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ARTICLE INFO ABSTRACT

Keywords: Extensive uses of silver nanoparticles (Ag NPs) in different industries result in exposure to these nanoparticle
Silver nanoparticles imperatives in our daily lives. Resveratrol is found in many plants as a natural compound. The present study
Resver_am’l aimed to estimate the renal toxic effects of Ag NPs in adult male albino rats and the underlying relevant
E‘:;;’:r:z mechanisms while studying the possible role of resveratrol in ameliorating these effects. Thirty adult albino rats

were split into 5 groups; control, vehicle, resveratrol (30 mg/kg), Ag NPs (300 mg/kg), and resveratrol + Ag NPs
groups. The treatments were given orally for 4 weeks. Ag NPs group displayed a reduction in kidney weight (
absolute and relative), excess in urinary levels of kidney injury molecule, neutrophil gelatinase-associated lip-
ocalin, cystatin, and blood kidney biomarkers (creatinine, urea, and potassium), increases in oxidative stress
markers with the reduction in antioxidant markers, and decreases in serum sirtuin 1(SIRT1) level. Upregulation
of interleukin 1 beta, tumor necrosis factor-alpha, and monocyte chemoattractant protein-1 gene expressions
with downregulation of nephrin and podocin gene expressions in renal tissues were also observed. These changes
were associated with histological alterations of the glomeruli and tubules, and increased area percentage of
collagen fiber. A significant increase in the optical density of transforming growth factor-beta 1 and claudin-1
immunostaining was detected in the Ag NPs group when compared to other groups. All these changes were
alleviated by the usage of resveratrol through its anti-oxidant, anti-inflammatory, and activation of SIRT1 rec-
ommending its use as a renoprotective agent.

Monocyte chemoattractant protein-1
TGF-pland Claudin-1

1. Introduction

There is a noticeable increase in the use of nanoparticles worldwide
in different fields as industrial, and biomedical fields causing environ-
mental contamination. As a result, several scientific researches are done
progressively to ensure the safety and harmful effects of these nano-
particles. Among these widely used nanoparticles are silver nano-
particles (Ag NPs) [81,97].

Silver nanoparticles are characterized by unparalleled physico-
chemical characteristics as their nanoscale range (1-100 nm), high
surface area, strong chemical reactivity and conductivity [15,61],

making them to be used in various fields such as electronics, agrifoods,
water purifications, cosmetics, and biomedical fields [46,71]. Exposure
to Ag NPs can be through ingestion, inhalation, or skin contact [73].
After absorption, Ag NPs are distributed to different organs causing
pathological changes [67,102]

Despite the several benefits of Ag NPs in the community, many
environmental hazards escalate during their production, processing,
utilization, and waste disposal [69,71].

The kidney is considered the primary organ of excretion. Moreover,
it importantly regulates different hormones synthesis and release. It is
seen to be an important target organ liable to adverse effects induced by

* Corresponding author at: Department of Medical Physiology, Faculty of Medicine, Mansoura University, Egypt
E-mail addresses: EAKhayal@medicine.zu.edu.eg (E.E.-S. Khayal), dr_monagaber@mans.edu.eg (M.G. Elhadidy), sm.alnasser@qu.edu.sa (S.M. Alnasser),
MMOmmar@medicine.zu.edu.eg (M.M. Morsy), SAEInagdy@medicine.zu.edu.eg (S.A. El-Nagdy).

https://doi.org/10.1016/j.toxrep.2024.101882

Received 6 October 2024; Received in revised form 18 December 2024; Accepted 20 December 2024

Available online 27 December 2024

2214-7500/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:EAKhayal@medicine.zu.edu.eg
mailto:dr_monagaber@mans.edu.eg
mailto:sm.alnasser@qu.edu.sa
mailto:MMOmmar@medicine.zu.edu.eg
mailto:SAElnagdy@medicine.zu.edu.eg
www.sciencedirect.com/science/journal/22147500
https://www.elsevier.com/locate/toxrep
https://doi.org/10.1016/j.toxrep.2024.101882
https://doi.org/10.1016/j.toxrep.2024.101882
http://crossmark.crossref.org/dialog/?doi=10.1016/j.toxrep.2024.101882&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

E.E.-S. Khayal et al.

nanoparticles [72]. It is one of the organs that can be affected by the
toxic effects of Ag NPs. Glomerular injury is critically regulated by
podocytes which when injured can not be replaced or regenerated as
they are terminally differentiated cells [54]. This injury can be moni-
tored by assessment of nephrin and podocin which are podocyte proteins
involved mainly in the maintenance of slit diaphragm structure [64].

Podocytes are terminally differentiated cells. Their loss cant be
replaced or regenerated, which eventually induces glomerulosclerosis.
So, glomerular injury is critically regulated by podocytes [54]. Nephrin
and podocin are podocyte proteins that participate essentially in the
maintenance of the structural safety of the slit diaphragm [64].

Other biomarkers that are involved in renal injury include MCP-1
and SIRT 1. MCP-1 is an important chemokine produced by glomer-
ular mesangial cells and podocytes upon stimulation by various stimuli
including inflammation [86]. Normally SIRT1 is present in the kidneys.
Through many different physiological mechanisms, SIRT1 plays an
effective role in maintaining the function of kidney cells [20]. SIRT1 is
believed to protect against podocytopathy by regulating mitochondrial
functions, nucleosome histone acetylation, and diverse transcriptional
factor activities [38].

Resveratrol is a natural compound present in many plants like
grapes, berries, peanuts, pine, and legumes. Recently, resveratrol has
been recommended as a dietary supplement because of its beneficial
effects on health [16]. These effects are related to its ability to protect
against inflammation, aging, cancer, and free radicals causing oxidative
stress, in addition to antiviral, antiplatelet, anti-mutagenic, car-
dioprotective, and hepatoprotective effects [77,100]. Many studies have
demonstrated the protective effects of resveratrol in nephrotoxicity
models induced by different chemicals such as cisplatin, carbon tetra-
chloride, and thioacetamide [24,28,100].

In light of this information, this scientific research aimed to evaluate
renal toxic effects after oral administration of Ag NPs to adult male al-
bino rats and the underlying relevant mechanisms while studying the
possible role of resveratrol in ameliorating these effects.

2. Material and methods
2.1. Experimental animals

30 adult male Wistar albino rats with an average weight of
200-220 g (g) were collected from the animal breeding house of the
Faculty of Medicine, Zagazig University. They were kept in 6 rats per
cage supplied with commercial laboratory animal needs from food and
water. The temperature was kept constant and suitable for rats. Under
the number ZU-IACUC/3/F/157/2022, the Institutional Animal Care
and Use of Zagazig University, Egypt approved this experimental pro-
tocol in accordance with applicable international laws and regulations
encouraging the researchers to achieve their duties to perform animal
experiments with the highest level of scientific, humane, and ethical
rules [12].

2.2. Experimental design

The rats were left for seven days to adapt, and then sectioned into the
following five equal groups; group I (control); nothing was added,
except laboratory food and water, group II (vehicle); orally gavaged
with 0.5 mL of distilled water once daily, 6 days /week for 4 weeks,
group III [Resveratrol(Sigma-Aldrich, CAS No: 1185247-70-4)]; orally
gavaged at a dose of 30 mg/kg once daily, 6 days /week for 4 weeks
(Gelen and Sengiil, 2021), group IV [Silver nanoparticles (Sigma-
Aldrich, CAS No: 7440-22-4): brown odorless fine nano-powder with
particle size < 100 nm and purity > 99.5)]; orally gavaged with 300 mg/
kg of Ag NPs [62] after being dissolved in 0.5 mL of distilled water once
daily, 6 days/week for 4 weeks, group V (Resveratrol + Silver nano-
particles); each rat was gavaged orally with resveratrol and Ag NPs as
same previous doses separated by one hour for 4 weeks.
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The body weight of rats was measured at the start and the end of the
study. One day before the necropsy, the rats were separated individually
for 24 hours (one rat in each cage). Urine samples were gathered in clean
containers and saved at the temperature of —20°C till urinary bio-
markers analysis was done. On the day of the necropsy, blood samples
were drawn from the retroorbital plexus of all rats anesthetized by using
pentobarbitone sodium (50 mg/kg intraperitoneal single dose) accord-
ing to method demonstrated by [63]. 7 mL of the blood samples were left
for spontaneous coagulation, then passed on a centrifuge device at
2000 rpm for 20 minutes. The sera were collected and saved at —20 °C
for estimating creatinine, urea, potassium level, sodium level, and SIRT1
levels.

Later on, both kidneys from each rat were removed after euthanizing
them. Firstly the kidneys” weights of all studied rats [The absolute and
relative weight (organ-to-body weight ratio)] were scaled. After that,
one kidney was homogenized by adding in ice-cold lysis buffer and then
centrifuged at 8000 x g for 20 min at 5C. The homogenates were
collected and used for detecting oxidative stress, inflammatory markers,
nephrin, podocin, and monocyte chemotactic protein-1 (MCP-1)
expression. Histopathological and immunohistochemical examination
of the other kidney was done. Fig. 1

2.3. Silver nanoparticles characterization

Silver nanoparticles were examined under transmission electron
microscopy (TEM) at the Electron Microscope Unit, Faculty of Agricul-
ture, Mansoura University, Egypt. An aqueous dispersion of the Ag NPs
was dropped onto a carbon-coated copper grid and left to dry in the air
(Fig. 2).

2.4. Blood and urine renal injury biomarkers assessment

The sera were utilized to assess the following:

Serum creatinine by colorimetric method as described by [84].
Serum urea by colorimetric method as described by [48].

Serum potassium (K*) and sodium (Na™) levels were determined
according to [21] consuming commercial tools (Sensacore electro-
lyte, Andhra Pradesh, India).

Stored urine samples were used to estimate the following:

Urine KIM-1 was measured by ELISA using the commercially avail-
able kit (R&D Systems, Minneapolis, MN, USA) and following the
manufacturer’s instructions.

Urine NGAL was measured using an ELISA kit (BioPorto, Denmark)
by method following the manufacturer’s instructions.

Urine cystatin C was measured using an ELISA kit (R&D Systems,
Minneapolis, MN, USA) by method following the manufacturer’s
instructions.

e The data of KIM-1, NGAL, and cystatin C were expressed by (ng/mL).

2.5. Serum SIRT1 level

The serum level of SIRT1 was measured by (ELISA) using the
commercially available kit (Catalog #MBS2600246, MyBioSource).

2.6. Biochemical analyses of renal tissue homogenates
2.6.1. Oxidative stress markers evaluation

e Protein carbonyl assay was determined by spectrophotometry as
demonstrated by [49]. The expression unit was nmol/mg protein.

e Renal xanthine oxidase activity was determined by spectrophotom-
etry as demonstrated by [66] and expressed as mU/min/g of tissue.
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Fig. 1. Experimental design.

Fig. 2. Silver elec-

tron microscope.

nanoparticles

characterization by transmission

e Myeloperoxidase activity in the kidney was assessed by spectro-
photometry as determined by [91], and expressed as U/min/mg
protein.

e Renal MDA assay was measured following the method of [75]. The
expression unit was nmol/mg protein.

e Superoxide dismutase (SOD) activity was assessed by the method of
[55]. The expression unit was U/g protein.

e Catalase activity was measured by spectrophotometer at 240 nm
according to [2]. The expression unit was U/g tissue.

2.6.2. Gene expression in kidney homogenates

IL1-B, TNF-a, nephrin, podocin, and MCP-1 gene expression analysis
by real-time polymerase chain reaction (RT PCR) were done as follows:
RNA was extracted from kidney homogenate by using Qiagen RNA
isolation kit (RNeasy; Qiagen Ltd, Crawley, West Sussex, UK) following
the manufacturer’s instruction. The total RNA amount was recognized
by a spectrophotometer by scaling the absorbance at 260 nm. After that,

RNA reverse transcription was done using the available kit (Quantitect
Reverse Transcription Kit, Qiagen, Cat. No. / ID: 205311). Later on,
reverse transcription PCR was performed using QuantiFast SYBR Green
RT-PCR Kit, Qiagen, Cat. No. / ID: 204156 following the manufacturer’s
protocol. The primer sequences for IL1-f, TNF-a, nephrin, podocin, and
MCP-1 markers were tabulated in Table 1.

2.7. Histopathological analysis

2.7.1. Hematoxylin and eosin staining

The kidney tissues fixed in formalin solution were embedded in
paraffin blocks and used to prepare 5 pm thickness sections. These
sections were stained by H & E stains according to the method desig-
nated by [6] and later examined by light microscopy. The kidney his-
topathological scoring was applied by histopathological evaluation of
the kidney cortex in hematoxylin and eosin stained section. The score

Table 1
Primer sequences for IL1-B, TNF-a, nephrin, podocin, and MCP-1 markers by the
RT-PCR analyses.

Gene Accession Primer sequence
number

IL-18 NM_031512.2 Forward: 5GGCTTCCTTGTGCAAGTGTC3'
Reverse: 5CACACACTAGCAGGTCGTCA3'

TNF-o NM_012675.3 Forward: 5GGCTTTCGGAACTCACTGGA3'
Reverse:5'CCCGTAGGGCGATTACAGTC3'

Podocin NM_130828.3 Forward:5'GCTGTCTGCTACTACCGCAT3’
Reverse:5 TCACTGAGTCCAAGGCAACC3'

Nephrin NM_022628.1 Forward:5’AACCGAGCCAAGTTCTCCTG 3'
Reverse:5 GGACGACAAGACGAACCAGT 3’

MCP—-1 NM_019190.1 Forward:5’ACAGGACCCTTCGTTTGGC3'
Reverse:5'CATCTTGCTGCAGATACATTTCATS'

GAPDH NM_001037190 Forward: 5’AGC CAG CTG TTG ACT TTG

ATCG3Reverse: 5ACA TAC TCA GCA CCA GCG TC
3
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consisted of 4 separate components: Glomerular, Tubular, Blood vessels
and Interstitial. The glomerular score was designed according to the
degree of glomerular shrinkage and widening of Bowman’s space: grade
0 (none), grade 1 (mild), grade 2 (moderate) or grade 3 (sever). Tubular
score was applied as: grade 0 (no tubular dilatation), grade 1 (dilatation
of 25 % of tubules), grade 2 (dilatation of 50 % of tubules) or grade 3
(dilatation of 75 % of tubules). Blood vessels score was done according
to congestion and dilatation of blood vessels: grade 0 (no), grade 1
(slightly congested and dilated), grade 2 (moderately congested and
dilated), grade 3 (marked congested and dilated). Regarding Interstitial
mononuclear infiltrations, it was applied as: grade 0 (no infiltration),
grade 1 (infiltration).

A total histopathological score (maximum 10) was obtained from the
sum of the mean scores of the all variables. For achieving correct score,
the same investigator examined all the samples. The mean value of each
group was used for statistical analysis Table 2.

2.7.2. Masson’s trichrome staining

5 pm-thick paraffin sections were cut from these paraffin-embedded
tissue blocks, deparaffinized by immersing in xylene, rehydrated, and
stained with Masson’s trichrome staining for detection of fibrosis and
collagen deposition [27,6].

2.8. Immunohistochemical study for claudin 1

Kidney tissue sections fixed in paraffin were deparaffinized and
rehydrated using a series of graduated ethanol concentrations. After
that, an autoclave for 10 minutes to extract the antigen was done. In
order to prevent nonspecific protein binding, endogenous peroxidase
activity was blocked using Protein Block Serum-Free (Dako, Japan) and
T3 % hydrogen peroxidase. Rabbit polyclonal anti-claudin-1 (ab15098,
Abcam, Cambridge, UK) was the primary antibody used, and it was
diluted at a dilution of 1: 200 in Dako REAL Antibody Diluent. Subse-
quently, the sections were incubated at room temperature for one hour
with the primary antibody. After that, the slides were cleaned three
times using phosphate-buffered saline (PBS) and then for thirty minutes
using an anti-rabbit antibody. Subsequently, 3,3-diaminobenzidine
(Dako kit, Agilent Technologies Inc., Santa Clara, CA) was applied to the
sections, and Mayer hematoxylin was used as a counterstain [35,44].

2.9. Immunohistochemical study for TGF-$1

Rat renal cortex TGF-p1 immunolocalization was performed using
the streptavidin-biotin complex method. Rat kidneys immersed in

Table 2
kidney cortex scoring.

Pathological Lesion Degree Score

Glomerular shrinkage and widening of none
Bowman’s space Mild

Moderate
Sever

Tubular dilatation No
Dilatation of 25 % of
tubules
Dilatation of 50 % of 2
tubules
Dilatation of 75 % of 3
tubules

Blood vessels dilatation and congestion No
Slightly congested and 1
dilated
Moderately congested and 2
dilated
Marked congested and 3
dilated

Interstitial mononuclear infiltrations No
Present 1

O WN = O
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paraffin and fixed with formalin were sectioned at a 5 mm thickness on
slides coated with poly-L-lysine. In 3 % H202 in methanol, the slices
were rehydrated and then blocked against endogenous peroxidase ac-
tivity. The sections were blocked with 5 % normal goat serum following
the recovery of the antigen using a microwave and citrate buffer.
Furthermore, to eliminate more endogenous biotin, the avidin/biotin
blocking procedure was applied. After being diluted 1 in 2000 in
phosphate-buffered saline, the TGF-p1 primary antibody (Boster, China)
was incubated for 4 hours at room temperature. Horseradish peroxidase
streptavidin was added after goat anti-rabbit biotinylated secondary
antibody. The DAB-substrate chromogen method was utilized for visu-
alization. PBS or IgG fractions from rabbit serum were used as negative
controls in place of the main antibody. A cytoplasmic brown hue was the
positive response to TGF-p1 protein production [35].

2.10. Morphometrical study

The area percentage % of collagen fiber was measured in Massion’s
Trichrome. The optical density (OD) of TGF-pl & Claudin-1 protein
expression was measured in TGF-$1 & Claudin-1 immune-histochemical
stained sections respectively, using the objective lens of magnification
X40. From each animal 6 randomly chosen, non-overlapping micro-
scopic fields were examined. Image J Software was used for quantitative
analysis in the anatomy department, faculty of medicine, Zagazig Uni-
versity [57].

3. Statistical analysis

It was done using SPSS software version 26 and GraphPad Prism
version 9. Data expression was done with mean values + standard de-
viations (SD). A post hoc least significant difference test (LSD test) was
conducted after a one-way ANOVA (F) test. The total histopathological
scoring was analysed by using The Kruskal-Wallis nonparametric one-
way ANOVA. Dunn’s multiple comparisons were then performed.
Measurement of the direction and intensity of the association between
two distinct variables was done using the Pearson Correlation coeffi-
cient. For all tests, if a p-value was less than 0.05, the difference was
considered significant.

4. Results

No observed changes were detected between the control, vehicle,
and resveratrol groups (p > 0.05) regarding all biochemical parameters
measured in this experimental study, so, the control group (I) was
compared with other examined groups.

4.1. Body weight

At the end of the study, significant reductions in body weight were
observed in group (IV) taken Ag NPs, and group (V) taken combined
resveratrol and Ag NPs compared to the control group (p < 0.001).
Comparing the Ag NPs group with the resveratrol+Ag NPs group
showed a significant increase in final body weight in group V (p < 0.05),
Table 3.

4.2. Absolute and relative kidney weight

Significant reductions in absolute and relative kidney weight in
group (IV) orally gavaged with Ag NPs and group (V) gavaged with
combined resveratrol and Ag NPs for 4 weeks were noticed when
compared with the control group (I) (p < 0.001). Comparing the Ag NPs
group with the resveratrol+Ag NPs group showed significant increases
in absolute and relative kidney weight in group V (p < 0.001, p < 0.05
respectively), Table 3.
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Table 3
Comparison of mean values of initial and final body weight, absolute and relative kidney weight among studied groups by analysis of variance and least significant
difference test.

Index Control mean Vehicle mean Resveratrol mean Silver nanoparticles Resveratrol + Silver F test P values
+ SD + SD + SD mean + SD nanoparticles mean + SD

Initial Body weight 212.85 + 6.25 211.93 +3.95 211.43 £ 6.31 213.09 + 5.14 214.23 +£291 0.27 0.89

8)

Final Body weight (g) 229.013 233.27 £5.01 231.6 £ 1.58 208.25 + 2.15" 215.19 + 3.12%¢ 57 < 0.0001
+4.83

Absolute kidney 1.66 + 0.038 1.67 + 0.041 1.68 + 0.019 1.22 + 0.017° 1.42 + 0.02*° 296.5 < 0.0001

weight (g)

Relative weight of 0.725 + 0.02 0.715 + 0.01 0.725 + 0.01 0.585 + 0.048" 0.66 + 0.015™¢ 3492 < 0.0001

the kidney

Values are expressed as means + standard deviation (n = 6)
@ : highly significant difference as compared to the control group (p < 0.001),
b+ highly significant difference as compared to the Ag NPs group (p < 0.001)
¢ : significant difference as compared to the Ag NPs group (p < 0.05)

4.3. Blood and urine renal injury biomarkers

Regarding blood renal injury biomarkers, Table 4 exhibited obvious
increases in serum levels of creatinine, urea, and potassium with a
decrease in serum level of sodium in the Ag NPs group and resveratrol
+ Ag NPs compared to those of the control group (p < 0.001).
Comparing the resveratrol + Ag NPs group (V) with the control group
showed rises in serum levels of creatinine, urea, and potassium
(p < 0.001) and a lowering in serum levels of sodium (p < 0.05).

Urine renal injury biomarkers (KIM-1, NGAL, and cystatin C) levels in
group (IV) showed significant raises when these results were statistically
compared to those of the control group (I) (p < 0.001). Usage of
resveratrol with Ag NPs offered protection against these increases
observed in group (IV) (p < 0.001), but this protection was partial as
these changes were still significantly high compared with the results of
control group (I) (p < 0.001), Table 4.

4.4. Serum SIRTI level

Group (IV) taking Ag NPs for 4 weeks displayed a decrease in the
mean values of serum SIRT1 level compared to the control group
(p < 0.001). Furthermore, a reduction in serum SIRT1 level was detec-
ted significantly in the resveratrol + Ag NPs group compared to the
control group (p < 0.001). Comparing the Ag NPs group with resvera-
trol + Ag NPs group showed significant protection of resveratrol against
the reduction in mean values of serum SIRT1 level (p < 0.001), Fig. 3.

Table 4

4.5. Biochemical analyses of kidney homogenates

Fig. 4 revealed obvious increases in levels of protein carbonyl,
myeloperoxidase activity, and MDA in kidney homogenates in group
(IV) concerning the control group (I) (p < 0.001). Comparing group (V)
with group (I), statistically significant increases in levels of protein
carbonyl, myeloperoxidase activity, and MDA were detected in group
(V) (p < 0.001), however, comparison between group (IV) and group
(V) showed a statistically significant reduction in these levels in group
(V) (p < 0.001).

Fig. 5 showed an obvious increase in the mean values of xanthine
oxidase activity and an obvious decrease in levels of superoxide dis-
mutase and catalase activity in group (IV) and group (V) concerning the
control group (I) (p < 0.001). On the other hand, a comparison between
group (IV) and group (V) showed a significant reduction in xanthine
oxidase activity and a significant increase in levels of superoxide dis-
mutase and catalase activity in group (V) (p < 0.001).

4.6. Gene expression in kidney homogenates

Significant upregulation of IL1-p and TNF-a gene expressions was
detected in the Ag NPs group (IV) and resveratrol + Ag NPs group (V)
compared to the control group (I) (p < 0.001). In comparing group (IV)
with group (V), the administration of resveratrol with Ag NPs in group
(V) protected against these upregulations (p < 0.001), Fig. 6.

Regarding nephrin, podocin, and MCP-1, there was significant
downregulation of nephrin and podocin gene expressions with

Comparison of mean values of serum levels of creatinine, urea, potassium, sodium, and urine levels of KIM-1, NGAL, and cystatin C among studied groups by analysis of

variance and least significant difference test.

Index control mean Vehicle mean Resveratrol mean Silver nanoparticles Resveratrol + Silver F test P values
+ SD + SD + SD mean + SD nanoparticles mean + SD

Serum creatinine (mg/ 0.74 £ 0.019 0.74 £ 0.012 0.75 + 0.028 2.84 +£0.17° 1.14 + 0.07>" 681.8 < 0.0001
dL)

Serum urea(mg/dL) 29.82 + 0.94 30.09 + 1.07 29.94 + 0.85 67.34 + 0.62" 44.99 + 0.54"" 2344 < 0.0001
Serum potassium level 3.75+0.14 3.84 £0.21 3.79 £ 0.17 5.53 +0.11¢ 4.52 +0.12%" 144.8 < 0.0001
(mmol/L)

Serum sodium level 136.79 + 1.32 137.05 + 0.08 136.92 + 0.93 126.18 + 2.79" 134.91 + 0.26%" 59.35 < 0.0001
(mmol/L)

Urine KIM—1 (ng/mL) 0.67 £ 0.06 0.67 £ 0.04 0.65 + 0.05 4.82 £+ 0.24" 2.61 + 0.33%" 594.9 < 0.0001
Urine NGAL (ng/mL) 0.91 + 0.08 0.89 + 0.04 0.91 £+ 0.05 3.07 £ 0.17¢ 1.50 + 0.02*" 643.0 < 0.0001
Urine cystatin C (ng/ 0.62 + 0.04 0.62 + 0.03 0.62 + 0.03 15.13 + 0.48" 4.66 + 0.12%" 4710 < 0.0001

mL)

Values are expressed as means + standard deviation (n = 6)

KIM-1: kidney injury molecule-1

NGAL: neutrophil gelatinase-associated lipocalin
2 : highly significant difference as compared to the control group (p < 0.001),
b : highly significant difference as compared to the Ag NPs group (p < 0.001)
¢ : significant difference as compared to the control group (p < 0.05)
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mm Control

Vehicle

Resveratrol

silver nanoparticles

Resveratrol + silver nanoparticles

Fig. 3. Effect of silver nanoparticles on serum SIRT1 level among different studied groups, and role of resveratrol. Values are presented as the mean + standard
deviation (SD) in each treatment. a: p < 0.001 compared to the control group, b: p < 0.001 compared to the silver nanoparticles group.

8-

40

ab

Protein carbonyl
(nmolimg protein)

Malondialdehyde
(nmolimg protein)

I Control
Vehicle
B Resveratrol
silver nanoparticles

Resveratrol + silver
nanoparticles

Myeloperoxidase activity
(UImin/mg protein)

Fig. 4. Effect of silver nanoparticles on levels of protein carbonyl, malondialdehyde, and myeloperoxidase activity in kidney homogenates among different studied
groups, and role of resveratrol. Values are presented as the mean =+ standard deviation (SD) in each treatment. a: p< 0.001 compared to the control group, b:

p< 0.001 compared to the silver nanoparticles group.

significant upregulation of MCP-1gene expression in Ag NPs group (IV)
and resveratrol + Ag NPs group (V) compared to the control group (I)
(p < 0.001). In comparing group (IV) with group (V), the administration
of resveratrol with Ag NPs in group (V) protected against these changes
(p < 0.001), Fig. 7.

A positive correlation was significantly found between serum SIRT1
level, podocin, and nephrin gene expression in kidney homogenates. In
addition, a significant negative correlation was detected between serum
SIRT1 level and MCP-1 (p <0.001), Fig. 8.

According to Table 5, oxidative stress markers (MDA, protein
carbonyl, xanthine oxidase activity, and myeloperoxidase activity) had
significant negative correlations with podocin and nephrin and positive
correlations with MCP-1(p<0.001). While superoxide dismutase and
catalase showed positive correlations with podocin and nephrin and
negative correlations with MCP-1(p <0.001).

Correlation studies between pro-inflammatory cytokines (IL1-p,
TNF-a), podocin, nephrin, and MCP-1 revealed significant negative
correlations between podocin and pro-inflammatory cytokines (IL1-,
TNF-a) in kidney homogenates. Similarly, significant negative correla-
tions between nephrin and pro-inflammatory cytokines (IL1-f, TNF-o)
were observed. In addition, there were significant positive correlations

between MCP-1 and pro-inflammatory cytokines (IL1-f, TNF-a)
(p<0.001), Fig. 9.

4.7. Histological results

The control and vehicle control groups showed no obvious differ-
ences regarding all histological results. So, for comparison with other
groups, the control group (I) was used.

Hematoxylin and Eosin (H&E) stained sections from control and
resveratrol treated groups (groups I & III respectively) revealed the
normal typical architecture of renal cortex that included renal corpus-
cles, proximal (PCT), distal convoluted tubules (DCT), and a little
amount of the interstitial tissue. The renal corpuscles appeared
composed of a glomerular tuft of capillaries surrounded by Bowman’s
capsule that formed of two layers; outer and inner separated by a clear
Bowman’s space. The outer parietal features flat epithelial cells while
the inner visceral layer is made up of podocytes. The proximal convo-
luted tubules appeared with narrow lumen and lined with a single layer
of high cuboidal epithelium that had deeply eosinophilic cytoplasm and
rounded vesicular nuclei. Distal convoluted tubules exhibited broad
lumen and were covered in low cuboidal epithelium that had rounded
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Fig. 5. Effect of silver nanoparticles on levels of xanthine oxidase, catalase, and superoxide dismutase in kidney homogenates among different studied groups, and
role of resveratrol. Values are presented as the mean =+ standard deviation (SD) in each treatment. a: p < 0.001 compared to the control group, b: p < 0.001
compared to the silver nanoparticles group.

Gene expression in kidney homogenates

31 a

b mm Control

Vehicle
24 ax mm Resveratrol
ab Silver nanoparticles
ab mm Resveratrol + silver nanoparticles
14 ol ==
0-
TNF-a IL1-B

Fig. 6. Effect of silver nanoparticles on gene expression of IL1-p and TNF-a in kidney homogenates among different studied groups, and role of resveratrol. Values are
presented as the mean =+ standard deviation (SD) in each treatment. a: p < 0.001 compared to the control group, b: p < 0.001 compared to the silver nano-
particles group.

. Gene expression in kidney homogenates

mm Control
Vehicle
2.0+ a
. mm Resveratrol
Silver nanoparticles
1.54 . .
ab Bl Resveratrol + silver nanoparticles
104 @ 7 ab % ab %
a
0.5 a’ =

Podocin Nephrin MCP-1

Fig. 7. Effect of silver nanoparticles on gene expression of podocin, nephrin, and MCP-1in kidney homogenates among different studied groups, and role of
resveratrol. Values are presented as the mean =+ standard deviation (SD) in each treatment. a: p < 0.001 compared to the control group, b: p < 0.001 compared to
the silver nanoparticles group.

apical nuclei and pale eosinophilic cytoplasm, Fig. 10 A, B. marked glomerular shrinkage, atrophy accompanied by loss of their
Sections of the renal cortex of the Ag NPs group (group IV) showed vascular component and widening of the Bowman’s space. The renal
alterations in the glomeruli and tubules. Renal corpuscles demonstrated tubules revealed considerable dilatation with flatting of their epithelial
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Fig. 8. Correlation Coefficient between serum SIRT1 level, podocin, nephrin, and MCP-1 gene expressions in kidney homogenates. Number of rats = 30.

Table 5
Correlation Coefficient between oxidative stress markers, podocin, nephrin, and MCP-1 gene expressions in kidney homogenates.
Variable = MDA (nmol/mg Protein carbonyl Xanthine oxidase activity =~ Myeloperoxidase Superoxide Catalase activity (U/g
protein) (nmol/mg protein) (mU/min/g of tissue) activity (U/min/mg dismutase (U/g tissue)
protein) protein)
R P value r P value r P value r P value r P value r P value
Podocin —0.956 < 0.0001 —0.969 < 0.0001 —0.976 < 0.0001 —0.963 < 0.0001 0.982 < 0.0001 0.969 < 0.0001
Nephrin —0.966 < 0.0001 —0.965 < 0.0001 —.980 < 0.0001 —0.986 < 0.0001 0.986 < 0.0001 0.963 < 0.0001
MCP-1 0.948 < 0.0001 0.983 < 0.0001 0.983 < 0.0001 0.976 < 0.0001 -0.99 < 0.0001 —0.983 < 0.0001
261 261 ,
4 Podocin (r = -0.96; p<0.0001) 4 Podocin (r=-0.90; p<0.0001)
20 4 Nephrin (r=-0.96;p<0.0001) 204 & Nephrin (r=-0.89;p<0.0001)
>4 bl
" MCP-1(r=0.98; p<D.000|) + ‘ICP'I (l' = 089. p<0‘000])
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Fig. 9. Correlation Coefficient between IL1-B, TNF-a, podocin, nephrin, and MCP-1 gene expressions in kidney homogenates. Number of rats = 30.

lining that showed degeneration with pyknotic nuclei. Some tubules
exhibited sloughing of either nuclei or epithelial cells from the basement
membrane into their lumen. The interstitial blood vessels in between
renal tubules were congested, and some showed marked dilatation with
the detection of mononuclear infiltrations in the interstitial tissue,
Fig. 10 C, D, and E.

On the other hand, group V (resveratrol + Ag NPs) showed notice-
able improvement, displaying nearly normal renal corpuscles, PCT, and
DCT. Similar to the control group, the renal glomerulus appeared
formed of a glomerular tuft of blood capillaries with distinct regular
Bowman’s space. The lining epithelial cells of proximal tubules were
high cuboidal demonstrating eosinophilic cytoplasm with vesicular
basal nuclei. In addition, the lining epithelial cells of the distal tubule
appeared low cuboidal cells demonstrating apical vesicular nuclei.
However, it was found that a few tubules still had cystic dilatation, and a
few epithelial cells with pyknotic nuclei were still seen in certain con-
voluted tubules, Fig. 10 F.

The control and resveratrol groups (groups I & III) demonstrated
minimal amounts of collagen fibers around glomerular capillaries,
Bowman'’s capsule, and renal tubules appearing as green-stained streaks,

Fig. 11 A, B. However, rats treated with Ag NPs (group IV) exhibited
high collagen fiber deposition, especially within the glomerulus, peri-
tubular, and interstitial tissue around blood vessels when compared to
the previous groups, Fig. 11 C, D. While the group V (resveratrol + Ag
NPs) exhibited a nearly normal distribution of collagen fibers, Fig. 11 E.

The mean area % of collagen fiber in Massion’s Trichrome stained
sections from Ag NPs treated rats (group IV) revealed a significant
(p < 0.05) increase in comparison with control, vehicle, and resveratrol
groups. While the resveratrol + Ag NPs group showed a significant
(p < 0.05) decrease in collagen deposition as compared with group IV,
Fig. 11 F.

4.8. Histopathological scoring results

The kidney cortex sections of the silver nanoparticles treated group
showed statistically significant increases in the degree of kidney affec-
tion in terms of Glomerular shrinkage and widening of Bowman’s space,
Tubular dilatation, Blood vessels dilatation and congestion and Interstitial
mononuclear infiltrations. However the administration of resveratrol
with Ag NPs in group (V) protected against these histopathological
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Fig. 10. Photomicrographs of sections of the renal cortex of the different studied groups; (A, B): The control and resveratrol groups respectively show renal cor-
puscles (G) with narrow Bowman’s space (*), proximal convoluted tubules (P) lined by high cuboidal epithelium with rounded vesicular nuclei (arrowhead), distal
convoluted tubules (D) lined low cuboidal epithelium that had rounded apical nuclei (curved arrow). (C-E): The Ag NPs group showed glomerular atrophy (G+) with
widening of the Bowman’s space (*), dilated renal tubules (DT) lined with flat epithelial cells (zigzag arrow), sloughed pyknotic nuclei or epithelial cells (arrow),
congested peritubular blood vessels (+) and dilated congested interstitial blood vessels (BV) with mononuclear infiltrations in the interstitial tissue (lined oval area).
(F) The resveratrol + Ag NPs group showed normal renal corpuscles (G) with narrow Bowman’s space (*), proximal convoluted tubules (P) with an epithelial cell
having vesicular nuclei (arrowhead), distal convoluted tubules (D) with apical nuclei (curved arrow) and some tubules still had pyknotic nuclei (zigzag arrow). (H &
E, X 400; scale bar, 50 pm).

[ control

[l Vehicle

[E Resveratrol

[ silver nanoparticles

[ Resveratrol+silver nanoparticles

|Area % of collagen fibers

Fig. 11. Photomicrographs of renal cortex sections of different groups; (A, B): The control and resveratrol groups respectively showed minimal amounts of collagen
fibers surrounding the glomeruli (arrow). (C-E): The Ag NPs group showed high collagen fiber deposition within the glomerulus (zigzag arrow), around glomeruli
(arrow), and in the interstitial tissue around blood vessels (curved arrow). (F) The resveratrol + Ag NPs group showed a nearly normal distribution of collagen fibers
around the glomerulus (arrow). (Masson trichome, x 400; scale bar 50 um). (G) Effect of Ag NPs on collagen deposition in the renal cortex among different studied
groups, and role of resveratrol. Values are presented as the mean =+ standard deviation (SD) in each treatment. *: p < 0.05 compared to control, vehicle and
resveratrol groups, #: p < 0.05 compared to silver nanoparticles group.

parameter (p < 0.001) Table 6. (control & resveratrol groups) showed negative expression of TGF-p1 in
the glomeruli and epithelial cells of the tubules, Fig. 12A, B. Group IV
(Ag NPs) revealed strong positive cytoplasmic TGF-f1 immunostaining
4.9. Immunohistochemical results in the form of brown stains distributed in the cytoplasm of glomerular

and epithelial cells of distal convoluted tubules. Also, a heavy brown
Regarding TGF-pl immune-marker expression, groups I and III
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Table 6

Statistical evaluation of mean values of the kidney histopathological scoring in the studied groups.
Rat number Control Vehicle Resveratrol Silver nanoparticles Resveratrol + Silver nanoparticles Kruskal-Wallis test P value
1 1 0 0 5 1 18.85 0.0008
2 0 1 0 4 2 < 0.05
3 1 0 1 6 2
4 0 1 0 8 1
5 0 0 0 6 2
6 1 1 1 9 0
mean + SD 0.5+ 0.54 0.5+ 0.54 0.33 £0.51 6.33 & 1.86" 1.33+0.81"

n=6)

@ : highly significant difference as compared to the control group (p < 0.001),
b : highly significant difference as compared to the Ag NPs group (p < 0.001)

{3 Control

B3 Vehicle

B Resveratrol

[ Silver nanoparticles
Resveratrol+silver nanoparticles

*
=

|

Fig. 12. Photomicrographs of renal cortex sections of different groups; (A, B): The control and resveratrol groups respectively showed negative expression of TGF-f1
in the glomeruli (arrowhead) and epithelial cells of the tubules (arrow). (C, D): The Ag NPs group showed positive cytoplasmic TGF-p1 immunostaining in glomeruli
(arrowhead), epithelial cells of distal convoluted tubules (arrow), and strong positive expression in the walls of blood vessels (curved arrow). (E) The resveratrol + Ag
NPs group showed mild positive expression in the glomeruli (arrowhead) and epithelial cells of the tubules (arrow). (TGF-p1 immunostaining, X 400, scale bar
50 um). (F) Effect of Ag NPs on optical density (OD) of TGF-p1 immunoreactions in the renal cortex among different studied groups, and role of resveratrol. Values
are presented as the mean + standard deviation (SD) TGF-f1 immunoreactions. * : p < 0.05 compared to control, vehicle and resveratrol groups, #: p < 0.05

compared to silver nanoparticles group.

positive expression was observed in the walls of blood vessels. In addi-
tion, Ag NPs treated rats (group IV) showed a highly significant increase
(p<0.001) in the optical density (OD) of TGF-f1 immunoreactions when
compared with groups I, II, and III, Fig. 12C, D, F. While group V
(resveratrol + Ag NPs) exposed minimal cytoplasmic brown stains with
a highly significant decrease in OD of TGF-p1 (p<0.001) relative to Ag
NPs group (group IV). Fig. 12D, E, F.

Regarding claudin-1 immune-marker expression, groups I and III
(control & resveratrol groups) showed negative expression of claudin-1
staining in the epithelial cells of convoluted tubules as well as of the
glomeruli, Fig. 13A, B. Group IV (Ag NPs group) revealed strong positive
claudin-limmunostaining in the form of brown cytoplasmic stains in
glomeruli in addition to epithelial cells of distal convoluted tubules.
Group IV demonstrated a highly significant increase in OD of claudin 1
in comparison with groups I, II, and III (p<0.001), Fig. 13 C, E. While,
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group V (resveratrol + Ag NPs) exposed moderate brown cytoplasmic
stains with a significant reduction in OD of claudin 1 compared to group
IV (p<0.05), Fig. 13D, E.

5. Discussion

As a part of our daily lives, exposure to nanoparticles has become
unavoidable [71]. Extensive uses of Ag NPs in different industries as
medicine, food, and agriculture, make the researchers and others focus
on studying their potential health hazards on various biological systems
[67,95,96]

This study was carried out to examine the possible renal toxic out-
comes of exposure to Ag NPs on adult male albino rats and the possible
underlying mechanisms with the evaluation of resveratrol in ameliora-
tion or protection against such effects.
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Fig. 13. Photomicrographs of renal cortex sections of different groups; (A, B): The control and resveratrol groups respectively showed negative expression of claudin-
1 in the glomeruli (arrow) and epithelial cells of the convoluted tubules (curved arrow). (C): The Ag NPs group showed positive cytoplasmic claudin-1 immuno-
staining in glomeruli (arrow), epithelial cells of distal convoluted tubules (curved arrow). (D) The resveratrol + Ag NPs group showed moderate positive expression
in the glomeruli (arrow) and epithelial cells of the tubules (curved arrow) (Claudin 1 immunostaining, X 400, scale bar 50 um) (E). Effect of Ag NPs on optical density
(OD) of claudinl immunoreactions in the renal cortex among different studied groups, and role of resveratrol. Values are presented as the mean + standard deviation
(SD) Claudin 1 immunoreactions. * : p < 0.05 compared to control, vehicle and resveratrol groups, #: p < 0.05 compared to silver nanoparticles group.

The results of this scientific research revealed a reduction in absolute
and relative kidney weight in rats taking Ag NPs for 4 weeks. These are
compatible with the results of [88] who found a reduction in kidney
weight after 60 days of Ag NPs treatment, unlike [62] who found
non-significant alterations in the reno-somatic index during the 28-day
study.

Concerning blood and urinary renal injury biomarkers, Ag NPs usage
caused obvious increases in serum levels of creatinine and urea which
are in agreement with several studies that showed adverse renal insult of
Ag NPs [30,36,59,62,78,99].

Administration of Ag NPs for 4 weeks caused a rise in serum levels of
potassium and a decrease in serum levels of sodium, in addition to in-
creases in urinary levels of KIM-1, NGAL, and cystatin C in this experi-
mental study. Beltagy et al., [10] displayed an increase in potassium
levels with a decrease in sodium levels after treatment of rats with
Magnetite silver nanoparticles for 4 weeks. Damaged tubular cells may
be the cause of hyperkalemia and hyponatremia as occurs in chronic
renal failure [82].

Searching for new early and sensitive biomarkers for kidney injury
instead of routine serum creatinine is on the rise due to many reasons
including the influence of serum creatinine by non-renal factors such as
age, gender, dietary habits, muscular mass, and hydration status [52].
Also, serum creatinine may not rise except after loss of more than half
the renal function, so, it doesn’t give an actual estimation of glomerular
filtration [22].

NGAL, KIM-1, and cystatin-C are new promising early renal bio-
markers [70]. Urinary NGAL and KIM-1 were increased in synchroni-
zation with the increased ratio of urine albumin-to-creatinine, making
them significant predictors of albuminuria [104]. Cystatin C is used to
assess glomerular filtration rate and predict renal dysfunction
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progression better than serum creatinine [40].

In this study, Ag NPs administration caused increases in oxidative
stress markers involving protein carbonyl, myeloperoxidase activity,
MDA, and xanthine oxidase with a reduction in antioxidant markers
including superoxide dismutase and catalase activity in renal tissues.
Moreover, it decreased serum SIRT1 levels and induced upregulation of
IL1-B, TNF-a, and MCP-1gene expressions with downregulation of
nephrin and podocin gene expressions in renal tissues. Administration of
resveratrol with Ag NPs resulted in partial improvement of all
biochemical parameters.

We observed negative correlations between podocin, nephrin,
oxidative stress markers, and pro-inflammatory cytokines (IL1-p, TNF-
o). However positive correlations between podocin, nephrin, superoxide
dismutase, catalase, and with SIRT1 levels. The opposite of the previous
results was observed when correlated between the result of MCP-1 and
the results of the above parameters.

Our results are in parallel to many studies demonstrating the ability
of Ag NPs to increase oxidative stress markers with a decline in anti-
oxidant markers [30,3,50,59,78].

After Ag NPs come into the cell via endocytosis, they are moved to
the lysosome. The acidic milieu of the lysosome causes dissolution and
liberation of silver ions, and then degradation of the cell with the
liberation of nanosilver occurs releasing a high amount of reactive ox-
ygen species (ROS) and causing a higher grade of cytotoxicity [61,93,
102]. According to [80] study, the NADPH oxidase (NOX) family,
especially NOX4, is the main origin of renal ROS. A correlation and
matchmaking between NOX4 up-regulation and ROS production was
found in a study done by [51], supporting the point that NOX4 is the
main source of Ag NPs -induced toxicity.

Adult podocytes lack the ability of self-renewal, with oxidative
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stress, inflammatory processes, apoptosis, and autophagy resulting in a
reduction in nephrin and podocin proteins essential for maintaining
podocyte’s structure and functions with subsequent development and/
or progression of glomerular diseases [47].

Several in vitro studies displayed that oxidative stress induced by
different insults can cause podocyte damage [103,56]. In cultured
podocytes, induction of NOX4 expression by high glucose and TGF-p1
increased ROS production causing a variety of lesions including podo-
cyte apoptosis, inflammation, and fibrosis [14,37].

Many studies have established that Ca®* homeostatic proteins are
sensitive to oxidative stress, making them important targets of ROS [89].
A widely expressed channel in different kidney cells including podocytes
is Ca?*-permeable transient receptor potential cation channel 6 (TRPC6)
[25] whose failure is neatly related to proteinuria [19]. Regression and
damage of podocyte foot processes caused by overexpression of TRPC6
affect glomerular filtration [98]. A study by [51] displayed an over-
expression of TRPC6 after 3 weeks of Ag NPs exposure which was
matched with the urinary microalbumin present in that study.

There is a link between oxidative stress and the inflammation
pathway. It was reported that the production of inflammatory cytokines
like IL-1p and TNF-a can be triggered by excess ROS through activating
mediator signaling molecules [60]. This is supported by the study of
[51] who found that TNF-a and IL-1f expression in renal tissues upre-
gulated after 2-3 weeks of Ag NPs exposure emphasizing the relation
between proinflammatory cytokines and ROS and proposed that
oxidative stress has a role in nephrotoxicity caused by Ag NPs. More-
over, increased levels of renal inflammatory cytokines IL-1p, TNF-«
associated with excess ROS were observed after exposure to Ag NPs in
the kidney by previous studies [78,81].

One of the possible mechanisms of proteinuric glomerulopathies is
glomerular inflammation. Podocytes can contribute to glomerular
inflammation by releasing inflammatory cytokines when injured and
also, they express receptors for different inflammatory cytokines (e.g.,
TNF-a and IL-1f) putting them as potential targets of the baleful effects
of these inflammatory cytokines [68,8].

Different cell types in the kidney secrete the MCP-1 including
podocytes. Activation of glomerular monocyte occurs in response to the
joining of MCP-1 to the cognate receptor, C-C chemokine receptor 2
(CCR2) [8]. MCP-1 can harm podocytes by attracting macrophages, and
by direct influence on podocytes that express CCR2 and it has overex-
pressed in several proteinuric diseases. In addition, in vitro research has
shown the joining of MCP-1 to CCR2 can down-regulate nephrin,
podocyte peregrination, and apoptosis [7].

SIRT 1 is the main member of the sirtuin family which is a group of
nicotinamide adenine dinucleotide (NAD+)-dependent deacetylases
involved in the regulation of histones deacetylation in the promoter
regions of the downstream gene. Alteration of this process results in
many injurious effects including podocytopathy, apoptosis, autophagic
cell death, inflammatory responses, disruption of cell-cell adhesion, and
release of reactive oxygen radicals [18].

Chuang et al., [11] and [31] have revealed that SIRT1 has a pro-
tective function against podocyte injury. This is in line with that finding
detected by [58] and [38] who noticed marked exacerbation of podo-
cyte damage in podocyte Sirtl knockout mice.

Consistent with our results, Wang et al. [94] stated clinical proof
proved that the downregulation of SIRT1 was associated with inflam-
matory processes which have been ameliorated (attenuated) by resver-
atrol through pharmacological activation of SIRT 1.

In the current study, the histopathological changes of the kidney
ensure the biochemical findings of treated animals. The treated animals
showed glomerular and tubular alterations and distortion with marked
atrophy of the glomerulus and widening of the Bowman’s space. Also,
there was flatting of tubular lining epithelium that showed degeneration
with pyknotic nuclei and sloughing of cells from their basement mem-
brane into their lumen. These changes were in agreement with [62] who
reported the same changes in the kidney treated with Ag NPs for
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repeated 28 days. They explained these histopathological changes due to
the accumulation & deposition of Ag NPs along the mesangium and
glomerular basement membrane, as kidneys are one of the most sus-
ceptible organs after long nanoparticle exposure [39].

Atrophic changes with the widening of Bowman’s spaces were
attributed to periglomerular fibrosis and thickening of the glomerular
basement membrane leading to disturbance in glomerular outflow and
cystic changes in Bowman’s space [85]. Confirming the deleterious ef-
fects of toxic nanoparticles, evaluations of different kinds of nano-
particles have shown the same results [1,53,76].

Vascular congestion and cellular infiltration detected in this study
were consistent with other studies which reported that different nano-
particles resulted in congestion and expansion of renal tubular capil-
laries with infiltration of inflammatory cells [34,65]. The authors
related these vascular changes to the oxidative stress effect of Ag NPs,
the defense mechanism against an injurious toxin, and the increase in
the cell membrane permeability, leading to intracellular accumulation
of water [74,90].

The current study showed marked collagen deposition inside the
glomeruli, peritubular, and interstitial tissue around blood vessels be-
tween renal tubules in the silver nanoparticles group (IV) compared to
other groups. This was confirmed morphometrically as the mean area
percentage of collagen fibers in group IV was significantly higher than
that of the other groups. These findings are in accordance with the re-
sults of [62].

The excessive accumulation of collagen fibrils is associated with
interstitial tissue fibrosis which is a common feature of various diseases
that causes chronic renal failure [9].

A variety of inflammatory cells and growth factors, such as TGF-p1,
participated in renal interstitial fibrosis. TGF-f1 is thought to be a key
mediator in this fibrosis process [23]. This explained the increased
expression of TGF-B1 in group IV (silver nanoparticles) which revealed
strong positive cytoplasmic TGF-pl immunostaining in the form of
brown stains distributed in the cytoplasm of glomerular and epithelial
cells of distal convoluted tubules, also in the walls of blood vessels. This
was confirmed morphometrically where there was a highly significant
increase in the optical density (OD) of TGF-f1 immunoreactions in
group IV when compared with other groups. These results are consistent
with the results of [62] who found an increase in the expression of
TGF-p1 three times in the group treated with 125 mg/kg of Ag NPs more
than the control group.

The positive relationship between the appearance of TGF-p1 and the
severity of renal dysfunction associated with tubulointerstitial injury has
been stated also in many studies, which reported that TGF-p1 contrib-
utes to tubulointerstitial damage and renal dysfunction by inducing
apoptosis and increasing fibrosis leading to tubular epithelial cell loss
[5,871.

SIRT1 is an antifibrotic factor that was recorded by previous studies
on different organs [13,42]. In renal tissues, SIRT1 can reduce renal
fibrosis by inhibiting TGF- p1 signaling through deacetylating Smad3,
and this effect was partially protected by the addition of resveratrol [32,
101]. This point is consistent with our results in which treatment with
Ag NPs reduced SIRT1 levels with increased expression in TGF- f1, and
resveratrol protected against such changes.

Claudin is a fundamental component of tight junction complexes in
epithelial, endothelial cells, and podocytes [43,45,92]. Claudin-1 is one
of the claudin subtypes that is expressed in the tight junctions of parietal
epithelial cells of Bowman’s capsule in both human patients with
glomerulonephritis and murine models, so it is considered a marker of
parietal epithelial cells of Bowman’s capsule [41,83].

In the present study, Group IV (silver nanoparticles group) revealed
strong positive claudin-limmunostaining in the form of brown cyto-
plasmic stains in glomeruli in addition to epithelial cells of distal con-
voluted tubules. This was confirmed morphometrically in which there
was a significant increase in OD of claudin 1 in group IV in comparison
with other groups with partial protection provided by resveratrol as
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shown in group V. These results are in accordance with those of [41,44],
who discovered claudin-1 immunohistochemistry expression in cres-
centic lesions of the human renal cortex, which include the collecting
duct, distal convoluted tubule, and parietal epithelium of Bowman’s
capsule.

Also, SIRT1 acts as an important regulator of podocyte function and
can modify the tight junction claudin-1 expression in podocytes. It was
noticed that diabetes downregulates SIRT1 in proximal tubules resulting
in increased claudin-1 expression in podocytes leading to an increment
in glomerular permeability with albuminuria [29]. This is consistent
with our results as Ag NPs in group (IV) reduced SIRT1 levels with
increased claudin-1 expression, and resveratrol protected against such
changes.

Moreover, a recent study suggested that the inflammatory cells and
fibrosis around the glomeruli and renal tubules cause an increase in
claudin-1 expression [35]. This was strengthened by the study of [4]
who proved that TNF-a increases claudin-1 expression in the pig tubular
cell. This is following our results where there was significant upregu-
lation of the TNF-a gene and claudin-1 immuno-expression in the Ag NPs
group (IV) compared to other groups, but, administration of resveratrol
with Ag NPs in the group (V) protected these upregulations.

The above-mentioned biochemical, histopathological, and immu-
nohistochemical results in the treated group (IV) exhibited obvious
improvement with the administration of resveratrol+Ag NPs in group
(V). This renoprotective effect of resveratrol was related to its inhibition
of the production of reactive oxygen and reactive nitrogen species,
restoration of endogenous antioxidants (SOD, CAT, and glutathione
peroxidase), and improvement of vascular function by increasing nitric
oxide synthesis and inhibition of its degradation [64,79]. Also, de Sa
Coutinho et al. [17] stated that resveratrol has potent anti-inflammatory
activity in renal mesangial cells through modification of the p38
mitogen-activated protein kinase signaling pathway

Pan et al., [64] observed a significant reversal of proteinuria, asso-
ciated with recuperation expression of nephrin and podocin protein with
repression of renal NF-xB activity, TNF-a, and MCP-1 level after
resveratrol usage. Moreover, [33,51] assumed the renoprotective effect
of resveratrol with alleviation of podocyte injury due to stimulation of
autophagy together with suppression of NF-kB signaling pathway and
oxidative stress processes.

Moreover, these results are matched with the results of [26] who
proved that resveratrol application significantly ameliorates
hypertension-induced morphological changes in the kidney.

6. Conclusion

Renal toxicity caused by Ag NPs was demonstrated by elevated levels
of NGAL, KIM-1, cystatin, creatinine, urea, and potassium. Increased
oxidative stress markers (protein carbonyl, MDA, myeloperoxidase ac-
tivity) and decreased antioxidant markers (SOD, catalase) in renal tis-
sues were the mediating factors for these detrimental effects.
Furthermore, it was noted that inflammatory markers (TNF-o and IL1-)
were upregulated. These were linked to the downregulation of nephrin
and podocin, as well as overexpression of MCP-1 expressions in renal
tissues, and reductions in serum levels of SIRT1. The glomerular and
tubular alterations, distortion with marked atrophy of the glomerulus,
widening of the Bowman’s space, flatting of the tubular lining epithe-
lium with pyknotic nuclei, and sloughing of cells from their basement
membrane; all of which were histopathologically detected in renal tis-
sues supported these toxic changes, in addition to a noticeable rise in
TGF-pl and Claudin-1 immune expression. Resveratrol’s antioxidant,
anti-inflammatory, and SIRT1-activating properties offered protection
against the aforementioned alterations.
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