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ABSTRACT
Introduction: Doxorubicin (DOX) induced nephropathy is a commonly used model. Cerium oxide nanoparticles (CeO2NPs) 
have anti-inflammatory and antioxidant roles. Quercetin is a polyphenolic structure found in different plant products and acts 
as an antioxidant.
Objective: The current study was conducted to compare the possible therapeutic effect of CeO2NPs versus quercetin against 
DOX-induced nephropathy at different time points.
Material and Methods: Fifty- five rats were divided into five groups. Control group (group I). Induction of nephropathy: 
rats were intraperitoneally injected with DOX in a dose of 2.5 mg/Kg BW day after day for 2 weeks then:  Group II (DOX-
treated groups): rats were sacrificed after 3 weeks of cessation of DOX injection in group IIa and 5 weeks of cessation of DOX 
injection in group IIb. Group III (DOX + CeO2NPs group): received CeO2 NPs for two weeks following 3 weeks of cessation 
of DOX injection in group IIIa and 5 weeks of cessation of DOX injection in group IIIb.  Group IV (DOX + quercetin group): 
received quercetin for two weeks following 3 weeks of cessation of DOX injection in group IIIa and 5 weeks of cessation 
of DOX injection in group IIIb.  Group V: cessation of DOX injection for 7 weeks. Biochemical, light microscopic, and 
ultrastructural studies were done. PCNA and WT-1 count and AFP immunohistochemical expression were measured.  
Results: DOX-treated groups exhibited increased serum urea and creatinine, widened Bowman's space, degenerative changes 
in renal tubules, and increased collagen fibers which were more prominent in group IIb.  Ultrastructurally, effacement of 
podocytes was seen.  Significantly decreased WT-1 expression and increased PCNA and AFP were detected. CeO2NPs were 
more effective compared to quercetin in attenuating renal degenerative changes in DOX-induced nephropathy.
Conclusion: DOX caused duration-dependent renal toxicity. CeO2NPs were more effective than quercetin in attenuating renal 
degenerative changes in DOX-induced nephropathy.
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INTRODUCTION                                                                      

Doxorubicin (DOX) is a common chemotherapeutic 
drug that is used for treating different types of cancer[1]. 
However,  DOX has toxic effects on different organs 
including the kidney[2]. DOX-induced model of 
nephropathy was commonly used in previous studies[3]. 
DOX induces nephropathy via different mechanisms 
including oxidative stress, inflammation as well as direct 
damage to the filtration barrier[4].

Nanotechnology is an emerging field of science. Cerium 
is a lanthanide metal that has two forms of oxide[5]. It was 
successfully converted into nanoparticles. Cerium oxide 
nanoparticles (CeO2NPs) have many medical applications, 
due to their small size and high surface-to-volume ratio.  
They have anti-inflammatory, antioxidant as well as 
anti-apoptotic properties[6]. They could improve tubular 
degeneration in thioacetamide-induced renal injury[7] and 
attenuate diabetic nephropathy[8]. In addition,  Oró et al.[9]

reported an antifibrotic effect of CeO2NPs in a rat model 
of hepatic fibrosis.

Quercetin is a type of polyphenolic structure found in 
different plant products.  Its anti-oxidant, antiproliferative 
as well as anti-inflammatory activities were reported[10]. 
Quercetin improved kidney function and structure in 
a previously induced chronic renal disease  model[11]. 
Quercetin attenuated cadmium chloride-induced renal 
injury in rats through suppression of endoplasmic reticulum 
stress[12]. This study aimed to compare the possible 
ameliorative effect of CeO2NPs versus quercetin against 
the DOX-induced model of nephropathy.

MATERIAL AND METHODS                                                  

Animals
Fifty-five adult male albino rats; 8-12 weeks old and 

200-250 gm average weight, were used. Rats were kept 
at Sohag Experimental Animal Facility, Sohag University 
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with free access to water and food. They were acclimatized 
for 5 days prior to the experiment. All experimental 
procedures were approved by the Ethical Committee of 
the Faculty of Medicine, Sohag University with code: 
IRB00013006 Sohag IACUC 5 11 2022 6.

Chemicals
i. DOX was obtained from Sigma Aldrich Company 

(Adricin, Sigma Aldrich, St. Louis, Missouri, 
USA) and was freshly prepared by dissolving in 
saline; a 50 mg vial of DOX is dissolved in 25 ml 
saline to give 1.25 ml/kg.

ii. CeO2NPs (10 nm particle size) were obtained 
from Sigma-Aldrich® (St Louis, MO, USA).

iii. Quercetin was bought from Thermo Scientific 
Company, Neomarks, Fremont, USA. 

iv. Antibodies: 

A. Mouse monoclonal proliferating cell 
nuclear antigen  (PCNA) antibody (PC10)
(Invitrogen, Neomarks, Fremont, USA, 
Catalog # 13-3900). 

B. Rabbit polyclonal Alpha-FetoProtein (AFP) 
(Thermo scientific company, Neomarks, 
Fremont, USA, Cat. #RB-9064-P0).

C. Rabbit monoclonal Wilms tumor-1 (WT-1) 
antibody (Abclonal, Woburn, Cat. #A2446) 

Methods

Experimental design 
55 animals were used, and divided into five groups:

Group I:  The control group was subdivided into three 
subgroups:

• Subgroup Ia: 5 animals were intraperitoneally 
injected with saline and 5 animals received 
oral saline for 2 weeks after 5 weeks of saline 
intraperitoneal injection. 

• Subgroup Ib: 5 animals were intraperitoneally 
injected with CeO2NPs in a dose of 0.5 m/kg body 
weight (BW) once per week for 2 weeks[13] after 5 
weeks of saline intraperitoneal injection. 

• Subgroup Ic: 5 animals received oral quercetin in a 
dose of 50 mg/kg BW once daily for two weeks[14]

after 5 weeks of saline intraperitoneal injection. 

Group II (DOX-treated groups): 

• Group IIa:5 rats were intraperitoneally injected 
with DOX in a dose of 2.5 mg/Kg BW day after 
day for 2 weeks[15] and then injected with saline for 
the following 3 weeks.

• Group IIb:5rats were intraperitoneally injected 
with DOX in a dose of 2.5 mg/Kg BW day after 
day for 2 weeks[15] then injected with saline for the 
following 5 weeks.

Group III (DOX + CeO2NPs group): 

• Group IIIa: 5 rats were intraperitoneally injected 
with DOX in a dose of 2.5 mg/Kg BW day after 
day for 2 weeks[15] and then injected with saline 
for the following 3 weeks. After that, they were 
intraperitoneally injected with CeO2NPs (0.5mg/
kg BW) once per week for the subsequent 2 
weeks[13].

• Group IIIb: 5 rats were intraperitoneally injected 
with DOX in a dose of 2.5 mg/Kg BW day after 
day for 2 weeks[15] then injection injected with 
saline for the following 5 weeks. After that, they 
were intraperitoneally injected with CeO2NPs 
(0.5mg /kg BW) once per week for the subsequent 
2 weeks[13].

Group IV (DOX + quercetin group): 

• Group IVa: 5 rats were intraperitoneally injected 
with DOX in a dose of 2.5 mg/Kg day after day 
for 2 weeks[15] and then injected with saline for 
the following 3 weeks. After that, they were given 
oral quercetin (50 mg/kg BW) once daily for the 
subsequent 2 weeks[14].

• Group IVb: 5 rats were intraperitoneally injected 
with DOX in a dose of 2.5 mg/Kg BW day after 
day for 2 weeks[15] and then injected with saline for 
the following 5 weeks. After that, they were given 
oral quercetin (50 mg/kg BW) once daily for the 
subsequent 2 weeks[14].

Group V: 5 rats were intraperitoneally injected with 
DOX in a dose of 2.5 mg/Kg BW day after day for 2 
weeks[16] and then injected with saline for the following 
7 weeks.

The study design is summarized in (Figure 1)

Fig. 1: Graphic presentation of the experimental design. CeO2NP: cerium 
oxide nanoparticles. DOX: doxorubicin.

At the end of the experiment, animals fasted overnight. 
They were anesthetized by inhalation of diethyl ether and 
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each animal was weighed.   Blood samples were obtained 
by cardiac puncture and collected into non-heparinized 
tubes and were then centrifuged at 3000 r/min for 10 min 
for biochemical studies. 

Animal body weight and relative kidney weight
Body weight was recorded for each animal. After the 

dissection, the right kidney was weighed and relative 
kidney weight was calculated in each animal as kidney 
weight in mg/ body weight in gm[17].

Biochemical studies
The following biochemical parameters were measured:

1. Serum urea and creatinine: Colorimetric Assay 
kits[18,19]

2. Serum albumin: commercial kits

3. Lipid profile: 

Serum triglycerides, total cholesterol, and high-density 
lipoproteins (HDL) were measured by spectrophotometry 
using commercial kits (Human Gesellschaft fur Biochemica 
and Diagnostic, ambH, Wiesbaden, Germany) according to 
manufacturer instructions.

Histological and immunohistochemical studies
Kidney specimens were processed for light and electron 

microscopic studies and immunohistochemical staining.

A. Light microscopy

Right kidneys from all animals were cut into small 
pieces and were immediately fixed in a 10% neutral 
buffered formalin.  Dehydration was done in ascending 
grades of ethyl alcohol. Clearing in xylene, and then 
embedding in paraffin were done.  Blocks were sliced 
into thin sections (5μm in thickness) by microtome and 
mounted on glass slides. The mounted tissue was stained 
by the following stains:

1. Hematoxylin and eosin (H&E) for general 
histological studies.

2. Periodic acid Schiff (PAS) stain for demonstration 
of basement membranes and brush borders.

3. Masson trichrome stain for demonstration of 
collagen fibers.

The previous staining methods were applied according 
to Bancroft and Layton[20]

B. Immunohistochemical studies

PCNA antibody was used to detect cell 
proliferation(1:200 dilution), WT-1 antibody was used 
for identifying normal podocytes (1:100 dilution), and 
AFP was used to detect inflammation(1:100 dilution). 
Deparaffinization in xylene and rehydration of sections 
were done. Antigen retrieval was carried out in citrate 
buffer solution (PH 6.0) boiling in the microwave. The 
endogenous peroxidase was blocked by 0.3% hydrogen 

peroxide for 5 min. Incubation of the sections was done 
overnight at 4ºC with the primary antibody then the avidin-
biotin technique was used. Sections were counterstained 
with Mayer’s Hematoxylin, dehydrated, and cleared.  
Positivity appeared as brown coloration[21].

Positive cells for AFP show brown cytoplasmic 
staining. Positive cells for PCNA show brown nuclear 
staining. WT-1 expression appears as brown nuclear 
staining in podocytes. Negative control was done by the 
omission of primary antibodies. Positive control for each 
antibody was according to the manufacturer.

c. Electron microscopy

Specimens were immediately fixed in 2.5% 
glutaraldehyde for 2 hours at 4ºC (buffered with 0.1 M 
phosphate buffer, pH 7.4), washed in phosphate buffer, 
and then post-fixed in 1% osmium tetroxide for another 
one hour at 4ºC. The specimens were processed and 
embedded in resin. Semithin sections (1 μm) were stained 
with toluidine blue. Ultra-thin sections (70-90 nm) stained 
with uranyl acetate and lead citrate were examined with the 
transmission electron microscope[22]. This technique was 
done in the Electron Microscopy Unit at Assuit University.

Morphometric Studies
Using light microscopy Leica ICC50 Wetzlar 

(Germany), ten non-overlapped high-power fields(x400) 
were taken for each section at the Histology Department, 
Faculty of Medicine, Sohag University.  Each field was 
analyzed using Image J1.51n software (National institutes 
of health USA Java 1.8.0_66 (32-bit):

1. The area percentage of collagen fibers with Masson 
trichrome was measured[23]. 

2. PAS-positive area percentage (delineating 
basement membranes and brush border) was 
measured[24].

3. The PCNA labeling index:  (the number of positive 
cells / total cells counted in the field) x100[25].

4. The area percentage of AFP expression was 
measured

5. The number of WT-1 positive cells per glomerulus 
was counted[26]

Statistical Analysis
The statistical package SPSS, version 16.0 (SPSS 

Inc., Chicago, IL, USA) was used. Data were presented 
as means± standard deviation (SD) and the values were 
considered significant as p-value ≤ 0.05. One-way 
ANOVA test was used followed by Turkey’s post-hoc test 
to compare the results between groups[27].

RESULTS                                                                                   

Body weight and relative kidney weight
There were non-significant differences in all control 

subgroups. The mean body weight and relative kidney 
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weight significantly decreased in DOX-treated groups 
(group IIa and group IIb) compared to the control. Further, 
group IIb significantly decreased versus group IIa.  Both 
CeO2NPs and quercetin significantly increased in mean 
body weight and relative kidney weight compared to DOX-
treated groups of the same duration but no significant 
difference was found between groups IIIa and IIIb versus 
groups IVa and IVb respectively. In group V, mean body 
weight and relative kidney weight significantly decreased 
compared to group IIb (Figures 2,3).

Biochemical studies
Serum urea, creatinine, and albumin

There were non-significant differences in all control 
subgroups. Significantly elevated serum urea and 
creatinine and decreased serum albumin were found in 
DOX-treated groups (groups IIa and IIb) compared to the 
control. Further, these changes were significantly different 
in group IIb versus group IIa (Table 1). 

Both CeO2NPs and quercetin significantly decreased 
serum urea and creatinine, and increased serum albumin 
compared to DOX-treated groups of the corresponding 
time points. Groups IIIa and IIIb showed significantly 
decreased serum urea and creatinine versus groups IVa 
and IVb respectively. However, the difference in serum 
albumin level was non-significant between groups IIIa and 
IIIb versus groups IVa and IVb respectively. In group V, 
there was a significant increase in serum urea and creatinine 
while serum albumin concentration significantly decreased 
compared to group IIb (Table 1).

Lipid profile

There were non-significant differences in all control 
subgroups. Significantly elevated cholesterol and 
triglyceride levels while significantly decreased HDL were 
found in DOX-treated groups (groups IIa and IIb) compared 
to the control. Further, these changes were significantly 
different in group IIb versus group IIa (Table 2). 

Both CeO2NPs and quercetin significantly decreased 
cholesterol and triglyceride levels and increased serum 
HDL compared to DOX-treated groups of the same 
duration. Groups IIIa and IIIb showed significantly 
decreased serum cholesterol and triglyceride levels 
and increased serum HDL versus groups IVa and IVb 
respectively. In group V, there were significantly elevated 
cholesterol and triglyceride levels while significantly 
decreased HDL compared to group IIb (Table 2).

Light microscopic results
H&E Stain

All the control subgroups showed the same histological 
results in the renal cortex. The renal corpuscle was formed 
of renal glomerulus surrounded by Bowman's capsule 
which is composed of parietal and visceral layers with the 
urinary space in between. The Proximal tubules showed 
a narrow lumen and their lining epithelium was formed 

of cuboidal cells with highly acidophilic cytoplasm and 
rounded vesicular nuclei. Apical brush borders were intact 
and regular. The distal tubules had a wide lumen. Low 
cuboidal cells with acidophilic cytoplasm and rounded 
vesicular nuclei were lining their lumen (Figure 4a).

DOX-treated groups (groups IIa and IIb) exhibited 
widened urinary space and congested glomerular 
capillaries. Tubular dilatation was observed both in the 
proximal and distal tubules. Some tubular cells had 
vacuolated cytoplasm and others appeared apoptotic with 
acidophilic cytoplasm and pyknotic nuclei. Degeneration 
of the apical brush border was observed in proximal tubules 
(Figure 4b). These changes were more prominent in group 
IIb than in IIa and seen in most tubules. Inflammatory cell 
infiltrations were seen. Intraluminal acidophilic casts in 
some tubules and some degenerated flattened epithelial 
cells were also seen in group IIb. Degeneration of the 
apical brush border was observed in most proximal tubules 
(Figure 4C). 

DOX + CeO2NPs treated groups (groups IIIa and IIIb) 
showed an apparent decrease in the urinary space with less 
congested glomerular capillaries compared to DOX-treated 
groups of corresponding time points. Most proximal and 
distal tubules restored their normal shape in group IIIa 
(Figure 4d). Some tubular cells appeared vacuolated in 
group IIIb. The apical brush border was partially restored 
in most proximal tubules (Figure 4e). 

In the DOX + quercetin groups (groups IVa, and IVb), 
reduced urinary space and less congested glomerular 
capillaries were observed as compared to DOX-treated 
groups of the corresponding time points. A few tubules in 
group Iva and some tubules in group IVb had lining cells 
with vacuolated cytoplasm. Degeneration of the apical 
brush border was observed in some proximal tubules 
(Figures 4f, g).

In group V, the degenerative changes mentioned 
in group II were markedly observed. Tubular casts 
and desquamated epithelium are seen in some tubules                                                  
(Figure 4h). 

Periodic acid Schiff technique (PAS)

All control subgroups showed the same results in the 
form of positive PAS reaction in the basement membranes 
of renal corpuscles and renal tubules and glomeruli. They 
showed regular brush borders of the proximal tubules 
(Figure 5a). There were non-significant differences in all 
control subgroups. Groups IIa and IIb showed significantly 
increased PAS area percentage compared to the control; 
being displayed as an increase in the intensity of PAS 
reaction with increased thickness of basement membranes 
of renal corpuscles, glomerular capillaries, and renal 
tubules. Irregular and destructed brush border was seen. 
Further, these changes were significant in group IIb versus 
group IIa (Figures 5b,c, i).

Both CeO2NPs and quercetin showed a significant 
decrease in PAS area percentage compared to DOX-
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treated groups of corresponding time points. Further, 
group IIIa showed a significant decrease compared to 
group IVa. However, group IVb was non-significantly 
different versus group IIIb. Groups  IIIa and IIIb showed 
a prominent decrease in the intensity of PAS reaction and 
thickness of basement membranes of renal corpuscles, 
glomerular capillaries, and renal tubules. Most proximal 
tubules showed regular brush borders in groups  IIIa and 
IVa. Few proximal tubules showed irregular brush borders 
in group IIIb and group IVb (Figures 5 d,e, f, g, i). Group 
V exhibited a significantly increased PAS area percentage 
versus group IIb. The brush borders of the proximal tubules 
appeared irregular and interrupted (Figures 5h, i).

Masson trichrome stain

Examination of kidney sections of all control subgroups 
showed few collagen fibers around the renal corpuscle, 
between glomeruli and peritubular (Figure 6a). There were 
non-significant differences in all control subgroups. Groups 
IIa and IIb showed increased collagen fibers surrounding 
the renal corpuscle, between glomeruli and peritubular. 
Interstitial collagen fibers in between tubules more were 
prominent in group IIb. Significantly increased collagen 
fibers area percentage was found in DOX-treated groups 
(groups IIa and IIb) compared to the control. Further, these 
changes were significant in group IIb versus group IIa 
(Figures 6b, c, i).   

Both CeO2NPs and quercetin showed a significant 
decrease in collagen fibers area percentage compared to 
DOX-treated groups of corresponding time points. Further, 
group IIIa and group IIIb showed a significant decrease 
compared to group IVa and group IVb respectively 
(Figures 6d, e, f, g, i); being demonstrated around the renal 
corpuscle, between glomeruli, peritubular and interstitial. 
Group V exhibited significantly increased collagen fibers 
surrounding the renal corpuscle, between glomeruli, 
peritubular and interstitial versus group IIb (Figure 6h, i).

Immunohistochemical results

a. PCNA antibody

All control subgroups showed similar results; few 
positive nuclei were seen in the glomeruli and renal tubule 
(Figure 7a). There were non-significant differences in 
all control subgroups. Significantly increased PCNA 
expression in DOX-treated groups (groups IIa and IIb) 
compared to the control; being demonstrated both in 
glomeruli and tubules. Further, these changes were 
significant in group IIb versus group IIa (Figures 7b, c, 
i). Both CeO2NPs and quercetin showed a significant 
decrease in PCNA expression compared to DOX-treated 
groups of corresponding time points. Further, group IIIa 
and group IIIb showed a significant decrease in PCNA 
positive nuclei compared to group IVa and group IVb 
respectively (Figures 7d, e, f, g, i).  Group V showed 
significantly increased positive nuclei versus group IIb 
(Figure 7h, i).

b. AFP antibody

All control subgroups showed similar results in the form 
of more or less negative AFP expression in the glomeruli 
and tubules (Figure 8a). There were non-significant 
differences in all control subgroups. Significantly 
increased AFP expression area percentage in DOX-treated 
groups (groups IIa and IIb) as compared to the control; 
being demonstrated both in glomeruli and tubules. Further, 
these changes were significant in group IIb versus group 
IIa (Figures 8b,c, i). Both CeO2NPs and quercetin showed 
a significant decrease in AFP expression compared to 
DOX-treated groups of corresponding time points. Further, 
group IIIa and group IIIb showed a significant decrease 
in AFP expression compared to group IVa and group IVb 
respectively (Figures 8d, e, f, g, i).  Group V showed 
significantly increased AFP expression versus group IIb 
(Figures 8h, i).

c. WT-1 antibody

All control subgroups showed similar results in the form 
of many WT-1 positive nuclei in the glomeruli representing 
podocytes (Figure 9a). Group IIa and group IIb showed 
significantly decreased WT-1 positive podocytes compared 
to the control. Further, these changes were significantly 
more in group IIb versus group IIa.  (Figures 9b,c, i). Both 
CeO2NPs and quercetin showed significantly increased 
WT-1 count versus DOX-treated groups of the same 
duration. Further, Group IIIa and group IIIb showed a 
significant increase in WT-1 expression compared to, 
group IVa and group IVb respectively (Figure 9d,e,f, g, 
i).  Group V showed significantly decreased WT-1 positive 
podocytes versus group IIb (Figures 9h, i).

Ultrastructural results
Ultrathin sections in the kidneys of all control 

subgroups showed that the glomerular capillaries were 
lined with fenestrated endothelial cells with the basal 
lamina. Podocytes were present surrounding the glomerular 
capillaries and had long processes and small secondary 
foot processes. The secondary processes were closely 
related to endothelial cells of the glomerular capillaries 
forming the filtration barrier. The glomerular basement 
membrane (GBM) appeared with a regular thickness                                       
(Figures 10 a,b). Cells of proximal tubules were cuboidal 
in shape with euchromatic nuclei and numerous microvilli. 
Basal parts had longitudinally arranged mitochondria 
with basal infoldings (Figure 10 c). Moreover, cells of 
distal tubules were cuboidal in shape with euchromatic 
nuclei with few short apical microvilli. The cytoplasm had 
numerous mitochondria that were longitudinally arranged 
with basal infoldings (Figure 10 d). 

Group IIa showed a slightly irregular GBM. Podocyte 
showed effacement of foot processes which appeared as 
retraction, widening, and shortening of their foot processes 
with heterochromatic nucleus (Figures 11 a,b ). Cells of the 
proximal tubule had partial loss microvilli with irregular 
basal infoldings with Mitochondria of different sizes 
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and shapes, heterochromatic nucleus, and cytoplasmic 
vacuoles (Figure 11 c). Also, cells of distal tubules showed 
irregular basal infoldings with many different shapes of 
mitochondria, cytoplasmic vacuoles, and heterochromatic 
nucleus (Figure 11d). These changes were more prominent 
in group IIb (Figure 12). In group IIb, GBM was seen of 
irregular thickness and podocyte showed more prominent 
effacement of foot processes with indented heterochromatic 
nucleus (Figures 12a,b). In addition to the changes 
mentioned in group IIa, megamitochondria and indented 
heterochromatic nuclei were seen in proximal and distal 
tubules of group IIb (Figures 12 c,d).

Group IIIa showed slightly irregular GBM thickness 
and attenuated effacement of foot processes of podocyte.  
Podocyte had euchromatic nucleus (Figures 13 a, b). 
Cells of proximal tubule had partial loss of microvilli 
with well-defined basal infoldings, mitochondria arranged 
in between basal infoldings, and euchromatic nucleus 
(Figure 13c). Moreover, Cells of distal tubule cells were 
more or less similar to control with numerous elongated 
mitochondria that are longitudinally arranged within the 
basal infoldings, euchromatic nucleus (Figure 13d). Group 
IIIb showed slight irregular GBM thickness and attenuated 
effacement of foot processes of podocyte.  Podocyte had 
euchromatic nucleus (Figures 14 a,b). Cells of proximal 
tubule had partial loss of microvilli with mitochondria 

of different sizes and shapes in-between basal infoldings 
and euchromatic nucleus and some vacuoles (Figure 14c). 
Cells of distal tubule were more or less similar to control 
except one cell had indented nucleus (Figure 14d).

Group IVa showed slightly irregular GBM thickness 
and decreased effacement of podocyte foot processes 
(Figures 15 a,b). Cells of the proximal tubule had regular 
microvilli partially lost in small areas, mitochondria 
arranged in between well-defined basal infoldings 
and some vacuoles. Cells had euchromatic nuclei                                                                        
(Figure 15c). Cells of distal tubules were more or less 
similar to control (Figure 15d). Similar findings were 
seen in group IVb with more effacement (Figures 16a,b), 
some vacuoles in proximal tubular cells (Figure 16c) and 
irregularly arranged mitochondria of different shapes in the 
basal part of the distal tubular cell (Figure 16d).

Group V showed marked irregular thickening of GBM 
and extensive effacement of podocyte foot processes.  
Podocyte had euchromatic nucleus. (Figures 17 a,b). 
Cells of proximal tubule had disrupted microvilli and 
ill-defined basal infoldings with heterochromatic nuclei, 
irregular nuclear membrane, and clumps of peripheral 
heterochromatin (Figure 17c). Cells of distal tubules 
showed ill-defined basal infoldings with numerous 
mitochondria of different shapes and heterochromatic 
small nucleus (Figure 17d).

Fig. 2: Histogram showing the mean animal body weight in different 
groups. C:  significant compared to group Ia, @ Significant compared 
to group IIa,   b:   significant compared to group IIb, one-way ANOVA 
followed by Turkey’s post-hoc test

Fig. 3: Histogram showing the mean relative kidney weight in different 
groups. C:  significant compared to group Ia, @ Significant compared 
to group IIa,   b:   significant compared to group IIb, one-way ANOVA 
followed by Turkey’s post-hoc test
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Fig. 4: Photomicrographs of kidney sections stained with H&E (a) Group I showing; renal corpuscle with normal glomerular capillaries (G) and urinary 
space (star), proximal tubule (PT) has a narrow lumen and lined with cuboidal cells with vesicular nuclei and intact brush border. The distal tubule (DT) has 
a wide lumen and is lined with cuboidal cells with vesicular nuclei and acidophilic cytoplasm. (b) Group IIa and (c) group IIb show congestion of glomerular 
capillaries (G), and widening of urinary space (star). The lining epithelium of the proximal tubule (PT) and distal tubule (DT) showing degenerated flattened 
epithelial cells, vacuolated cytoplasm (V), and apoptotic cells (P). (c) These degenerative changes are more prominent with interstitial inflammatory cell 
infiltration (I) and intratubular casts (arrow). Note the dilated lumen of tubules and loss of brush border in PT. (d) Group IIIa is more or less normal. (e) Group 
IIIb decreased urinary space (star) and degenerative changes with some vacuolated cells (V (f) Group IVa, and (g) group IVb showing decreased urinary space 
(star), with some vacuolated cells(V) (h) group V showing markedly dilated urinary space (star), degenerative changes are extensive. Tubular casts (arrow) and 
desquamated epithelium are seen in some tubules. Glomerular capillaries (G), proximal tubule (PT). Distal tubule (DT). Note the dilated lumen of tubules and 
loss of brush border in PT. apoptotic cells (P) (H&E x 200, scale bar=50).
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Fig. 5: Photomicrographs of kidney sections stained with PAS (a) Control showing; a positive reaction in basement membranes of renal corpuscles, and 
renal tubules. Regular brush border of PT (arrow). (b) Group IIa and (c) group IIb showing; increased intensity of the reaction in basement membranes of the 
renal corpuscles, Note interrupted degenerated brush border of P.T (arrow). (d) Group IIIa, (e) group IIIb, (f) group IVa and (g) group IVb showing decrease 
intensity of positive reaction in basement membranes of renal corpuscles, note regular brush border of P.T (arrow) in most tubules except in few tubules in 
(e,g). (h) Group V shows increased intensity of the reaction in basement membranes of the renal corpuscles and renal tubules. Note degenerated brush border 
of PT (arrow). (PAS x400, scale bar=50). (i) Histogram showing PAS area percentages in different groups. C:  significant compared to group Ia, @ Significant 
compared to group IIa,   b:   significant compared to group IIb,   *:   significant compared to group IIIa,   #:   significant compared to group IIIb. One-way 
ANOVA followed by Turkey’s post-hoc test
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Fig. 6: Photomicrographs of kidney sections stained with Masson trichrome (a) control group showing few collagen fibers around the glomeruli, and renal 
tubules (b) group IIa and (c) group IIb showing an increase in collagen fibers around the glomeruli and tubules and in renal interstitium which is more prominent 
in group IIb. (d) Group IIIa,(e) group IIIb, (f) group IVa and (g) group IVb showing decreased collagen fibers around the glomeruli, and tubules,  and in renal 
interstitium h) Group V showing markedly increased collagen fibers around the glomeruli, and tubules and in the renal interstitium (Masson trichrome x200, 
scale bar=100). (i) Histogram showing collagen fibers area percentages in different groups. C:  significant compared to group Ia, @ Significant compared to 
group IIa,   b:   significant compared to group IIb,   *:   significant compared to group IIIa,   #:   significant compared to group IIIb. One-way ANOVA followed 
by Turkey’s post-hoc test
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Fig. 7: Photomicrographs of kidney sections immunostained with PCNA antibody. a) Control showing few PCNA positive nuclei in the glomeruli (arrow) 
and renal tubule. b) Group IIa showing increased PCNA positive nuclei and c) group IIb showing many PCNA positive nuclei in the glomeruli(arrow)  and 
tubules. d) Group IIIa and e) group IIIb showing few PCNA positive nuclei in the glomeruli (arrow) and tubules. f) Group IVa and g) group IVb showing 
some PCNA positive nuclei in the glomeruli (arrow) and tubules h) Group V showing markedly increased positive nuclei in the glomeruli (arrow) and tubules 
(PCNA antibody×400, scale bar=50). (i) Histogram showing PCNA labeling index in different groups. C:  significant compared to group Ia, @ Significant 
compared to group IIa,   b:   significant compared to group IIb,   *:   significant compared to group IIIa,   #:   significant compared to group IIIb. One-way 
ANOVA followed by Turkey’s post-hoc test.
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Fig. 8: Photomicrographs of kidney sections immunostained with AFP antibody. a) Control showing negative AFP in the glomeruli and tubules. b) Group IIa 
and c) group IIb showing an increase in AFP positive cells in the glomeruli (thin arrow) and tubules (thick arrow) which is more prominent in group IIb. (d) 
Group IIIa,(e) group IIIb, (f) group IVa and (g) group IVb showing decreased AFP positive cells (h) Group V showing increased AFP positive cells compared 
to group IIb. Positive cells in the glomeruli (thin arrow) and tubules (thick arrow) (AFP antibody×400, scale bar=50). (i) Histogram showing area percentages 
of AFP expression in different groups. C:  significant compared to group Ia, @ Significant compared to group IIa,   b:   significant compared to group IIb,   *:   
significant compared to group IIIa,   #:   significant compared to group IIIb. One-way ANOVA followed by Turkey’s post-hoc test.
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Fig. 9: Photomicrographs of kidney sections immunostained with WT-1 antibody of a) control group showing many WT-1 positive nuclei in the glomeruli 
b) group IIa and c) group IIb showing few WT-1 positive nuclei in the glomeruli d) group IIIa and e) group IIIb  showing increased WT-1 positive nuclei 
in the glomeruli.f) group IVa and g) group IVb showing some WT1 positive nuclei in the glomeruli h) groupV showing markedly decreased WT-1 positive 
nuclei.(positive nuclei, arrow) (WT-1 a ntibody×400, scale bar=50). (i) Histogram showing the mean number of WT-1 positive nuclei in different groups. C:  
significant compared to group Ia, @ Significant compared to group IIa,   b:   significant compared to group IIb,   *:   significant compared to group IIIa,   #:   
significant compared to group IIIb. One-way ANOVA followed by Turkey’s post-hoc test.
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Fig. 10: Electron micrographs of ultrathin sections of the control group showing (a), (b) euchromatic Nucleus (N) of podocyte (P), glomerular capillary (G), 
regular glomerular basement membrane (GBM), and no effacement of the foot processes (FP). (c) Proximal tubular cell with regular numerous apical microvilli 
(MV), basal infoldings in which the mitochondria (M) are longitudinally arranged with rounded and euchromatic nucleus (N). (d) Distal tubular cell with basal 
infoldings in which the elongated mitochondria (M) are longitudinally arranged with rounded and euchromatic nucleus (N) and few short microvilli (MV).  
(TEM: a x4800, b x14000, c x3600 and d x6000, a,c,d: Scale bar =2 um, b scale bar =500 nm).
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Fig. 11: Electron micrographs of ultrathin sections of group IIa showing;
 (a), (b) heterochromatic indented nucleus (N) of podocyte, glomerular capillary (G), slight irregular glomerular basement membrane (GBM), and effacement 
of the foot processes (EF). (c) proximal tubular cell with partial loss (arrow) in apical microvilli (MV), basal infoldings in which numerous mitochondria of 
different shapes and sizes (M) are present, vacuole (V) and heterochromatic nucleus (N), and another shrunken cell with indented heterochromatic nucleus 
(N1). (d) Distal tubular cell with basal infoldings in which numerous different shaped mitochondria (M) are arranged and heterochromatic nucleus (N).                  
vacuole (V)
(TEM: a x4800, b x 14000, c x 3600 and d x 6000,  a,c,d: Scale bar =2 um, b scale bar =500 nm).
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Fig. 12:  Electron micrographs of ultrathin sections of group IIb showing (a), (b) heterochromatic indented nucleus (N) of podocyte (P), glomerular capillary 
(G), irregularity (star) in the glomerular basement membrane (GBM), and effacement of the foot processes (EF). (c) Proximal tubular cell with distorted apical 
microvilli (arrow), with numerous mega mitochondria (M), vacuoles(V), and heterochromatic nucleus (N). Lysosomes (L)(d)  Distal tubular cell with irregular 
basal infoldings in which numerous swollen mitochondria of different sizes and shapes (M), vacuoles(V), and heterochromatic nucleus (N) with the irregular 
nuclear envelope. Few short apical microvilli(MV) 
(TEM: a x4800, b x 14000, c x3600 and d x6000,  a,c,d: Scale bar =2 um, b scale bar =500 nm).
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Fig. 13: Electron micrographs of ultrathin sections of group IIIa showing; (a), (b) euchromatic Nucleus (N) of podocyte, glomerular capillary (G), slight 
irregular glomerular basement membrane (GBM), and decreased effacement of the foot processes (FP). (c) Proximal tubular cell with partial loss (arrow) 
of apical microvilli (MV), basal infoldings with numerous longitudinal arranged mitochondria (M), euchromatic nucleus (N). (d) Distal tubular cells with 
numerous elongated mitochondria (M) longitudinal arranged within basal infoldings and euchromatic nucleus (N) and few apical short microvilli (MV).
(TEM: a x4800, b x14000, c x3600 and d x6000,  a,c,d: Scale bar =2 um, b scale bar= 500nm).
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Fig. 14: Electron micrographs of ultrathin sections of group IIIb showing; (a), (b) euchromatic Nucleus (N) of podocyte (P), glomerular capillary (G), slight 
irregular glomerular basement membrane (GBM), and decreased effacement of the foot processes (FP). (c) Proximal tubular cell with partially distorted (arrow) 
apical microvilli (MV), well-defined basal infoldings in which the numerous mitochondria are arranged (M), and euchromatic nucleus (N). vacuole(V) (d) 
Distal tubular cells with numerous elongated mitochondria (M) within basal infoldings and euchromatic nucleus (N). Another cell with indented nucleus (N1). 
Few short apical microvilli (MV). vacuole(V)
(TEM: a x4800, b x14000, c x3600 and d x6000,  a,c,d: Scale bar =2 um, b scale bar =500 nm).
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Fig. 15: Electron micrographs of ultrathin sections of group IVa showing; (a), (b) euchromatic Nucleus (N) of podocyte (P), glomerular capillary (G), slight 
irregular glomerular basement membrane (GBM), and decreased effacement of the foot processes (FP). (c) Proximal tubular cell with apical microvilli (MV) 
but lost MV in small areas(arrow) well-defined basal infoldings in which numerous mitochondria (M). euchromatic nucleus (N).  vacuole(V). (d) Distal tubular 
cells with numerous elongated mitochondria (M) longitudinally arranged within basal infoldings and euchromatic nucleus (N). Few short apical microvilli (M
V)                                             
(TEM: a x4800, b x14000, c x3600 and d x6000,  a,c,d: Scale bar =2 um, b scale bar =500 nm).
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Fig. 16: Electron micrographs of ultrathin sections of group IVb showing; (a), (b) euchromatic Nucleus (N) of podocyte, glomerular capillary (G), slightly 
irregular glomerular basement membrane (GBM), and effacement of the foot processes (EF). (c)  Proximal tubular cell with partial regular apical microvilli 
(MV), partial loss of microvilli (arrow), well-defined basal infoldings in which numerous mitochondria are arranged (M) longitudinally and euchromatic 
nucleus(N). vacuoles (V) (d) Distal tubular cell with numerous mitochondria (M) within basal infoldings and euchromatic nucleus (N). few short apical 
microvilli (MV)                                            
(TEM: ax4800, b x14000, c x3600 and d x6000,  a,c,d: Scale bar =2 um, b scale bar =500 nm).
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Fig. 17: Electron micrographs of ultrathin sections of group V showing; (a), (b) marked irregular thickness (star) of the glomerular basement membrane (GBM), 
glomerular capillary (G), indented heterochromatic nucleus (N) of podocyte and marked effacement of the foot processes of podocyte (EF) (c) Proximal tubular 
cell with markedly disrupted apical microvilli (arrow), vacuoles (V), distorted mitochondria (M), ill-defined basal infoldings and heterochromatic nucleus 
(N) with peripheral clumps of heterochromatin and irregular nuclear envelope. (d) Distal tubular cell with numerous different shaped mitochondria (M) and 
heterochromatic nucleus with an indented nuclear envelope (N), vacuoles (V).           
(TEM: a x4800, b x14000, c x3600 and d x6000,  a,c,d: Scale bar =2 um, b scale bar =500 nm).
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Table 1: Mean serum urea, creatinine and albumin in all studied 
groups

Serum 
Urea(mg/dl) 
mean±SD 

Serum 
Creatinine (mg/
dl) mean±SD

Serum Albumin 
(mg/dl) 

mean±SD

Group Ia 15.87±8.52 0.59±.15 4.100±.64

Group Ib 16.07±8.43 0.59±.14 4.117±.66

Group Ic 18.00±8.75 0.53±.13 4.073±.73

Group IIa 49.03±3.23c 1.39±.15c 2.420±.32c

Group IIb 66.90±4.10c@ 2.110±.38c@ 1.477±.39c@

Group IIIa 25.90±2.81c@ 0.677±.12@ 3.741±.41@

Group IIIb 39.27±3.37cb 1.023±.13cb 3.260±.32cb

Group IVa 35.37±2.95c@* 1.007±.08c@* 2.267±.31c@

Group IVb 47.73±5.85cb# 1.887±.06cb# 3.037±.26cb

Group V 89.80±4.40cb 3.154±.23cb 0.667±.82cb

C:  significant compared to group Ia, @ Significant compared to group 
IIa,   b:   significant compared to group IIb,   *:   significant compared to 
group IIIa,   #:   significant compared to group IIIb. One-way ANOVA 
followed by Turkey’s post-hoc test

Table 2: Mean blood cholesterol, high-density lipoproteins and 
triglycerides  in all studied groups

Cholesterol 
(mg/dl)

mean±SD

High-density 
lipoproteins (mg/dl)

mean±SD 

Triglycerides 
(mg/dl)

mean±SD

Group Ia 22.20±9.03 73.77±16.54 38.16±18.40

Group Ib 21.70±9.28 71.70±13.88 38.17±18.00

Group Ic 21.30±9.39 72.53±14.85 38.15±18.50

Group IIa 50.10±3.28c 48.90±9.24c 155.73±9.78c

Group IIb 60.23±3.21c@ 34.90±3.44c@ 185.80±9.20c@

Group IIIa 24.40±3.52@ 70.07±10.19@ 38.47±10.579@ 

Group IIIb 33.57±3.28cb 61.43±4.27cb 55.50±8.94cb

Group IVa 30.47±1.85c@* 62.83±4.72 c @ * 61.67±14.23c@*

Group IVb 39.80±3.10cb# 48.23±1.54cb# 87.10±6.25cb#

Group V 75.00±4.06cb 14.43±3.02cb 220.07±10.08cb

C:  significant compared to group Ia, @ Significant compared to group 
IIa,   b:   significant compared to group IIb,   *:   significant compared to 
group IIIa,   #:   significant compared to group IIIb. One-way ANOVA 
followed by Turkey’s post-hoc test

DISCUSSION                                                                          

DOX-induced model of nephropathy has been 
commonly used[28]. Interestingly, CeO2NPs represent a 
powerful antioxidant[13]. Quercetin is a flavonoid present in 
food and has anti-inflammatory effects[29].

In our study to induce an animal model of 
nephropathy, we injected rats with six equal doses of DOX 
intraperitoneally for 14 days with a total cumulative dose 
of 15 mg/kg. This work aimed to compare the possible 
therapeutic effect of CeO2NPs and quercetin on DOX-
induced nephropathy at different time points.

Our study revealed that the body and kidney weight 
coefficient significantly decreased in groups IIa and IIb 

compared to controls in a duration-dependent manner 
with group IIb significantly more affected as compared 
to group IIa, due to DOX-induced loss of appetite, and 
malabsorption due to intestinal injury. In line with our 
results were the findings of Shati and El‐Kott[30].

In our experiment, we found significantly elevated 
serum urea, creatinine, cholesterol, and triglyceride in 
DOX-treated groups while significantly decreased serum 
albumin, and HDL concentration compared to control in 
duration dependent manner with group IIb significantly 
more affected as compared to group IIa. This agrees with 
Afsar et al.[31] and  Fan et al.[32]. This might be due to the 
destruction of the glomerular filtration barrier causing 
hypoalbuminemia. DOX stimulated lipogenesis in the 
liver leading to hyperlipidemia. In addition. DOX led to a 
disturbance in fat metabolism[4]. 

DOX-induced nephropathy is characterized by 
decreased serum albumin due to proteinuria and increased 
serum levels of urea and creatinine, all of which are 
attributed to DOX-induced renal toxicity caused by 
oxidative stress and inflammatory condition[4].

DOX-induced nephropathy was progressive 
with increased duration after injection was stopped 
because DOX is rapidly cleared from the plasma after 
administration, deposited in tissues mainly the kidneys, 
and slowly excreted into the urine[33]. 

Histological changes in our study were observed both in 
glomeruli and tubules. Glomerular changes were in the form 
of widening of urinary space, and congested glomerular 
capillaries. Moreover, renal tubular degenerative changes 
in the form of vacuolated cytoplasm and deeply stained 
pyknotic nuclei were observed. Proximal renal tubules had 
degenerated brush borders. These changes were progressive 
with the increased duration after DOX injection was 
stopped; they were more obvious in group IIb.

This agrees with Al-Hassawi and Al-Sammak[34] and 
Mahmoud et al.[35]. According to Al-Hassawi and Al-
Sammak[34], dilation of Bowman’s capsule after DOX 
administration was due to vasoconstriction in the blood 
vessels as a protective mechanism from cell damage. This 
induced glomerular atrophy and widening of the urinary 
space. According to Shati and El‐Kott[30], the mechanism 
by which DOX induces renal pathology may be an excess 
production of ROS due to the depletion of antioxidants, 
mitochondrial dysfunction, and iron-dependent apoptosis. 
In addition, apoptotic cell death due to increased free 
radicals led to lipid peroxidation and subsequent cell 
membrane disruption resulting in cell death[36]. In addition, 
Hozayen et al.[37] reported that DOX tended to accumulate 
in mitochondria leading to mitochondrial dysfunction. 

We observed also tubular dilatation and intraluminal 
acidophilic casts in renal tubules. Our results agreed with 
Zickri et al.[38], Sadek et al.[39], and El-Sheikh et al.[40].  
Cast formation could be attributed to the glomerular 
filtration barrier dysfunction caused by DOX-induced 
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podocyte injury which allowed the passage of proteins 
in the tubules. Protein accumulation intraluminal led to 
protein cast formation. Casts obstruct renal tubules with 
subsequent increased intratubular pressure and dilation 
of the lumen[41]. Also, these proteins induce tubular 
epithelium injury[42]. According to Zickri et al.[38], DOX-
induced tubular epithelium desquamation into the lumen 
is a result of the damage to the cell membrane induced by 
lipid peroxidation. 

In the present study, we found interstitial inflammatory 
cellular infiltration in renal tissue which could be 
explained by the presence of free radicals which induce 
an inflammatory response and trigger the release of 
interleukin-1[43]. Similar to our results,  Abd-Ellatif et al.[44] 
found that the inflammatory response led to glomerular 
congestion, which decrease the ability to clear toxic 
radicals.

In our results, PAS revealed that the basement 
membranes increased in thickness in DOX-treated groups 
with a significant increase in PAS area percentage compared 
to the control groups. These changes were significantly 
more in group IIb versus group IIa. Similar results were 
previously reported by Sang et al.[45], due to increased 
extracellular matrix deposition in basement membranes 
and mesangial matrix in response to injury.  

The brush borders of the proximal tubules appeared 
irregular and interrupted by PAS which confirmed H&E 
finding. Similarly, Sadek et al.[39] found disruption of 
brush borders in most tubules but with the interruption of 
basal laminae. They clarified that DOX-induced pathology 
resulted in damage to the cytoskeleton, which led to the 
destruction of microvilli, and cell junctions. 

In our study, we found significantly increased 
collagen fibers with interstitial fibrosis in DOX-induced 
nephropathy which was more prominent with longer 
duration in group IIb. This was in line with the results of 
Sadek et al.[39] and Shati and El‐Kott[30].  DOX-induced 
renal interstitial fibrosis could be attributed to the DOX-
induced tubulointerstitial inflammation with subsequent 
secretion of transforming growth factor-beta (TGF-β) 
which stimulates myofibroblasts to increase deposition 
of extracellular matrix[39,46]. The fibrosis observed in our 
results in DOX nephropathy was progressive with increased 
duration due to sustained inflammation induced by DOX 
accumulation in renal tissue. The intensity of inflammation 
correlated with induced renal fibrosis[42].

A significant duration-dependent increase in PCNA 
positive cells was detected in our results in the DOX 
nephropathy groups; being significantly higher in group 
IIb versus IIa. Our results were in line with those of Han 
et al.[47] who reported that the incidence of tubular cell 
division increases in stress conditions. In addition, Sakr 
and Abo-El-Yazid[48] reported increased PCNA expression 
in DOX-induced hepatotoxicity in a duration-dependent 
manner.

PCNA has an important role in controlling DNA 
synthesis as well as cell proliferation. PCNA expression 
increase at the end of the G1 phase reached its maximum 
in the S phase[49]. PCNA is an essential component of 
DNA replication, representing the processing factor for 
DNA polymerases. Although DOX treatment inhibits cell 
proliferation in cancer cells through cell cycle arrest at 
the G2/M phase[50], it was found that DOX significantly 
increased cell entry to the S phase in non-cancer cells as a 
compensatory response to cell injury[51].  This explains the 
DOX-induced increase in PCNA expression in our results. 
In addition to its role in replication, PCNA is needed 
during DNA repair after cell damage through nucleotide 
excision[52].

In the present study, a significant increase in AFP 
expression was observed in the DOX groups. This was 
explained by the sustained inflammation induced in DOX-
treated groups in our study. Mizejewski[53] reported that 
AFP was able to induce an inflammatory response via 
binding to arachidonic acids. It regulated the transfer of 
arachidonic acid into cells, probably through specific cell 
surface AFP receptors.  

In addition, it was found that alpha-fetoprotein is 
expressed in the fetal liver and to a lesser extent in the 
gut and kidney. However, AFP proceeds to function as a 
negative acute phase protein in adults and is expressed in 
cases of liver cancer[54]. AFP is exclusively synthesized by 
the liver in adult but it might be induced in renal injury 
as a stress response[55]. AFP activates the cAMP protein 
kinase-A pathway and induces Ca2+ influx, which 
enhances DNA synthesis and cell proliferation[56]. This 
explained that the DOX-induced increased AFP expression 
in our study was due to cell proliferation in response to cell 
damage.

In the current work, WT-1 positive podocytes 
significantly decreased in DOX nephropathy groups. These 
results agreed with previous studies[47,57]. Wu et al.[46] used 
WT-1 as a marker of podocyte which was downregulated 
in podocyte injury. In addition, an association was found 
between WT-1 mutation and an immune complex-related 
membranoproliferative glomerulonephritis in a previous 
study[58]. This was explained by Bryant et al.[57] who found 
that WT-1 is a transcriptional master regulator of podocyte 
differentiation and function acting on podocyte-specific 
target genes such as nephrin genes. Podocytes play a key 
role in glomerular filtration. Injury to podocytes can disrupt 
slit diaphragm structure and impair its function, leading 
to proteinuria and subsequent hypoalbuminemia[59]. This 
confirms our previous biochemical and histological results.

Ultrastructural findings also confirmed our previous 
results. We found tubular degenerative changes by electron 
microscope in the form of ill-defined basal infoldings with 
a heterochromatic nucleus, irregular nuclear membrane, 
clumps of peripheral heterochromatin, and destructed 
brush borders. These results were in agreement with Alagal 
et al.[60] and Kandil et al.[61]. This might be explained by the 
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nuclear damage which occurred because DOX inhibited 
both DNA polymerase and topoisomerase II responsible 
for DNA cleavage and duplication which led to nuclear 
damage[61]. Apoptotic changes could be attributed to 
oxidative stress[60].

In the current work, an irregular thickness of GBM and 
effacement of foot processes of podocyte were observed by 
electron microscopy in DOX-treated groups which were 
more prominent with increased duration of stopping DOX.  
This was in agreement with the results of Na et al.[62] and 
Ma et al.[63]. Massive podocyte fusion was seen because 
DOX caused podocyte injury via the downregulation of 
podocin which suppressed slit diaphragm formation[54]. 

Administration of CeO2NPs to DOX nephropathy 
restored body weight and relative kidney weight, improved 
renal functions; decreased blood urea and creatinine, and 
alleviated hyperlipidemia. Bashandy et al.[64] reported 
similar results and explained that by the improved renal 
structural changes. Its antioxidant role could be attributed 
to the structure of the cerium atom in the form of a crystal 
lattice. Cerium redox reacts on the surface of the formed 
nanoparticles[65]. Moreover, Carvajal et al.[66] reported an 
anti-lipogenic effect of CeO2NPs in a model of fatty liver 
which could explain the improvement of hyperlipidemia 
in our model.

In groups IIIa and IIIb, the administration of CeO2NPs 
to DOX nephropathy alleviated toxic and degenerative 
changes produced by DOX in the glomeruli and tubules 
both in the short and long durations of DOX cessation. 
CeO2NPs could be uptaken by cells via endocytosis, and 
then distributed in the cytoplasm without passing into the 
nucleus. Thus, they could reduce intracellular ROS and 
maintain the normal functions of mitochondria[67] which 
were impaired by DOX. Also, CeO2NPs act as nitric 
oxide scavengers and have superoxide dismutase mimetic 
activity[68].

Similar results were reported by Hamad[65]. In addition, 
Jahani et al.[69] reported an antioxidant role of CeO2NPs 
activity in animal models of diabetic nephropathy. 
CeO2NPs had anti-inflammatory and anti-apoptotic 
properties[13]. Hamzeh et al.[70] proved the protective 
effect of CeO2NPs against testicular toxicity induced by 
cyclophosphamide via antioxidant and anti-apoptotic 
roles with downregulation of caspase-3. CeO2NPs could 
prevent retinal degeneration induced by hydrogen peroxide 
molecules[71]. Similarly, it was previously reported that 
CeO2NPs could inhibit apoptosis in mouse bone marrow 
stromal cells via their antioxidant role in a dose-dependent 
manner[67]. 

The CeO2NPs ability to relieve inflammatory cell 
aggregation induced in DOX nephropathy could be 
attributed to their anti-inflammatory properties. Similar 
results were reported by Hamad and Hamad[72] in a model 
of monosodium glutamate-induced renal injury.

In the current work, PAS percentage area significantly 
decreased in groups IIIa and IIIb versus DOX-treated 
groups of the same duration which indicates a reduction 
of the increased extracellular matrix deposition in 
basement membranes induced by DOX. Also, attenuation 
of brush border interruption in the proximal tubules 
was observed. Similarly, Hamzeh et al.[73] reported that 
CeO2NPs attenuated the increased PAS area percentage 
in cyclophosphamide-induced renal toxicity in mice. 
Saleh et al.[74] reported similar results in the toxicity of the 
epididymis with the restoration of stereocilia.

In the present study, CeO2NPs alleviated collagen 
fibers deposition. Similarly,  Saifi et al.[75] reported that 
CeO2NPs alleviated renal fibrosis by inhibiting TGF-β 
signaling. In addition, Oró et al.[9] reported an antifibrotic 
effect of CeO2NPs in a rat model of hepatic fibrosis

The alleviation of functional and structural 
manifestations of nephropathy could be attributed to 
that CeO2NPs reversed podocyte injury as indicated by 
restoring the down-regulated expression of WT-1 and the 
euchromatic nucleus of podocyte and decreased effacement 
in the ultrastructure. Also, the reduction of PCNA and 
AFP expression indicates the decrease in cell proliferation 
which was induced by DOX toxicity.

In contrast, CeO2NPs were toxic to lung fibroblasts in 
a culture which could be attributed to the different media 
conditions[76]. Moreover, different effects of CeO2NPs 
are related to differences in diameter, shape, preparation 
method, and surface charges during the synthesis of the 
nanoparticles[77].

In groups IVa and IVb, administration of quercetin 
to the DOX model of nephropathy restored body 
weight and relative kidney weight, improved renal 
functions, and alleviated hyperlipidemia. Also, it reduced 
histopathological and ultrastructural changes produced 
by DOX but to a less extent versus CeO2NPs. Heeba and 
Mahmoud[14] explained that it has potent antioxidant and 
anti-apoptotic effects by suppressing the overexpression of 
inducible nitric oxide synthase. The degenerative changes 
were attenuated by quercetin because its precursor, 
rutin, could attenuate renal tubular cell apoptosis via the 
downregulation of caspase3,7[78]. In addition, Talirevic and 
Jelena[79] reported the role of quercetin in the treatment of 
dyslipidemia. 

Quercetin attenuated DOX-induced renal interstitial 
inflammatory infiltration due to its anti-inflammatory role 
as reported by Ren et al.[80].

Similar to our results, Moustafa and Ali[81] found that 
quercetin improved DOX-induced oxidative stress in the 
liver. In addition,  Hashish et al.[82] found that quercetin 
attenuated DOX-induced cardiotoxicity.

We observed PAS percentage area reduction in groups 
IVa and IVb versus DOX-treated groups of the same 
duration. This was because quercetin inhibited extracellular 
matrix deposition induced by tissue injury. Similar results 



588

CEO2NPS EFFECT ON DOX INDUCED NEPHROPATHY

were observed by Ren et al.[80]. PAS demonstrated partial 
restoration of the brush border after quercetin administration 
which was confirmed by the electron microscope. Similar 
results were reported by Alshammari et al.[12] in a model 
of cadmium chloride-induced renal toxicity and they 
attributed this to its antioxidant effect.

Quercetin attenuated DOX-induced renal interstitial 
fibrosis. Similar results were observed by Widowati                            
et al.[83] and Ren et al.[80]. They explained that the antifibrotic 
effect of quercetin was via downregulation of TGF-β and 
suppression of myofibroblast activation.

Quercetin attenuated the increased PCNA and AFP 
expression due to its antioxidant role which suppressed 
tissue injury. Quercetin alleviated podocyte injury as 
demonstrated by the restoration of WT-1 expression 
and ultrastructurally. Thus, quercetin could suppress 
proteinuria.  Similar results were reported by Liu et al.[84].

In contrast to our results, Rangan et al.[85] reported that 
quercetin did not improve DOX-induced nephropathy. It 
did not downregulate Nuclear Factor-κB, and this could in 
part explain the lower effect exhibited by quercetin versus 
CeO2NPs in the improvement of nephropathy.

Interestingly, group V showed a progressive increase 
in DOX-induced degenerative changes. Marked irregular 
thickening in the GBM with tubular dilatation and tubular 
epithelial desquamation were seen. Tubular casts were 
obvious. Suppressed WT-1 expression and increased AFP 
and PCNA positive cells were detected. These findings 
indicated the progression of nephropathy and that this 
model is irreversible. On the other hand, this confirmed the 
therapeutic role exerted by CeO2NPs and quercetin which 
were administrated for a similar duration. Similar results 
were reported byTabatabaeifar et al.[86]. In addition, they 
found a progressive decrease in WT-1 mRNA expression. 
This progressive course after stopping the injection of 
DOX could be attributed to its tendency to accumulate in 
kidney tissue[87].

CONCLUSION                                                                       

DOX caused duration-dependent renal toxicity. 
CeO2NPs were more effective compared to quercetin in 
attenuating renal degenerative changes, reversing podocyte 
injury, and decreasing fibrosis in the DOX-induced rat 
model of nephropathy.

ABBREVIATIONS                                                                      

CeO2NPs: Cerium oxide nanoparticles;                                              
DOX: doxorubicin; PCNA: proliferating cell nuclear 
antigen; AFP: alpha-fetoprotein; WT-1: Wilms tumor-1; 
TGF-β: transforming growth factor-β.
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الملخص العربى

تأثير جزيئات أكسيد السيريوم متناهية الصغر مقابل كيرسيتين على اعتلال الكلية المحدث 
بعقار الدوكسروبيسين  في ذكور الجرذان البالغة: دراسة بيوكيميائية، نسيجية و كيميائية 

نسيجية مناعية

شيرين أحمد محمد،  ضحى صابر محمد،  أسمهان صبري خليفه،  سميرة محمود محمد

قسم الهستولوجى، كلية الطب، جامعة سوهج، مصر 

السيريوم  أكسيد  جزيئات   . الاستخدام  شائع  نموذج  الكلية  لاعتلال  المحدث  الدوكساروبيسين  نموذج  يعتبر  المقدمة: 
في  الموجود  البوليفينول  من  نوع  هو  كيرسيتين   . للأكسدة  ومضادة  للالتهابات  مضادة  أدوار  لها  الصغر  المتناهية 

المنتجات النباتية المختلفة ويعمل كمضاد للأكسدة.
الهدف من البحث: أجريت الدراسة الحالية لمقارنة التأثير العلاجي المحتمل لجزيئات أكسيد السيريوم متناهية الصغر 

مقابل كيرسيتين ضد اعتلال الكلية المحدث بعقار الدوكسروبيسين في نقاط زمنية مختلفة.
البيضاء إلى خمس مجموعات. المجموعة الضابطة  مواد وطرق البحث: تم تقسيم 55 جرذ بالغ من ذكور الجرذان 
الثانية: تم حقن المجموعات المعالجة بـ الدوكسروبيسين داخل الصفاق بجرعة 2.5  (المجموعة الأولى). المجموعة 
في  أسابيع   3 لمدة  الدوكسروبيسين  ب  الحقن  عن  توقف  ثم  أسبوعين  لمدة  يوم  بعد  يومًا  الجسم  من  كجم  لكل  مجم 
متناهية  السيريوم  أكسيد  جزيئات  (مجموعة  الثالثة  المجموعة   .IIb المجموعة  في  أسابيع   5 ولمدة   IIa المجموعة 
الصغر+ الدوكسروبيسين): المحقونة بجزيئات أكسيد السيريوم متناهية الصغر لمدة أسبوعين بعد 3 أسابيع من إيقاف 

.IIIb وبعد 5 أسابيع من إيقاف حقن الدوكسروبيسين في المجموعة IIIa حقن الدوكسروبيسين في المجموعة
 المجموعة الرابعة (مجموعة الدوكسروبيسين  + كيرسيتين:( المحقونة بـ كيرسيتين لمدة أسبوعين بعد 3 أسابيع من 
 .IVb وبعد 5 أسابيع من إيقاف حقن الدوكسروبيسين  في المجموعة IVa إيقاف حقن الدوكسروبيسين  في المجموعة

المجموعة الخامسةV  : وقف حقن الدوكسروبيسين  لمدة 7 أسابيع.
 أجريت الدراسات البيوكيميائية والميكروسكوبية الضوئية والتركيب الدقيق .كما أجريت الدراسات المورفومترية لنسبة 

منطقة الكولاجين و صبغة PAS. تم قياس عدد PCNA و WT-1 ونسبة AFP.الايجابية
النتائج: تسبب الدوكسروبيسين في ارتفاع مستويات اليوريا في الدم والكرياتينين ,اتساع التجويف البولى لمحفظة بومان. 
 IIb ,  مع تغيرات تنكسية في الانابيب الكلوية و زيادة في ألياف الكولاجين وقد ظهر ذلك أكثر وضوحا في المجموعة
كان هناك التحام اقدام  الخلايا القدمية  في التركيب الدقيق . انخفض التعبير الهستوكيميائى المناعى WT-1 فيها بشكل 
ملحوظ في مجموعة الدوكسروبيسين.مع وزيادة نسبة PCNA وAFP  . كان تأثير جزيئات أكسيد السيريوم متناهية 
الصغر أكثر فعالية مقارنة بالكيرسيتين في تخفيف التغيرات التنكسية الكلوية والتليف مع معالجة  إصابة الخلايا القدمية 

نتيجة الاعتلال الكلوى
الخلاصة: تسبب الدوكسروبيسين في سمية كلوية معتمدة على المدة الزمنية. وكانت جزيئات أكسيد السيريوم متناهية 
الصغر أكثر فاعلية مقارنة مع الكيرسيتين في تخفيف التغيرات التنكسية الكلوية في نموذج اعتلال الكلية الذي يسببه 

الدوكسروبيسين.


