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Abstract. Background and aim of the work: Bisphenol A (BPA) is a chemical product that is widely used as a 
plastic precursor. It acts directly on the kidney mitochondria, causing renal dysfunction. N-acetylcysteine is 
effective in protecting the kidneys from chemical-induced damage. Vitamin E is an antioxidant that protects 
cells from the damaging effects of free radicals. The aim of this study is to further evaluate and compare NAC 
and vitamin E to oppose the nephrotoxicity caused by BPA. Research design and Methods: Forty-two adult 
male rats were divided into 7 groups: control, BPA, NAC, vitamin E, BPA plus NAC, BPA plus vitamin E, 
and combined BPA, NAC and vitamin E. BPA, NAC, vitamin E were given orally at doses of 50 mg/kg, 
200 mg/kg, and 1000 mg/kg respectively, for 5 weeks. Results: NAC and vitamin E groups showed improved 
kidney function tests and alleviated BPA-induced oxidative stress; increased GSH and decreased MDA, NO 
and iNOS levels. NAC and vitamin E significantly attenuated inflammation; decreased NF-κB and increased 
IL-4, and Nrf2, in addition there was alleviation of renal histopathology. To some extent, vitamin E admin-
istration showed significant improvement. Moreover, combined NAC and vitamin E treatment showed more 
significance than either NAC or vitamin E separate groups. Conclusions: This study determined the substantial 
protective effects of NAC and/or vitamin E in BPA-induced nephrotoxicity through modulation of Nrf2 with 
subsequent improvement of oxidative stress and inflammation. The alleviation was more significant in com-
bined NAC and vitamin E treatment mainly through their synergistic effect on Nrf2. (www.actabiomedica.it)
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Introduction

Bisphenol A (BPA), a precursor of polycarbonate 
plastics and epoxy resins, is widely used in numerous 
products; thermal receipt paper, metal cans, water pipes, 
cigarette filters, drinking bowls, sports equipment, 
medical equipment and plastic toys (1). BPA exposure 
could occur through ingestion, inhalation and dermal 
absorption (2). Notably, BPA exposure has increased 

with coronavirus disease (COVID-19)  pandemics as 
the Infectious Diseases Society of America (IDSA) 
has included the use of private protecting equipment, 
consisting of masks and face shields, in its recommen-
dations for simple restrictions, which increase the use 
of plastic face shields in developing countries (3).

BPA exposure can induce oxidative damage in tis-
sues by enhancing mitochondrial free radical produc-
tion owing to disrupting the redox status, producing 
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various reactive oxygen species (ROS) (4). BPA tar-
gets the kidney mitochondria causing mitochondrial 
oxidative stress (OS) and whole organ damage (5). 
Chemical exposure acts as an inflammatory stimulus 
directly or subsequently to increase of OS resulting in 
synthesis and secretion of numerous proinflammatory 
cytokines (6). The transcription factor nuclear fac-
tor kappa-light-chain-enhancer of activated B cells 
(NF-κB) controls the expression of genes involved 
in inflammation (7). Contrary, interleukin 4 (IL-4); a 
cytokine that functions as a powerful regulator of im-
munity, acts as an anti-inflammatory due to its ability 
to down- regulate the production of inflammatory cy-
tokines (8). Nuclear factor erythroid 2-related factor 2 
(Nrf2), acts as a main regulator of antioxidant defenses. 
Nrf2 translocates to the nucleus upon activation by oxi-
dative stress. Overexpression of Nrf2 has been demon-
strated to be cytoprotective in tissues (9). Nrf2 plays a 
central role in controlling the expression of antioxidant 
genes that ultimately exert anti-inflammatory func-
tions. Nrf2 plays a pivotal role in maintaining intracel-
lular redox homeostasis and regulating inflammation 
by regulating the heme-oxygenase-1 axis, which is a 
potent anti-inflammatory target (10).

N-acetylcysteine (NAC), a glutathione precursor, 
is a well-known drug that is widely used and has a high 
safety record. It has multiple pleiotropic effects such 
as antioxidant, anti-inflammatory and anti-apoptotic 
effects. It also has a protective effect against 
chemical-related organ damage (11, 12). Additionally, 
the role of NAC as a mitochondrial protectant for or-
gan maintenance has recently been highlighted (13). 
Since mitochondrial changes and oxidative stress have 
been closely linked to BPA toxicity, NAC may be a 
useful tool for dealing with BPA-induced kidney dam-
age (5).

Vitamin E is a fat-soluble vitamin that has anti-
oxidant and anti-inflammatory properties that protect 
the cells against the effects of free radicals (14). It has 
been reported that vitamin E has a nephroprotective 
effect by alleviating oxidative stress in several experi-
mental animal models (15).

To the best of our knowledge, this research is the 
first to evaluate and compare the potential protective 
effect of NAC versus vitamin E and their combina-
tion in BPA-induced nephrotoxicity through their 

influence on Nrf2 gene upregulation with subsequent 
alleviation of oxidative stress and inflammation medi-
ated renal damage.

Materials and methods

Animals

Forty-two male adult albino rats (average weight 
200 ± 20 gm) were used. They were permitted free ac-
cess to water and food under an ordinary day-night 
cycle (12 -12 h).

Chemicals used

BPA, NAC and vitamin E were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). Corn oil was 
obtained from Elgomhoria Company for Pharmaceu-
ticals (Mansoura, Egypt). Antibodies against Nrf2 and 
inducible nitric oxide synthase (iNOS) were purchased 
from Abcam (Egypt).

Study design

After two weeks of adaptation, the rats were 
separated into 7 groups (6 rats in each group): the 1st 
group (control group) that given corn oil at a dose of 
0.5 millilitre (ml)/kilogram (kg) daily, the 2nd group 
(BPA group) that received BPA at a dose of 50 mil-
ligram (mg)/kg/day dissolved in corn oil (16), the 3rd 
group (NAC group) that received NAC at a dose of 
200 mg/kg/day (17), the 4th group (vitamin E group) 
that received vitamin E at a dose of 1000 mg/kg/day 
dissolved in corn oil (18), the 5th group (BPA + NAC) 
that received BPA at a dose of 50 mg/kg/day plus NAC 
at a dose of 200 mg/kg/day, the 6th group (BPA + vi-
tamin E) that received BPA at a dose of 50 mg/kg/day 
plus vitamin E at a dose of 1000 mg/kg/day and the 7th 
group (BPA + NAC + vitamin E) that received BPA at 
a dose of 50 mg/kg/day, NAC at a dose of 200 mg/kg/
day plus vitamin E at a dose of 1000 mg/kg/day. All 
chemicals were administered orally via gastric gavage 
for 5 weeks. Selected doses were chosen upon previous 
studies of the NAC and vitamin E protective effects 
against toxin - induced cellular dysfunction (17,18).
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Sample collection and processing of specimens

One day after the last dose, the rats were anesthe-
tized with intraperitoneal sodium thiopental (120 mg/
kg). Blood samples were obtained from the tail vein to 
assess renal functions. Kidneys were dissected out. One 
of the two kidneys was cut sagittal into equal halves. 
Fresh homogenates from one half were used to assess 
oxidative stress markers and inflammatory mediators, 
while the other half was used for estimation of Nrf2 
gene expression. The other kidney was handled to pre-
pare paraffin blocks. Sections (3–5 micrometres (µm) 
thick) were sliced and stained with haematoxylin and 
eosin (H &E) and periodic acid Schiff (PAS) stains. 
Also, other slices were immunostained for iNOS and 
Nrf2 expression.

Assessments of renal function

Blood samples were taken one day after the last 
dose; to assess serum urea levels, creatinine (Cr) and 
blood urea nitrogen (BUN) were measured using com-
mercially accessible colorimetric kits from Biodiag-
nostic Company (Cairo, Egypt) (19).

Preparation of renal tissue homogenate

The renal tissues were washed away and rinsed 
with ice. These were dabbed lightly between the 
folds of filter paper and weighed in an analytical 
scale. 10% of homogenate was arranged in phos-
phate buffer 0.05 molarity [M], (pH 7) by a polytron 
homogenizer at 4 Celsius (°C). The homogenates 
were centrifuged at 10,000 revolutions per minute 
(rpm) for 20 minutes (min) for the removal of cell 
debris, intact cells, cell nuclei, erythrocytes and mi-
tochondria. The supernatant was divided and stored  
at−80 °C (20).

Assessment of renal oxidative stress

Renal homogenates were taken and centrifuged 
to calculate the levels of malondialdehyde (MDA), ni-
tric oxide (NO) and glutathione (GSH) by using via-
ble colorimetric kits from the Biodiagnostic Company 
(Cairo, Egypt).

Assessments of renal NF-κB and IL-4

Levels of NF-κB and IL-4 proteins were es-
timated in renal tissue homogenate using com-
mercial enzyme-linked immunoassay (ELISA) kits 
 (Cloud-Clone Corp., USA) along with the manufac-
turer’s instructions.

Assessment of renal Nrf2 gene expression

Expression of the Nrf2 gene expression was as-
sessed in renal tissues using real-time quantitative pol-
ymerase chain reaction (PCR). Total ribonucleic acid 
(RNA) was taken out from tissue lysate with Direct-zol 
RNA Miniprep Plus (Cat# R2072, Zymo Research 
Corp, USA). Reverse transcription polymerase chain 
reaction was performed using a Maxima First Strand 
deoxyribonucleic acid (cDNA) Synthesis Kit (Thermo 
Fisher Scientific, USA) along with manufacturer’s 
instructions. The following primers were used: Nrf2 
Forward, 5′- AGCAGGACATGGATTTGATT -3′ 
and reverse, 5′- CTTCTCCTGTTCCTTCTGGA 
-3′, β-actin forward, 5′- CTAAGGCCAACCGT-
GAAAAG -3′, and reverse, 5′- GCCTGGATG-
GCTACGTACA -3′.

Relative quantitation of gene expression was 
done by an asymmetrical cyanine dye SYBR green 
master mix (Bioline, UK) and Practical Biosystems™ 
7500 real‐time PCR (RT-PCR) apparatus. The pro-
gram used involved an initial cycle of 2 min at 95°C 
for polymerase activation, subsequently 40 cycles of 
initial denaturation at 95°C for 5 second (s), after that 
an annealing/extension step at 60°C for 30 s. After 
the RT-PCR run, the data were reported at the cycle 
threshold (Ct). The relative quantification (RQ) of the 
target gene was quantified and normalized to house-
keeping gene (β-actin) along with the calculation of 
delta-delta Ct (ΔΔCt). The relative expression levels of 
mRNAs were considered using the 2−ΔΔCt method (21).

Histopathological examination of renal tissues

Haematoxylin and Eosin stain was performed 
to study the normal histological structure of the rat 
kidney and to evaluate the histopathological results 
among all experimental groups (22). Periodic Acid 
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Ethical approval

The Institutional Research Board (IRB) approved 
the study (Code number: R.21.01.1155.R1), Faculty 
of Medicine, Mansoura University and the study came 
along with the National Institutes of Health (NIH) 
and European Union (EU) guidelines for animal care. 
The animals were housed under veterinary supervi-
sion at the Medical Experimental Research Centre 
(MERC), where the experiment was performed. All 
efforts were made to diminish the number of animals 
used and the animal distress.

Results

Renal function assessment results

The BPA group revealed a significant increase in 
serum creatinine, urea and BUN levels compared to 
the control group (P < 0.0005, 0.001, 0.001 respec-
tively). NAC administration caused a significant de-
cline in serum creatinine, urea and BUN levels versus 
the BPA group (P < 0.05). Likewise, vitamin E ad-
ministration caused a significant decline in the serum 
creatinine, urea and BUN levels compared to the BPA 
group (P < 0.001). Moreover, combined NAC and vi-
tamin E treatment showed a significant reduction in 
serum creatinine, urea and BUN levels versus the BPA 
group (Figure 1).

Renal oxidative stress assessment results

There was a significant increase in MDA and NO 
and a significant decline in GSH levels in the BPA 
group compared to the control group (P < 0.001). 
BPA + NAC group revealed a significant reduction in 
MDA and a significant increase in GSH levels ver-
sus BPA group (P < 0.001). Also, BPA + Vitamin E 
group showed a significant decline in MDA and NO 
and a significant increase in GSH levels compared to 
the BPA group (P < 0.001). Moreover, BPA+ NAC + 
 Vitamin E group demonstrated a significant decrease in 
MDA and NO and a significant increase in GSH levels 
versus BPA group and BPA + NAC group (P < 0.001, 
0.002 respectively) (Figure 2).

Schiff (PAS) staining was performed to detect changes 
in the brush border of the proximal convoluted tubules 
(PCT) and tubular basement membrane (23).

Immunohistochemical expression of Nrf2 and iNOS

Endogenous peroxidases were blocked with 0.3% 
H2O2. Antigen retrieval was done using sodium cit-
rate buffer (pH=6) and heating in a microwave for 20 
min, and in tris-buffered saline it was blocked with 5% 
bovine serum albumin. After that, sections were in-
cubated all the night at 4 °C with a primary antibody 
against Nrf2 and iNOS. The reaction was developed 
using Avidin/Biotinylated enzyme Complex (ABC) 
kit along with the manufacturer’s instructions (Abcam, 
Egypt). Lastly, the sections were counterstained with 
haematoxylin, dehydrated and mounted with a syn-
thetic resin medium (24).

Image analysis for quantification of the area percentage of 
positive iNOS and Nrf2 immune reactions

Using a light microscope (Olympus model BX53, 
Tokyo, Japan) attached to a digital camera (Toucan 
model BX53, Japan) connected to a computer, images 
were captured. The renal cortex was examined in four 
randomly spaced, 5 µm thick sections at a 400x magni-
fication with a 40x lens (area: 0.071mm2). Computer-
ized image analysis was done using Image-j. immune 
expression was visible as a brownish pigmentation. 
Utilizing a colour deconvolution plugin and the hae-
matoxylin-3,3’-Diaminobenzidine (HDAB) vector 
as the chosen colour, three distinct coloured images 
(green, brown, and blue) were produced. By calculating 
the area fraction, the DAB images (brown in colour) 
were calibrated (25).

Statistical analysis

The results were expressed as the mean ± standard 
deviation (SD). The data were investigated by Statisti-
cal Package for the Social Sciences (SPSS) computer 
software system. Statistical differences were evaluated 
by one-way ANOVA test followed by post hoc test to 
distinguish pairwise difference, whereas probability 
(P) value less than 0.05 was expressed as significant.
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in IL-4 levels compared to the BPA group (P < 0.001, 
0.001 respectively). Moreover, BPA +  vitamin E group 
showed a significant decline in NF-κB and a significant 
increase in IL-4 levels compared to the BPA + NAC 
group (P < 0.001). Additionally, BPA+ NAC + vitamin 
E group showed a significant reduction in NF-κB and 
a significant increase in IL-4 levels compared with the 

Renal NF-κB and IL-4 assessment results

There was a significant increase in NF-κB and 
a significant decline in IL-4 levels in the BPA group 
compared to the control group (P < 0.001). Both BPA + 
NAC group and BPA + vitamin E group showed a sig-
nificant reduction in NF-κB and a significant increase 
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significant increase in Nrf2 gene renal expression 
compared with the BPA group (P < 0.001). Moreover, 
BPA + Vitamin E group showed a significant increase 
in renal expression of Nrf2 compared with the BPA +  
NAC group (P < 0.001). BPA+ NAC + vitamin E 
group showed a significant increase in renal expression 
of Nrf2 gene compared with the BPA group, BPA + 
NAC group and BPA + vitamin E group (P < 0.001) 
(Figure 4).

BPA group, BPA + NAC group and BPA + vitamin E 
group (P < 0.001) (Figure 3).

Renal Nrf2 gene expression results

There was a significant reduction in the renal ex-
pression of the Nrf2 gene in the BPA group com-
pared to the control group (P < 0.001). Both BPA +  
NAC group and BPA + vitamin E group showed a 
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mononuclear cellular cell infiltrate were still detected 
in the interstitium  (Figures 6c, 6d).  Co-administration 
of both NAC and vitamin E showed restoration of the 
renal architecture. However, some vacuolated tubules 
were still seen  (Figures 7a and 7b).

Sections stained with PAS showed, strong posi-
tive reaction to PAS in the renal tubular basement 
membrane, brush border of PCT and the parietal 
layer of Bowman’s capsule in the control, NAC and 
vitamin E groups (Figures 8a, 8c, 8d respectively). 
In the BPA group, there were areas of basement 
membrane loss of some renal tubules (Figure 8b). 
Administrations of NAC or vitamin E with BPA 
produced a positive PAS reaction in Bowman’s cap-
sule parietal layer and basement membrane of most 

Histopathological examination results

The control, NAC and vitamin E groups showed 
preserved renal architecture in H & E-stained sections. 
The glomeruli were bounded by Bowman’s capsule, 
which consisted of two layers separated by Bowman’s 
space (Figures 5a, 6a, 6b, respectively). In the BPA group, 
there was a loss of architecture of some renal tubules, 
with other tubules that appeared vacuolated. There was 
a mononuclear cell infiltrate in the renal interstitium 
with congested renal vessels. Also, hyaline casts ap-
peared in some tubule’s lumens  (Figures 5b, 5c, 5d). The 
administration of NAC or vitamin E with BPA restored 
the shape of most of the renal tubules and glomeruli. 
However, some degenerated and vacuolated tubules and 
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Immunohistochemical expression of Nrf2 results

The control group showed a negative reaction for 
Nrf2 immunostaining (Figure 12a). Regarding the 
NAC group and vitamin E group, there was a mild 
increase in Nrf2 immunostaining in the glomeruli 
and renal tubules (Figures 12c and 12d). However, 
there was a weak positive Nrf2 immunostaining in 
the glomeruli and renal tubules in the BPA group 
 (Figure 12b). The administration of NAC or vitamin 
E with BPA revealed a moderate increase in Nrf2 
immunostaining in the renal tubules and glomeruli 
( Figures 13a and 13b). The group treated with BPA, 
NAC and vitamin E showed a marked increase in 
Nrf2 immunostaining in the glomeruli and renal tu-
bules (Figures 13c and 13d).

Image analysis results of iNOS and NRF2 immune 
reactions

Regarding the iNOS area percentage of positive 
immune reaction, there was a significant increase in 
the BPA group compared to the control, NAC and 
vitamin E groups (P=0.004, 0.008, 0.007 respec-
tively). Co-administration of NAC with BPA resulted 

of the renal tubules. However, there was interrupted 
brush border of some PCT (Figures 9a, 9b). There 
was a restoration of the strong positive reaction to 
PAS in the basement membrane of renal tubules, 
the parietal layer of Bowman’s capsule and the brush 
border of PCT in co- administrations of NAC and 
vitamin E with BPA. However, local areas of tu-
bular basement membrane loss were still observed 
(Figures 9c and 9d).

Immunohistochemical expression of iNOS results

Renal sections were immunostained with iNOS 
to determine whether the renoprotective effects of 
NAC or vitamin E were related to reduced oxidative 
stress or not. The control, NAC and vitamin E groups 
showed negative reactions for iNOS (Figures10a, 10c 
and 10d). The BPA group revealed strong positive 
iNOS immunostaining in most of the glomerular cells 
 (Figure 10 b). The administration of NAC or vitamin E 
with BPA revealed positive iNOS-immunostaining in 
some of the glomerular cells (Figures 11a and 11b). The 
group treated with BPA, NAC and vitamin E showed 
a marked reduction in the number of iNOS-positive 
glomerular cells (Figures 11c and 11d).
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Discussion

Bisphenol A (BPA) is a chemical substance of 
great interest because of its worldwide use (26). BPA 
exposure, especially in manufacturing workers, has re-
sulted in adverse health effects in multiple organs (27). 
There is a relationship between high serum BPA levels 
and increased oxidative stress and inflammatory mark-
ers (28).

The current study assessed and compared the 
renoprotective effects of NAC, vitamin E and their 
combination in BPA-induced nephrotoxicity in rats. 
It also explored their underlying mechanisms against 

in a significant decrease (P=0.02). Additionally, 
co-administration of vitamin E with BPA caused more 
significant decline (P=0.007). Interestingly, combined 
administration of NAC and vitamin E with BPA re-
sulted in a significant reduction as the regard BPA 
group (P=0.02) (Figure 14).

According to the Nrf2 area percentage of positive 
immune reactions, BPA group showed a significant 
decrease compared with the BPA + NAC and BPA +  
vitamin E groups (P=0.01, 0.02 respectively). The 
combined administration of NAC and vitamin E with 
BPA resulted in a significant increase compared with 
the BPA group (P=0.001) (Figure 15).

Figure 5. A photomicrograph of a kidney section, 5a: section of a control rat revealed preserved architecture of the proximal con-
voluted tubules (P), the glomerulus (G), Bowman’s space (S), Distal convoluted tubules (D) and collecting tubules (CT). 5b, 5c, 5d: 
Sections from rats treated with BPA showing loss of the architecture of some tubules (T) whose cells were completely degenerated. 
Renal tubules appeared vacuolated (v), mononuclear cells infiltrated in the interstitium (I), dilated congested blood vessels (BV) and 
hyaline casts (H) in some tubular lumens (H & E x 400).
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Figure 6. A photomicrograph of a kidney section, 6a: A section of a rat treated with NAC revealed a preserved architecture. 6b: A 
section of a rat treated with vit E revealed normal kidney histological structure. 6c: A section of a rat treated with BPA and NAC 
revealed restoration of the shape of most of the renal tubules and glomeruli (G). However, some degenerated (T), vacuolated tubules 
(v) and mononuclear cellular cell infiltrate (I) in the interstitium were seen. 6d: A section of a rat treated with BPA and vitamin E 
revealed restoration of the normal shape of the renal structure. However, some vacuolated tubules (v) were seen (H & E x 400).

Figure 7. A photomicrograph of a kidney section of rats treated with BPA, NAC and vitamin E revealed restoration of the shape of 
most of the renal tubules (7a, 7b). However, some degenerated (T) and vacuolated tubules (v) were observed (H & E x 400).
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NAC administration with BPA caused a sig-
nificantly reduced serum creatinine, urea and BUN 
levels compared with the BPA group. These findings 
were in coherence with those of Peerapanyasut et al. 
(30) who demonstrated that NAC protected the mi-
tochondria in several experimental models, including 
BPA-induced neurotoxicity and nephrotoxicity due 
to its powerful antioxidant, anti-inflammatory and 
anti-apoptotic effects. Also, this study revealed that 
vitamin E administration induced a marked reduction 
in serum creatinine, urea and BUN levels compared 
with the BPA group. Our results were in agreement 
with Darwish et al. (31) and Al-Attar (32) who found 
that vitamin E possesses protective effects against 

BPA-induced nephrotoxicity through modulation of 
the Nrf2/ NF-κB /ROS molecular pathway.

Results of the current study revealed that there 
was a deterioration of kidney function determined by 
significantly elevated serum creatinine, urea and BUN 
levels in the BPA group compared with the control 
group. These results reflected that BPA has a negative 
impact on the glomerular and/or tubular functions re-
sulted in impairment in their ability to excrete waste 
products. These findings were in accordance with that 
of Olea-Herrero et al. (29) who explained that BPA 
can induce podocytopathy with proteinuria by dimin-
ishing the synthesis of the proteins involved in the po-
docyte survival.

Figure 8. A photomicrograph of a kidney section, 8a: Section of a control rat revealed a strong PAS-positive reaction in the renal 
tubules basement membrane, brush border of PCT and Bowman’s capsule parietal layer (arrows). 8b: Section of a rat treated with 
BPA revealed an interrupted brush border of PCT (*). There were areas of loss of basement membrane of renal tubules (arrows). 
8c, 8d: Sections of rats treated with either NAC or vitamin E revealed a strong PAS-positive reaction in the renal tubules basement 
membrane (arrows) (PAS x 400).
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Such results were in agreement with those of Khan 
et al. (34) and Peerapanyasut et al. (30) who found 
that BPA-induced functional impairment of the mi-
tochondria in addition to dynamic disruption includ-
ing increased ROS generation by the mitochondria, 
decreased mitochondrial membrane potential with 
mitochondrial swelling and abnormal mitochondrial 
morphology and quantity.

The administration of NAC with BPA showed 
a significant reduction in MDA and a significant el-
evation of GSH level compared to the BPA group. 
These findings were comparable with Zhang et al. (35)  

heavy metals-induced nephrotoxicity. Vitamin E pro-
tects the kidneys by reducing renal structural damage, 
inhibiting glomerulosclerosis as well as interacts with 
lipid radicals, scavenges these free radicals protecting 
the cell membrane from oxidation and restores the en-
zymatic antioxidant defenses by elevating the levels of 
superoxide dismutase (SOD), glutathione peroxidase 
(GPx) and catalase (CAT) in the blood (33).

Regarding ROS, the current study showed that 
BPA administration caused a significant increase in 
renal MDA, NO in addition to, a significantly reduced 
GSH levels in comparison with the control group. 

Figure 9. A photomicrograph of a kidney section, 9a: A section of a rat treated with BPA and NAC revealed a positive PAS reaction 
in the Bowman’s capsule parietal layer and most of the renal tubules basement membrane (arrows). However, there were areas of loss 
of basement membrane of renal tubules (L) and interrupted brush border of some PCT (*). 9b: A section of rat treated with BPA and 
vitamin E revealed a positive PAS reaction in the parietal layer of Bowman’s capsule, most of the renal tubules basement membrane 
and brush border of most PCT (arrows). However, there was an interrupted brush border of some PCT (*). 9c, 9d: Sections of rats 
treated with BPA, NAC and vitamin E revealed strong positive PAS reactions in the renal tubules basement membrane, the parietal 
layer of Bowman’s capsule (arrows) and brush border of PCT (*). However, local areas of tubular basement membrane loss were seen 
(L) (PAS x 400).
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many antioxidant enzymes and elevate GSH in the cy-
toplasm, an essential element for ROS removal. More-
over, Abdel-Daim et al. (18) illustrated that vitamin E 
might neutralize ROS and up-regulate the antioxidant 
enzyme activity guards the cells against lipid peroxida-
tion, DNA destruction, as well as cell death.

Moving to renal inflammatory and anti- 
inflammatory mediators, the current study revealed that 
BPA administration caused a significantly elevated re-
nal NF-κB along with significantly reduced IL-4 levels 
compared to the control group. The increase in NF-κB 
level in BPA-induced nephrotoxicity was consistent 
with Song et al. (39) who concluded that NF-κB path-
way might play a pivotal role in renal destruction via 
the activation of the enhanced complement.

and Small et al. (36) who found that NAC attenuated 
kidney cortical tubular epithelial cells and achieved 
protection due to detoxification of ROS and subse-
quently caused improved mitochondrial membrane 
destruction. Additionally, Nascimento et al. (37) re-
ported that NAC is a crucial precursor for various 
endogenous antioxidants responsible for peroxide de-
composition. Also, it might have a direct antioxidant 
effect via acting as free radicals’ scavenger (36). Like-
wise, combined administration of vitamin E and BPA 
exhibited a significantly reduced MDA and NO along 
with significantly elevated GSH levels compared with 
the BPA group. These findings were consistent with 
Badgujar et al. (38) who suggested that vitamin E can 
reduce the lipid peroxidation, retrieve the activity of 

Figure 10. A photomicrograph of a kidney section, 10a: A section of a control rat revealed negative iNOs immunostaining. 
10b: A  section of a rat treated with BPA revealed positive iNOs immunostaining. 10c, 10d: Sections of rats treated with either NAC 
or vitamin E revealed negative iNOs immunostaining (iNOS x 400).
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key role in its renoprotection, as proved by Bjelakovic 
et al. (42).

Inducible nitric oxide synthase is not expressed un-
der normal circumstances; conversely, it up-regulated 
in appearance of inflammatory conditions in renal 
epithelium, neutrophils, as well as T lymphocytes (43). 
In this study, iNOS expression in the BPA group was 
strong positive in most of the glomerular cells com-
pared to the control group. This result suggested that 
BPA induced oxidative stress by altering the expres-
sion of iNOS. Such finding was in accordance with 
Chouhan et al. (44) who demonstrated an increase in 
iNOS expression in the testes of BPA-treated mice. 
In contrast, iNOS expression decreased after the 

Contrary, BPA and NAC group exhibited a sig-
nificantly reduced renal NF-κB and significantly in-
creased IL-4 levels in comparison with BPA group. 
Our results were in consistency with Güntürk 
et al. (40) who reported that NAC induces cytoplas-
mic inhibition of NF-kB kinase. Co-administration 
of vitamin E with BPA also showed a significantly 
decreased renal NF-κB and a significantly elevated 
IL-4 levels as compared to both BPA group and BPA 
+ NAC group. These results were in agreement with 
Glauert (41) who explained that the beneficial role of 
vit E might be attained via the reduction of oxidative 
stress or through one of its non-antioxidant functions. 
The anti-inflammatory activity of vitamin E played a 

Figure 11. A photomicrograph of a kidney section, 11a: Section of a rat treated with BPA and NAC revealed positive iNOs 
 immunostaining in some of the glomerular cells. 11b: A section of a rat treated with BPA and vitamin E revealed positive iNOs 
 immunostaining in some of the glomerular cells. 11c, 11d: Sections of rats treated with BPA and NAC and vitamin E revealed a 
marked reduction in iNOs immunostaining (iNOS x 400).



Acta Biomed 2022; Vol. 93, N. 6: e2022301 15

related to inflammation and oxidative stress, which al-
ter Nrf2 expression.

In contrast, both BPA + NAC group and BPA 
+ vitamin E group revealed significantly elevated re-
nal expression of Nrf2 in comparison with the BPA 
group. Interestingly, BPA + vitamin E group revealed 
a more significant elevation in the renal expression 
of Nrf2 in comparison with the BPA + NAC group. 
Nrf2 immunstaining was done for further confirma-
tion; there was a marked decrease in immunostaining 
of glomeruli and renal tubules in the BPA group and 
it increased after administration of vitamin E and/or 
NAC. These results were in coherence with Zhu et al. 
(48) and Small et al. (36) who proposed that NAC 
and vitamin E can activate Nrf2 after renal insult. 

administration of NAC, vitamin E and their combi-
nation. The antioxidant capacity of both NAC and 
 vitamin E has been linked to lower iNOS expression 
of (37, 18).

For further clarification of the molecular mecha-
nism of BPA - induced nephrotoxicity and the con-
sequent protective effects of NAC and vitamin E, we 
measured Nrf2 that considered the master regulator of 
antioxidant defences. Nrf2 was confirmed to reduce 
ROS production and inhibit the progression of in-
flammation (45). Bisphenol A produced a significant 
reduction in the renal expression of Nrf2 in compari-
son with the control group. Such finding was com-
patible with Alekhya Sita et al. (46) and Mohammed 
et al. (47) who reported that BPA nephrotoxicity were 

Figure 12. A photomicrograph of a kidney section, 12a: A section of the control rat revealed negative immunostaining. 12b: A sec-
tion of rat treated with BPA revealed weak positive immunostaining in the glomeruli and renal tubules. 12c, 12d: Sections of rats 
treated with either NAC or vitamin E revealed mild increase in immunostaining in the glomeruli and renal tubules (Nrf2 x 400).



Acta Biomed 2022; Vol. 93, N. 6: e202230116

Figure 13. A photomicrograph of a kidney section, 13a: A section of a rat treated with BPA and NAC revealed a moderate increase in 
immunostaining in renal tubules and glomeruli. 13b: A section of a rat treated with BPA and vitamin E revealed a moderate increase 
in immunostaining. 13c, 13d: Sections of rats treated with BPA, NAC and vitamin E for revealed a marked increase in renal tubular 
and glomerular immunostaining (Nrf2 x 400).

The protective impacts of antioxidant response that 
was regulated via Nrf2 is essentially due to its tran-
scriptional control via hundreds of antioxidant genes 
including heme oxygenase-1, which has important 
cytoprotective, anti-inflammatory and antioxidant 
properties (49, 50). Vitamin E can promote Nrf2 ex-
pression and play a cell protective role in the different 
pathological conditions (51, 52).

Histopathological examination of H&E and 
PAS-stained renal sections of the BPA group showed 
that there were already profound changes in the re-
nal morphology including vacuolation, degeneration 
of renal tubules, hyaline casts within the tubules, lu-
men with mononuclear interstitial cellular infiltrate, 

congestion of renal blood vessels and interruption of 
the PAS-stained brush border of most of the PCT. 
These histopathological changes were in agreement 
with Aslanturk and Uzunhisarcikli (4) who reported 
that BPA provoked histopathological alterations which 
were explained by the free radicals generated by BPA, 
which disrupted the integrity along with the perme-
ability of membranes of various organelles and cells.

Histopathological examination of sections of the 
BPA treated with NAC, or vitamin E separately or 
combined demonstrated the restoration of most of the 
renal tubular shape and preservation of Bowman’s space 
compared to that of the BPA group. Despite these, 
some vacuolated tubules and local areas of basement 
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might prevent renal tubular damage resulted from 
chronic lead administration, via the antioxidant in ad-
dition to chelating abilities. Also, Güntürk et al. (40) 
detected histological and functional improvement 
effects of NAC in cisplatin-induced kidney dam-
age. Regarding the vitamin E histological alleviating 

membrane loss were detected. These histopathological 
findings confirmed that NAC and vitamin E decreased 
histological damage caused by BPA, but did not com-
pletely prevent renal insult. The improving effect of 
NAC on nephrotoxicity was in accordance with Wang 
et al. (53) who demonstrated that NAC treatment 
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