place via oral gavage 

for 10 days. Results: Effective amelioration by NAC of PEN-induced liver and kidney dysfunction was indicated by a significant 

reduction in the circulating liver and kidney markers (aspartate aminotransferase, alanine aminotransferase, urea and creatinine). 

Attenuation of PEN-induced oxidative stress and lipid peroxidation in liver and kidney tissues was evident in a significant reduction 

in malondialdehyde and enhanced total antioxidant capacity. Moreover, NAC significantly reduced the histopathological alterations 

and the expression of tumour necrosis factor α in liver and kidney tissue. Furthermore, NAC maintained the messenger RNA levels 

of nuclear factor erythroid 2-related factor 2 (Nrf2), haem oxygenase 1, and Kelch-like erythroid cell-derived protein 1 and 

prevented nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) protein upregulation caused by PEN. 

Conclusion: N-acetyl-1-cysteine protected against PEN-induced hepatorenal oxidative damage and inflammatory response  

via activation of Nrf2 and inhibition of NF-κB pathways. 
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Introduction 

The widespread utilisation of fungicides in the 

agricultural sector and their harmful effects on 

environmental safety and non-target organisms’ health 

emphasise the need to investigate their hazardous impact 

(31). Penconazole (1-(2-(2,4-dichlorophenyl)-pentyl)-

1H-1,2,4-triazole – PEN) is a typical systemic triazole 

fungicide intensively used in the agricultural sector to 

control powdery mildew on fruits and vegetables (36). 

Residues of PEN remain in soil and wastewater and on 

crops, and consequently impact human and animal 

health adversely (1, 9, 25, 26, 30). Detection of PEN and 

its major metabolic derivatives (PEN-OH and PEN-

COOH) in human urine was previously reported (25). 

Indeed, PEN exposure has been associated with various 

toxicological effects including reproductive and 

endocrine disorders and neurotoxicity (8–11, 14, 26). 

This compound is metabolised in the liver and its 

metabolites are predominately released by the kidney, 

which may induce hepatorenal alterations at the cellular 

level (10, 24). 

Penconazole has been reported to significantly 

affect the antioxidant system and disrupt the redox status 

of various tissues in different species (9, 19, 26). In 

addition, PEN was found to disrupt the metabolic 

functions of the liver (24). Despite the high risk of 

prolonged exposure to PEN, studies on its hepatorenal 

toxicity in mammals are limited. 

Given the crucial role of oxidative stress in the 

mechanism of PEN-induced toxic effects through generation 

of reactive oxygen species (ROS) and alteration in the 

redox balance, the potential usefulness of antioxidants to 

ameliorate the organ damage associated with PEN 
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intoxication has been explored, and studies have 

reported the beneficial effect of compounds with 

antioxidant activity when used for this purpose (10, 26). 

Oxidative stress is propagated when an imbalance 

between the pro- and antioxidant systems occurs. 

Accumulation of free radicals with reduction of the total 

antioxidant capacity (TAC) results in oxidative damage 

to the major cellular biomolecules (32). Lipid 

peroxidation is one of the typical outcomes of oxidative 

stress, when ROS attack the polyunsaturated lipid 

components of biological membranes and make highly 

bioactive by-products. These by-products, such as 

malondialdehyde (MDA), contribute to a series of 

oxidative changes resulting in various physiopathological 

effects related to cell aging and diseases (16). Oxidative 

stress affects various redox-sensitive transcription 

factors and their signalling pathways (32). Nuclear 

factor erythroid 2-related factor 2 (Nrf2) is a key 

transcription modular protein that controls both the basal 

and stress-inducible activation of many cytoprotective 

genes including glutathione (GSH), thioredoxin (TXN) 

and haem oxygenase 1 (HO-1). Through this control, 

Nrf2 acts in different cellular processes, such as the 

cellular response to xenobiotic and oxidative stress and 

the maintenance of redox homeostasis (6, 27). Another 

transcription factor, nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB), is involved in the 

control of inflammatory response through regulation of 

a vast array of target genes linked to cytokine release and 

ROS generation (23, 28). Therefore, targeting Nrf2 and 

NF-B may be a beneficial therapeutic strategy for 

management of hepatorenal toxicity. 

N-acetyl-l-cysteine (NAC), the acetylated derivative of 

the amino acid L-cysteine, is widely accepted clinically 

as an antioxidant therapy with good reported safety. The 

cysteine derivative serves as a donor of L-cysteine, 

which is the building block and the limiting substrate for 

de novo synthesis of GSH (22). A large body of evidence 

has shown that NAC is potentially useful in treatment of 

various liver and kidney injuries (2, 7, 13, 17, 20, 35). 

Considering the safety of NAC as a drug and its 

potential to interfere with an array of biochemical 

pathways connecting oxidative stress to inflammatory 

response (20), the goal of the current study was to 

investigate the protective effects of NAC against 

hepatorenal toxicity induced by PEN intoxication in  

an experimental rat model, and to determine whether 

those effects were associated with regulation of the Nrf2 

and NF-κB pathways. The study comprises biochemical, 

immunohistochemical and gene expression evaluations, 

as well as histopathological assessment. 

Material and Methods 

Chemicals and reagents. Penconazole was bought 

from Advanced Agrochemicals & Veterinary Products 

Industrial Co. (Chemvet, Amman, Jordan). N-acetyl-1-

cysteine (catalogue no. 66246-88-6) was bought from 

Sigma-Aldrich (Waltham, MA, USA) and prepared 

freshly in distilled water before use. All kits for 

biochemical analyses were bought from Biodiagnostic Co. 

(Cairo, Egypt). All other reagents were of high analytical 

grade. 

Experimental animals and study protocol. 

Twenty-eight adult male albino Wistar rats weighing 

180 ± 20 g were obtained from the Faculty of Veterinary 

Medicine, Cairo University, Egypt. All animals were 

kept at 25 ± 2°C in a 12/12 h light/dark cycle and 

allowed free access to water and commercial pellet feed. 

The protocol used for animal experimentation was 

approved by the Cairo University Institutional Animal 

Care and Use Committee (approval code: Vet Cu 2009 

2022487). After a week of preadaptation to feeding, the 

rats were allocated randomly into the following four 

groups of 7: 

Group I (Normal Control group; NC), which 

received 1 mL of distilled water by oral gavage for 10 days; 

Group II (PEN group), which was administered  

50 mg/kg body weight (b.w.) of PEN (equivalent to 1/40 

of the median lethal dose) by oral gavage every two days 

for 10 days (13); 

Group III (PEN+NAC group), which was 

administered daily doses of 150 mg/kg b.w. of NAC and 

50 mg/kg b.w. of PEN by oral gavage every two days for 

10 days; 

Group IV (NAC group), which was administered 

150 mg/kg b.w. of NAC by oral gavage daily for 10 days. 

The dosage of NAC was selected based on previous 

reports of the hepato- and reno-protective doses (17). 

Twenty-four hours after the end of the experiment, 

all rats were euthanised via cervical dislocation followed 

by decapitation, this method having been adopted to 

avoid the effects of euthanasia chemicals on the tissue 

samples. Serum samples were taken, and liver and 

kidney tissue samples were harvested, rinsed in normal 

saline, blotted, and stored at −80°C for subsequent 

analyses. For histological assessments, tissues samples 

were washed and fixed in neutral buffered formalin for 

at least 48 h. Thereafter, liver and kidney homogenates 

were prepared in cold phosphate-buffered saline for 

measurement of the oxidative stress biomarkers they 

contained. 

Serum biochemical parameters. Serum alanine 

aminotransferase (ALT), aspartate aminotransferase 

(AST), urea, and creatinine levels were evaluated using 

a spectrophotometer (UNICO Instruments, Dayton, NJ, 

USA) and commercial liver function, kidney function, 

and Berthelot method urea measurement kits 

(Biodiagnostic Co., Cairo, Egypt) according to the 

instructions provided by the manufacturer. 

Tissue oxidative stress parameters. Products of 

lipid peroxidation were estimated by determining MDA 

content in the liver and kidney in the form of 

thiobarbituric acid reactive substances according to the 

method described by Tanideh et al. (34) with slight 

modifications. Briefly, a reaction mixture containing 

200 μL of tissue homogenate, 200 μL of sodium dodecyl 

sulphate (8.1%), 1,500 μL of acetic acid (20%), 1,500 μL 

of thiobarbituric acid (0.8%), 0.0034 mM of butylated 
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hydroxytoluene in ethanol, and 540 μL of deionised 

distilled water was boiled for 1 h and centrifuged  

at 2,000 rpm for 10 min. The upper layer, which was 

reddish-pink in colour, had its absorbance measured 

spectrophotometrically at 532 nm. Tetramethoxypropane 

was used as the standard. The MDA concentration was 

expressed in mmol/mg protein. 

The total antioxidant capacity (TAC) was 

spectrophotometrically assessed in tissue homogenates 

according to the method described by Bartosz (4) using 

the same kits used for measuring serum biochemical 

parameters, following the manufacturer’s protocol. 

Real-time quantitative polymerase chain 

reaction (qPCR). Liver and kidney total RNA 

extraction was performed using an RNeasy mini kit 

(Qiagen, Hilden, Germany) according to the 

manufacturer’s protocol. Residual DNA digestion was 

carried out using a DNAase kit (Invitrogen, Carlsbad, 

CA, USA), then RNA integrity and concentration were 

assessed by a NanoDrop ND-1000 spectrophotometer 

(Thermo Scientific, Wilmington, DE, USA). 

Complementary DNA was synthesised using a SuperScript 

IV VILO reverse transcriptase kit (Invitrogen). Relative 

messenger RNA (mRNA) expression levels of Nrf2, 

Kelch-like erythroid cell-derived protein 1 (Keap-1), 

and HO-1 were quantified by qPCR using specific 

primers. The PCR primer sets had the following 

sequences: Nrf2 sense primer 5′-CACATCCAGACAGAC 

ACCAGT-3′ and antisense primer 5′-CTACAAATGGGAATG 

TCTCTGC-3′ (GenBank accession No. XM_006234398.3), 

Keap1 sense primer 5′-AACTCGGCAGAATGTTACTACCC-

3′ and antisense primer 5′-CTACGAAAGTCCAGGTCTCTG 

TCTC-3′ (GenBank accession No. NM_017000.3),  

HO-1 sense primer 5′-ACAGGGTGACAGAAGAGGCTAA-3′ 

and antisense primer 5′-CTGTGAGGGACTCTGGTCTTTG-3′ 

(GenBank accession No. NM_012580.2), and glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) sense primer  

5′-ACCACAGTCCATGCCATCAC-3′ and antisense 

primer 5′-TCCACCACCCTGTTGCTGTA-3′ (GenBank 

accession No. NC_005103.4). Luminaris Color HiGreen 

Low ROX SYBR Green Master mix (Thermo Scientific) 

was used for qPCR amplification. The specificity of the 

amplified PCR products was confirmed through 

melting-curve analysis and agarose gel electrophoresis. 

Each cDNA sample was analysed in triplicate with  

a minus template negative control. The relative mRNA 

expression of the target genes was calculated as fold 

change of the normal control after normalisation to  

a GAPDH reference transcript, using a 2−ΔΔCT method as 

described previously (26). 

Histopathological examinations of liver and 

kidney. Liver and kidney tissue specimens were 

preserved in 10% neutral buffered formalin and 

processed by a conventional method using ascending 

grades of alcohol and xylene, then embedded in paraffin 

wax, microsectioned at 4.5μm, stained with haematoxylin 

and eosin, and examined under a light microscope 

(Olympus, Tokyo, Japan) to record any histological 

alterations in different groups (3). 

Seven microscopic fields per five sections 

representing five rats per group were assessed to record 

the degree of severity of the pathological lesions in both 

the liver and kidneys using the technique established by 

Hassanen et al. (18). The parameters used to assess 

hepatorenal alterations were cellular degeneration and 

necrosis, congestion, haemorrhaging, intracellular 

eosinophilic bodies (Mallory bodies, renal droplets and 

cast), and inflammatory cell infiltrations. The 

microscopic lesions were graded and scored as slight, 

mild, moderate and severe, and on a scale from 0 to 4. 

Diffuse lesions were graded as 0 for normal histology,  

1 for < 25% of tissue affected, 2 for 25–50%, 3 for  

50–75%, or 4 for >75% of tissue affected. Focal lesions 

were graded as 0 for no foci apparent, 1 for <3 foci, 2 for 

3–6 foci, 3 for 7–12 foci, or 4 for >12 foci apparent (18). 

Immunohistochemical studies and morphometric 

analysis. TNF-α and NF-κB (markers for inflammation) 

were detected on paraffin-embedded formalin-fixed 

liver and kidney tissue sections. Briefly, slides were 

incubated with primary antibodies for different immune 

markers (Abcam, Cambridge, UK) at 1 : 200 dilutions, 

then incubated with Peroxidase Block (Sakura Finetek, 

Alphen aan den Rijn, the Netherlands) and the reagent 

required for measuring the antigen antibody complex 

(Power-Stain 1.0 Poly HRP DAP Kit, Sakura Finetek). 

The sections were treated with diaminobenzidine 

chromogen substrate for 10 min and counterstained with 

haematoxylin. 

Statistical analysis. The Shapiro–Wilk test for 

normality was performed, and its results indicated 

normal distribution of the data. Therefore, we carried out 

the statistical analysis of the obtained results using one-

way analysis of variance followed by Duncan’s 

multiple-range test to compare the means of all data 

between groups, where a P-value < 0.05 was considered 

significant. Spearman’s rank correlation was applied to 

recognise the relationships between TAC and MDA 

content in both hepatic and renal tissue. Data were 

analysed using GraphPad Prism version 5.0 (GraphPad 

Software, San Diego, CA, USA). All data were 

expressed as means ± standard error of the mean (SEM). 

Results  

Effects of NAC on liver and kidney functions 

against PEN-induced hepatorenal toxicity. Liver 

function was assessed through the determination of 

serum AST and ALT concentrations. Table 1 reveals 

that PEN significantly elevated AST and ALT levels 

compared to those in control group samples (P < 0.05). 

Co-treatment with NAC (150 mg/kg b.w.) significantly 

reduced the levels of these hepatocellular enzymes in the 

sera (P < 0.05) compared with those of the PEN group 

(Table 1). The group exposed to the fungicide without 

NAC showed significantly higher levels of urea and 

creatinine in serum compared to the control group 

(P < 0.05) and the PEN+NAC–treated group (P < 0.05) 

(Table 1).  
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Table 1. Effects of N-acetyl-1-cysteine (NAC) on liver and kidney function tests in adult male albino Wistar rats exposed to penconazole (PEN) 

Group 
AST 
(U/L) 

ALT 
(U/L) 

Creatinine 
(mg/dL) 

Urea 
(mg/dL) 

NC 69.66 ± 1.16# 24.70 ± 0.82# 0.72 ± 0.01# 25.18 ± 0.56 

PEN 114.05 ± 4.79* 51.35 ± 1.46* 1.62 ± 0.02* 57.36 ± 0.60* 

PEN+NAC 86.20 ± 2.15*# 38.24 ± 1.55*# 0.85 ± 0.01# 38.51 ± 0.45*# 

NAC 71.23 ± 1.52# 27.12 ± 0.67# 0.68 ± 0.01# 27.94 ± 0.35# 

Data are presented as mean ± standard error of the mean (n = 6) 
# – significantly different to control group; * – significantly different to PEN group; AST – aspartate aminotransferase; ALT – alanine 

aminotransferase; NC – normal control group 
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Fig. 1. Effects of NAC on (A) malondialdehyde and (B) TAC in the liver and kidneys of adult male albino Wistar PEN-exposed rats. Data are 

presented as mean ± standard error of the mean (whiskers) (n = 6) 
# – significantly different to NC group; * – significantly different to PEN group; NC – normal control; PEN – penconazole; NAC – N-acetyl-1-

cysteine; TAC – total antioxidant capacity 
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Fig. 2. Effect of N-acetyl-1-cysteine (NAC) in adult male albino Wistar rats against penconazole (PEN)-induced alterations on hepatic messenger 

RNA expression of nuclear factor erythroid 2-related factor 2 (Nrf2) (A), Kelch-like erythroid cell-derived protein 1 (Keap1) (B) and haem 

oxygenase 1 (HO-1) (C). Data are presented as mean ± standard error of the mean (whiskers) (n = 6) 
GAPDH – glyceraldehyde 3-phosphate dehydrogenase; # – significantly different to normal control (NC) group; * – significantly different to PEN 

group 
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Effects of NAC against PEN-induced hepatorenal 

toxicity – effects on MDA and TAC in the liver and 

kidneys. As shown in Fig. 1A, marked increases in 

MDA contents were detected in both the liver and 

kidneys of the PEN group as compared to these tissues 

of the NC group. Supplementation with NAC at a dose 

of 150 mg/kg b.w. significantly suppressed the by-

production of MDA in the liver and kidney tissues from 

PEN-induced lipid peroxidation. Total antioxidant 

content was found to be significantly lower in the liver 

and kidney tissues of rats administered PEN than in 

these tissues of NC rats (P ˂ 0.05). Acetylcysteine also 

significantly prevented the PEN-induced reduction in 

TAC in the liver and kidneys (P ˂ 0.05) (Fig. 1B). 

There was a significant negative correlation 

between MDA content and TAC in both liver and kidney 

tissue. The Spearman’s rank rs values were −0.972 and 

−0755 (P ˂ 0.01) respectively in liver and kidney tissue. 

Effects of NAC on Nrf2, Keap1 and HO-1 

mRNA expression in PEN-intoxicated rats. As shown 

in Figs 2 and 3, both the hepatic and renal mRNA 

expression of Nrf2 and HO-1 showed significant 

downregulation in the PEN-intoxicated group compared 

to NC group expression levels. On the other hand, PEN 

significantly increased Keap1 mRNA expression in liver 

and kidney tissues (Figs 2B and 3B). Administration of 

NAC concurrently with PEN effectively reversed the 

effects on these genes, as evident in the significantly 

elevated mRNA levels of Nrf2 and HO-1 and the 

downregulated expression of Keap1 in the liver and 

kidneys of the PEN+NAC group compared to these 

indicators’ levels in the PEN group. 

Liver histopathology. Liver tissue sections 

obtained from rats in the NC group and from those which 

had received NAC showed normal histological 

architectures (Fig. 4A). On the other hand, liver sections 

obtained from PEN-receiving rats showed extensive 

severe histopathological changes. Some hepatocytes had 

granular and vacuolar swelling, while others were 

necrotic and apoptotic (Fig. 4B). Focal areas of 

hepatocellular coagulative necrosis were noted and these 

were infiltrated by mononuclear inflammatory cells 

(Fig. 4C). The necrotic hepatocytes appeared swollen 

with eosinophilic cytoplasm and different necrobiotic 

changes. Fatty changes were observed in most sections 

and characterised by swelling of cells with large clear fat 

globules in the cytoplasm and translocation of the 

nucleus to the periphery (Fig. 4D). Large focal to 

coalescent areas of hepatic haemorrhaging were noticed 

in some sections (Fig. 4E). The portal triad showed 

congestion, oedema, fibroplasia and severe mononuclear 

inflammatory cell infiltration (Fig. 4F). The bile ducts 

were enlarged, and the ducts’ epithelial linings were 

hyperplastic. The liver sections of the PEN+NAC group 

showed neither necrosis nor inflammation (Fig. 4G). 

Mild hepatocellular degenerations were observed in  

a few sections and the portal area presented infiltration 

by low numbers of inflammatory cells (Fig. 4H).   
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Fig. 3. Effect of N-acetyl-1-cysteine (NAC) in adult male albino Wistar rats against penconazole (PEN)-induced alterations on renal mRNA 

expression of nuclear factor erythroid 2-related factor 2 (Nrf2) (A), Kelch-like erythroid cell-derived protein 1 (Keap1) (B) and haem oxygenase 1 

(HO-1) (C). Data are presented as mean ± standard error of the mean (whiskers) (n = 6) 
GAPDH – glyceraldehyde 3-phosphate dehydrogenase; # – significantly different to normal control (NC) group; * – significantly different to PEN 

group 
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Kidney histopathology. Kidney tissue sections 

obtained from rats in the NC group and those which had 

received NAC likewise showed normal histological 

structures (Fig. 5A). In contrast, kidney sections 

obtained from rats in the PEN-receiving group showed 

severe pathological alterations. Some glomeruli were 

congested, degenerated and atrophied. Most renal 

tubules had degeneration and necrosis in the epithelial 

lining associated with either intracellular or intraluminal 

renal cast (Fig. 5B and 5C). Some sections displayed 

vascular congestion with haemorrhaging between renal 

tubules (Fig. 5D). Renal capsules presented a moderate 

degree of fibrosis in some sections (Fig. 5E). The kidney 

sections of the PEN+NAC group exhibited normal 

histological architecture (Fig. 5F). 

The results of the microscopic lesion scoring are 

summarised in Table 2. The pathological parameter’s 

scores of the liver and kidney sections of PEN-receiving 

rats exceeded those of the other groups. The lesion 

scores were significantly lower in NAC co-treated rats 

than in PEN group rats but were nevertheless still higher 

than in NC group animals. There were no significant 

differences in lesion scores between the control group 

and the group receiving only NAC. 

Immunohistochemical assessments. Strong TNF-α 

and NF-κB protein expression along with high numbers 

of NF-κB immunostained nuclei were observed in the 

liver and kidney sections of the PEN group. The 

expression of TNF-α was evident in the cytoplasm of 

degenerated hepatocytes, epithelial lining bile ducts, 

epithelial lining renal tubules, and within the 

inflammatory cells, while NF-κB expression was 

observed in both the nuclei and cytoplasm of 

degenerated cells. The group treated with NAC 

developed mild to moderate immunostaining reactions 

for these immune markers (Figs 6 and 7).  

 
Fig. 4. Photomicrograph of adult male albino Wistar rat liver tissue sections stained with haematoxylin and 

eosin representing the control group with normal histological structure (A), the penconazole (PEN)-

receiving group showing hepatocellular vacuolisation (black arrows), necrosis (blue arrows), atrophy (black 
triangles), macrovesicular steatosis (red arrows), haemorrhaging (red star) and inflammatory cells 

infiltration (black stars) (B–F) and the PEN+N-acetyl-1-cysteine–receiving group showing sparse cell 

necrosis (blue arrows) and slight portal inflammation (black star) (G and H) 
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Fig. 5. Photomicrograph of adult male albino Wistar rat kidney tissue sections stained with haematoxylin 
and eosin representing the control group with normal histological structure (A), the penconazole (PEN)-

receiving group showing cytoplasmic vacuolisation (black arrows), necrosis (blue arrows) in the renal 

epithelium, intraluminal hyaline cast and droplets (black triangles), vascular congestion and haemorrhaging 
(red stars), inflammatory cells infiltration (black stars), capsular fibrosis (blue star) and glomerular 

degeneration (black circles) (B–E) and the PEN+N-acetyl-1-cysteine–receiving group showing mild 

degenerative changes in the tubular epithelium and some glomeruli (black arrows) (F) 
 

Table 2. The microscopic lesion scoring in adult male albino Wistar rats unexposed to penconazole (PEN), 
exposed to it, and exposed to it with N-acetyl-1 cysteine (NAC) coadministration 

 NC NAC PEN PEN+NAC 

Hepatic lesion scoring 

HCD 0 a 1 b 4 c 2 d 

HCN 0 a 1 b 2 c 1 b 

ICB 0 a 0 a 4 b 1 c 

Congestion 0 a 1 b 3 c 1 b 

Haemorrhage 0 a 0 a 2 b 0 a 

Inflammation 0 a 0 a 2 b 1 c 

Renal lesion scoring 

RTD 0 a 1 b 4 c 2 d 

RTN 0 a 1 b 4 c 2 d 

ICB 0 a 0 a 4 b 1 c 

Congestion 0 a 1 b 4 c 2 d 

Haemorrhage 0 a 0 a 2 b 0 a 

Inflammation 0 a 0 a 4 b 1 c 

Values are presented as medians from five sections representing five rats/group. Values with different letters 

in the same column are significantly different at P ≤ 0.05 
NC – normal control; HCD – hepatocellular degeneration; HCN – hepatocellular necrosis; ICB– intracellular 

eosinophilic bodies; RTD – renal tubular degeneration; RTN – renal tubular necrosis 
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Fig. 6. Photomicrograph of adult male albino Wistar rat liver tissue sections stained by 

immunoperoxidase to localise TNF-α and NF-κB. The control group with normal TNF-α and NF-κB 

cytoplasmic expression (A and B), PEN group showing strong positive expression of both immune 
markers (C and D) and the PEN+NAC–receiving group showing weak positive expression of TNF-α 

and NF-κB (E and F) 

 
Fig. 7. Photomicrograph of adult male albino Wistar rat  kidney tissue sections stained by 

immunoperoxidase to localise TNF-α and NF-κB. The control group with normal TNF-α and NF-κB 

cytoplasmic expression (A and B), PEN group showing strong positive expression of both immune 
markers (C and D) and the PEN+NAC–receiving group showing weak positive expression of TNF-α 

and NF-κB (E and F)  
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Discussion  

Oxidative damage mediated by ROS is a manifestation 

of PEN-induced toxicity (10, 26). Therefore, intensive 

efforts have been directed to learning the potential of 

antioxidant therapies against PEN intoxication. The 

presented approach took advantage of the safety, 

affordability and availability of NAC as a well-

established anti-oxidation and anti-inflammation agent 

against PEN-induced hepatorenal injuries. 

Biotransformation of PEN in the liver takes place 

in three phases (35). Phase I detoxification of PEN 

involves cleavage or oxidation of the triazole ring and 

oxidation of the alkane chain forming the respective 

carboxylic (PEN-COOH), monohydroxylic and 

dihydroxylic derivatives (PEN-OH). Phase II involves 

secondary metabolic reactions of the carboxylic acid 

derivatives forming an α-keto carboxylic derivative and 

3- or 4-keto derivatives and finally conjugation of the 

resulting alkanol metabolites with glucuronic acid. In 

phase III, these metabolic derivatives are exported from 

the cells through an ATP-binding cassette transporter/ 

multidrug-resistance protein–dependent mechanism. 

In the present study, the hepatotoxic effect of PEN 

was evidenced by the significant elevation in serum AST 

and ALT levels. One of the potential mechanisms 

reported for PEN-induced toxicity is the disruption of 

sterol biosynthesis through inhibition of lanosterol 14α-

demethylase (CYP51), leading to progressive liver 

injury. Penconazole blocks the CYP51 active site by 

forming water-bridging interactions or van der Waals 

bonds with its hydrophobic amino acid pocket, or by 

binding with its haem moiety (19). These effects cause 

hepatocyte damage that eventually increases serum liver 

enzyme levels because of membrane integrity loss and 

cellular leakage (11). In addition, the levels of serum 

creatinine and urea, the critical indices for assessing 

renal function, were significantly increased in PEN-

intoxicated rats when compared to those of the control 

counterparts. Increased creatinine and urea levels were 

sensitive indicators for kidney dysfunction and 

correlated particularly with the reduction of glomerular 

filtration rate (5). These findings are in line with the 

report of Chaâbane et al. (10), who demonstrated that 

PEN disrupted the functional integrity of the kidney and 

increased the membrane permeability, which might be 

due to oxidative damage. 

Accumulated evidence suggested the involvement 

of oxidative stress and lipid peroxidation in PEN-

induced cellular damage (10, 11, 26). In the present 

study, the PEN group exhibited a significant elevation in 

both liver and kidney MDA levels. These changes could 

be attributed to the excessive ROS generated by PEN, 

which deplete the endogenous antioxidant pool, 

resulting in oxidative stress in the liver and kidney cells. 

The oxidant/antioxidant status was further evaluated by 

measuring the TAC, which showed a significant 

reduction in the PEN group. This finding was consistent 

with those of previous studies, where PEN induced  

a significant increase in MDA and ROS levels and  

a marked reduction in antioxidant enzyme activity in the 

liver and kidneys of rats (10, 11). Moreover, a recent 

study by Jiang et al. (21) showed that PEN treatment in 

zebrafish downregulated mRNA expression of cat and 

sod1 genes encoding CAT and SOD enzymes, respectively, 

as a compensatory effect to their enzyme inhibition, 

which was associated with an irreversible ROS 

overproduction. Overall, these reports provided evidence 

that that oxidative stress contributed to the PEN-

triggered hepatorenal toxicity observed in our study. 

Furthermore, these biochemical findings reflecting 

PEN-induced hepatorenal dysfunction were verified 

through histopathological observations. In the current 

study, the PEN-receiving group showed extensive 

hepatic and renal histopathological alterations including 

cellular degeneration and necrosis accompanied by 

interstitial inflammation indicated by inflammatory 

leucocyte infiltration. These injuries could be due to the 

accumulation of ROS and lipid peroxidation in both 

hepatic and renal tissues of PEN-administered rats. It has 

been suggested that because of its lipophilic nature, PEN 

could easily penetrate the cellular membrane to reach the 

mitochondria causing mitochondrial dysfunction with 

excessive ROS production (9). Similar histopathological 

findings have been reported previously (10, 11). 

Interestingly, the present study demonstrated that 

NAC administration effectively ameliorated all the 

adverse impacts on the liver and kidneys of PEN 

exposure. The obtained findings showed that NAC 

significantly preserved liver and kidney functions, 

inhibited lipid peroxidation, maintained TAC and 

limited histopathological alterations. Several lines of 

evidence demonstrated that NAC was a potent antioxidant 

and anti-inflammatory agent and exerted a potential 

therapeutic effect in oxidative stress-related disorders. 

N-acetyl-1-cysteine has been noted for its boosting role 

for endogenous GSH, the key determinant of redox 

signalling. Glutathione acts as scavenger for intracellular 

reactive species and is an essential molecule for the 

regeneration of other antioxidative agents (15). In 

addition, NAC exerts GSH-independent antioxidant 

properties mediated through promoting detoxification 

and disulphide bond reduction (12). A direct ROS-

scavenging activity can also be demonstrated by NAC 

through a direct reaction of its free thiol group with free 

radicals (37). Moreover, as a cysteine (Cys) pro-drug, 

NAC slowly delivers Cys to cells, which modestly 

elevates endogenous H2S and other sulphane sulphur 

species. A recent study proposed Cys pro-drug activity 

as a new mechanism of action for NAC, mediating the 

cytoprotective activities which could not be explained 

by the mechanisms previously attributed to it: the 

provision of protection by the sustained production of 

Cys-derived H2S as protection independent of GSH 

replenishment (29). 

To further understand the molecular mechanism 

including the signalling pathway that contributes to the 

protective effects of NAC against PEN-induced 

hepatorenal injuries, the relative expression levels of 

genes involved in the Nrf2 signalling pathway were 
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quantified. Nuclear factor erythroid 2-related factor 2 is 

an inducible transcription factor involved in the 

regulation of redox balance through targeting multiple 

stress response proteins and detoxifying enzymes. It also 

contributes either directly or indirectly to the regulation 

of a battery of genes involved in inflammation, 

apoptosis, cell growth and differentiation, among other 

processes (6). The transactivation of Nrf2 is negatively 

regulated by its intracellular inhibitor, Keap1,  

via cytoplasmic ubiquitination and degradation of Nrf2. 

Upon activation, the Keap1–Nrf2 interaction is resolved 

and Nrf2 translocates freely to the nucleus, 

heterodimerises, and recognises the antioxidant 

response element in the regulatory region of Nrf2 

downstream target genes (6, 27). Mounting evidence 

reveals that the Keap1/Nrf2 pathway mediates various 

cytoprotective responses to counteract oxidative stress 

and inflammation caused by various oxidative and 

chemical insults (23, 28). One of the Nrf2 downstream 

genes is HO-1, an inducible enzyme known for its 

pivotal role in maintaining antioxidant/oxidant 

homeostasis in various tissues (6). 

Our findings confirm that PEN intoxication 

triggered oxidative stress by modulating the Keap1/Nrf2 

pathway. This was evidenced by the downregulated 

mRNA expression of Nrf2 and its downstream gene  

HO-1 and the upregulated mRNA expression of Keap1 

in both liver and kidney tissue (Figs 2 and 3). A large 

body of evidence indicates the role of Nrf2 activation in 

mediating the hepatoprotective and renoprotective 

effects of NAC (7, 28, 36). The present study accorded 

with this evidence, demonstrating that treatment with 

NAC also contributed to the activation of the Nrf2 

pathway. As compared to their levels in control rats, 

both Nrf2 and HO-1 mRNA levels were significantly 

increased in rats exposed to PEN+NAC simultaneously, 

while Keap1 mRNA expression was significantly 

reduced. This finding was further verified by the results 

of TAC and MDA level determination in the PEN+NAC 

group, which together indicated that upregulation of 

Nrf2/Keap1 may be the mechanism by which NAC 

restores the redox status and decreases the lipid 

peroxidation induced by PEN. 

Nuclear factor kappa-light-chain-enhancer of 

activated B cells is a redox-sensitive transcription factor 

contributing to immune/inflammatory responses induced by 

many stimuli (23). Activation of the NF-κB signalling 

pathway can prompt tissue inflammation via activation 

of several proinflammatory cytokines including TNF-α 

(33). To clarify whether PEN induces a hepatic or renal 

inflammatory response via the NF-κB cascade, the 

protein expression of NF-κB and its downstream target 

protein TNF-α were determined. The obtained results 

revealed that in the PEN-exposed group samples, 

expression of NF-κB was significantly upregulated in 

the liver and kidneys. In addition, TNF-α protein 

expression was also upregulated by PEN intoxication. 

These data implied the involvement of the NF-κB 

pathway in the inflammatory response induced by PEN. 

Concurrent administration of NAC attenuated the 

upregulation of NF-κB and TNF-α. These results are 

similar to those of a previous report in which NAC was 

demonstrated to exert its anti-inflammatory effect 

through the suppression of NF-κB (28). 

Noteworthily, negative crosstalk between Nrf2 and 

NF-κB was established (23). In this context, pharmacological 

activation of Nrf2 reduces the inflammatory response 

via stimulation of antioxidants and inhibition of NF-κB. 

Conversely, Nrf2 downregulation is associated with  

NF-κB activation with subsequent stimulation of the 

pro-inflammatory cytokine TNF-α. This suggests that 

Nrf2 downregulation induced by PEN may inflame the 

liver and kidneys via NF-κB activation. Our data provide 

the first convincing evidence that PEN inhibits the Nrf2 

antioxidant pathway and causes ROS-driven upregulation 

of the NF-κB pathway. 

In conclusion, this study substantiates the protective 

potential of NAC against PEN-induced hepatorenal 

injuries. The protective effects of NAC are mediated,  

at least in part, through its antioxidant and anti-

inflammatory mechanisms. Based on the obtained 

results, NAC prevented hepatorenal oxidative damage 

and inflammation in PEN-exposed rats through a mechanism 

involving crosstalk between the Nrf2/HO-1 and NF-κB 

pathways. This study supports the notion that control of 

the Nrf2 pathway through the enhancement of endogenous 

antioxidants by the hepatorenal protective agent  

NAC is a therapeutic strategy against PEN-associated 

hepatorenal toxicity. 
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