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Abstract

Silver nanoparticles (AgNPs) is used in
many industries due to their exclusive
antibacterial, antiviral, antiproliferative,
and tissue-engineering properties.
Toxicological concerns of these
nanoparticles was raised due to their
accumulation in many organs where they
can induce oxidative stress and
inflammation. This study aims to study the
toxicological effects of AgNPs through
biochemical and molecular analysis.
Reactive oxygen species (ROS) produced by
the presence of AgNPs compromises
antioxidant resistance, translocate and cross
biological barriers, like the blood- brain
barrier (BBB), and accumulate in brain
tissues, leading neurodegenerative
disorders.

In this study, Wistar male rats were injected
intraperitoneally to different doses of
AgNPs doses over a three-week period to
test both acute and chronic toxicity. Four
groups of rats were divided as following: a
control group treated with saline and three
treatment groups receiving different doses
of AgNPs (500 mg/kg for acute, 50 mg/kg,
and 30 mg/kg for chronic exposure). Rats’
body weights were measured at the end of
treatment, blood samples were collected for
hematological analysis. Furthermore, the
liver and brain tissues were used to examine
the presence of AgNPs in cells.

Biochemical tests conducted included

measurements of total leukocyte count,

erythrocyte count, hemoglobin levels,
hematocrit, and red blood cell indices. Liver
function tests were conducted along with
assessments of antioxidant enzyme
activities, such as glutathione S-transferase
(GST), glutathione peroxidase (GPx),
catalase (CAT), and glutathione (GSH)
levels, in addition to evaluating lipid
peroxidation through thiobarbituric acid
reactive substances (TBARS). In the brain,
acetylcholinesterase (AChE) activity and
Na*/K* ATPase activity were measured to
assess the neurological impacts of AgNP
exposure.

The study’s results indicate that AgNPs
increased oxidative stress markers and
induced cellular damage as indication of
cytotoxicity. This confirmed the potential
toxicological effect of AgNP, especially for
nervous system. These findings underscore
the further research to determine safe
exposure limits the use of AgNPs.

Keywords: Toxicology; Liver; Nanoparticles;
Silver.

1. Introduction

Nanotechnology have rapidly developed especially
due to new, beneficial properties of nanomaterials.
The convergence of nanotechnology with
nanomedicine has added new hope in the
therapeutic and pharmaceutical field [1].
Decreasing particle size in the nanoscale has been
identified as a main parameter for the increased
toxicity =~ of nanomaterials. Polystyrene, for
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instance, is a very biocompatible polymer used in
cell culture however, nanoparticles made from this
material are cytotoxic [2].

Silver (Ag) NPs are an example of the numerous
different types of NPs being engineered for use in a
wide array of consumer, industrial and
technological applications [3, 4]. Silver is a
metallic element that is utilized in a broad range
of applications, such as jewel, cutlery, monetary
currency, dental fillings, photography, or
explosives [5]. However, silver is better known for
its application as an effective antibiotic agent in
various products. Recently, it has become popular
to use silver in its nanoform into products such as
cosmetics, textiles, food boxes, sprays, wound
dressings, etc, and today nanoparticles of silver
is the most common nanomaterial found in
consumer products [6]. Another exposure source is
by means of the oral and dermal administration of
ionic and nanoparticulate silver as a “universal
remedy” [4, 5].

Though AgNPs are used in many antibacterial
applications, the action of this metal on microbes is
not fully known. It has been hypothesized that silver
nanoparticles can cause cell lysis or growth
inhibition via various mechanisms. The lethality of
silver for bacteria can also be in part explained
by thiol group reactions that inactivate enzymes
[7]. Silver nanoparticles were found to have an
effective bactericidal action against MRSA
(Methicillin resistant Staphylococcus aurious)
regardless of the resistance mechanisms that confer
importance to these bacteria as a drug resistance
bacteria [8].

Recent studies of silver nanoparticles as an
anticancer agent revealed that exposure of Ag-NPs
resulted in chromosomal abnormalities, inhibition
of proliferation, observed as failure to form
colonies, and absence of recovery selectively in
cancer cells, which add new hopes for preventing
cancer cell metastasis [9].

Studies on bio-distribution of AgNPs administered
to rats orally or intravenous injection indicate that
the highest absorption occurs in liver, spleen,
kidney, and gonads, with the lowest observed in
lungs and brain [10, 11]. When these nanoparticles
administered via intranasal or inhalation routes,
silver concentrations were enhanced in blood, liver,
lungs, kidney, olfactory bulb, and brain [12].

Based on the previous studies, it can be revealed
that AgNPs enter the brain via the upper respiratory
tract and mobilize along nerves in the olfactory bulb
when administered by inhalation, or via the BBB
when administered systemically or orally. In
addition, it was found that the brain is not cleared
of accumulated AgNPs, even during a prolonged
recovery period. AgNPs of small diameter have a

long half-life in the brain, indicating that the BBB
impedes their transfer back to the blood. The
tendency of AgNPs to accumulate in the brain
increase the risk of significant long-lasting
pathological effects [13].

Recent literature suggests cytotoxicity to be related
to oxidative stress and pro-inflammatory gene
activation [14]. Further to particle-related factors,
the administered dose, route of administration and
extent of tissue distribution seem to be important
parameters in nano-toxicity. Typically, cell-based
toxicity studies use increasing doses of the NP in
order to observe dose-related cellular or tissue
toxicity. Such dose response correlations are the
basis for determining safe limits of particle
concentrations for in vivo administration. It is
sensible to assume that bio-distribution,
accumulation, metabolism and excretion of NPs
will differ depending on the route of administration
as will its toxicity. Different routes of
administration show different rates of distribution
and accumulation thus this shows different rates of
toxicity [15]. Pulmonary exposure shows
tremendous potential toxicity due to NPs
aggregation and subsequent tissue inflammatory
reactions. Intravenous and oral NPs administrations
inherently have a more rapid systemic effect
compared to transdermal administration and once
within the circulation, most substances are subject
to first-pass metabolism within the liver where they
may accumulate or distribute via the vasculature to
end organs including the brain. Despite its innate
protection by the BBB against external chemical
insults, the potential for nanoparticulate matter to
percolate through tight junctions renders the brain
vulnerable to potential particle-mediated toxicity
[16]. Topically applicable nanoparticles show
potential local toxicity with mild systemic effects
depending on frequency and dose to be applied.
Topically and  systemic  ingested  silver
nanoparticles can induce the benign condition
known as argyria, a grey blue discoloration of the
skin and liver caused by deposition of Ag particles
in the basal laminae of such tissues. This has
prompted a limitation on the recommended daily
dosage of Ag [17]. Furthermore, numerous toxicity
studies focusing on AgNPs have been carried out on
cell lines including mouse fibroblast, rat liver,
human hepatocellular carcinoma and human skin
carcinoma cells showing a potential rise in ROS and
oxidative-stress mediated cell death and apoptosis
[18]. Dermal penetration studies are ideally carried
out on porcine skin due to its resemblance to that of
humans in terms of thickness and rate of absorption.
Many studies have indicated the propensity for
AgNP to accumulate within the liver and induce
oxidative stress-related toxicity. Certain parameters
influencing the degree of toxicity include particle
concentration, size, shape and the ability to deplete
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cells of antioxidants [19].

Oxidative  stress-dependent cytotoxicity —was
firstlay confirmed by Kim et al., 2009 who were
able to significantly improve viability of rat
hepatoma cells exposed to AgNP after pre-treating
cells with the naturally occurring anti-oxidant N-
acetylcysteine [20].

A study conducted by Costa et al., suggests
mitochondrial dysfunction and impaired energy
production as the possible underlying mechanism
of neurodegeneration [21]. AgNPs results in a
reduction in synaptic proteins, cytoskeletal
integrity, mitochondria functionality and cell
viability in a dose-dependent manner [22].
Specifically, AgNPs not only inhibited neurite
extension and overlap during the early stage of
neuronal  development, but also caused
degeneration of neuritic processes or aberrant
aggregations of cell bodies in well-established
neurons and their networks. AgNPs-induced
neurotoxicity involved altering cytoskeletal
proteins (e.g.p-tubulin and F-actin), dissolution of
synaptic  proteins and compromising  of
mitochondria function [23, 24].

The aim of this study was to investigate the effects
of silver nanoparticles (AgNPs) on biochemical and
molecular parameters in rats, with a particular focus
on elucidating the potential link between AgNP
toxicity and the incidence of neurodegenerative
diseases. Furthermore, by examining AgNP-
induced oxidative stress, inflammation, enzyme
inhibition, and their potential elevation. Through
this research, we intend to elucidate the link
between AgNP toxicity and neurodegeneration.

2. Materials and Methods

All chemicals used were of either analytical
reagent, molecular biology or chromatographic
grade as appropriate. Silver nanoparticles (Ag nps)
were obtained from Nanomaterials Co., USA.
Spherical silver nanoparticles with a mean diameter
of 20nm were used throughout the experiment.

The physical properties of silver nanoparticles were
characterized using Scanning Electron Microscope,
Electron Microscope Unit, College of Science,
Alexandria University, Alexandria, Egypt.

2.1 Animals and Treatments

Male rats weighing approximately 140- 160 g were
obtained from Egyptian Company for Serums,
Vaccines and Medicines, Helwan, Cairo, Egypt.
The animals were housed in cages (6 per cage) in
the animal house facilities at the Inistitute of
Graduate Studies and Research, Alexandria
University. The animals fed a standard laboratory
diet and water. The animals were kept under
controlled hygienic conditions and maintained at a
temperature 24 + 1°C with 50% humidity and time

controlled lighting to a 12 h light/day. Rats were
kept for two weeks for acclimation at room
temperature before treatment. All rats were handled
in accordance with the standard guide for care and
use of laboratory animals (OECD 1992 guidelines
407). The rats were divided into four groups 6
animals each. A control group, received normal
saline at dose of 1 ml/rat intraperitoneal three times
per week. Silver nanoparticles acute dose group
were received a single dose of 500 mg/kg body
weight of SNPs intraperitoneal. Silver nanoparticles
were prepared in deionized water and solubilized by
sonication at room temperature for 30 minutes. A
third group, silver nanoparticles high does chronic
group were received 50 mg/kg body weight of SNPs
intraperitoneal for three times per week and for
three weeks. The fourth group, silver nanoparticles
low dose chronic group were received 30 mg/kg
body weight of SNPs intraperitoneal for three times
per week and for three weeks.

The concentration of silver nanoparticles used in
this study was determined from sub lethal dose
according to LD50 of silver nanoparticles
mentioned in material safety data sheet and
literature reviews. AgNPs were dissolved in
deionized water and by sonication. After treatment,
the animals were sacrificed after being anesthetized
with light ether. Liver and brain tissues were rapidly
removed from the animal groups and placed on ice.
Small fractions from the brain tissues were removed
immediately and immersed in RNA Later solution
(Ambion, Courtier, France) and kept at 4

°C for overnight after which all samples are stored
at -20 °C till used for RNA isolation and
purification. Blood samples were also collected by
direct heart puncture in heparin treated sterilized
tubes.

2.2 Total protein Determination by Lowry

Total protein was determined according to Lowry
[25]. For each protein sample to be determined, 2.5
ml of reagent E was added, mixed well and let to
stand for 10 minutes at room temperature. After
which, 0.25 ml of reagent F was added and mixed
well and let to stand for 30 minutes at room
temperature then, the absorbance was measured at
750 nm against a blank of 0.5 ml of sample buffer
containing the same reagents previously described
and under identical assay conditions. Bovine serum
albumin (Sigma- Aldrich chemical Co, USA) was
used as a standard at a concentration of 0.5 mg/ml.

2.3 Biochemical Characteristics of Blood

Blood samples collected in heparin-treated tubes
were analyzed for hematological parameters Hb,
hematocrite, packed cell volume (PCV), Red Blood
Cells (RBCs) count and White Blood Cells (WBCs)
count. Plasma was collected by centrifugation at
700xg for 20 minutes and stored at -80 °C.
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Hemoglobin concentration was measured in the
whole blood shortly after collection using Hb
determination kit (Diamond Diagnostics Egypt).
RBCs were counted on an AO bright line
hemocytometer using a light microscope at 430 X
magnification. Blood samples were diluted 200
times with physiological saline solution before
counting. Microhematocrit tubes with a hematocrit
centrifuge at a speed of 16,500 xg for 5 minutes
were used to determine PCV. WBCs were counted
on AO bright line hemocytometer using a light
microscope at 100 X magnification after diluting
blood samples 20 times with a diluting fluid
containing, 1% acetic acid and a few microliters of
Leshman’s stain before counting.

Blood indices were calculated according to
Wintrobe et al., [27] to determine the changes in red
blood corpusles as follow; MCV (cu p) =PCV (%)
No. RBCs per 100 ml, MCH (pg) = Hb (gm per 100
ml)/ No. RBCs per 100 ml, and MCHC (%) = [Hb
(gm per 100 ml)/PCV (%) x 100.

2.4 Measurement of Liver function
2.4.1 Assay of Aspartate Aminotransferase (AST)

AST was measured according to Reitman and
Frankel (1957) [27]. The incubation reaction
contained 0.5 ml of AST substrate (0.1 M phosphate
buffer pH 7.5, 0.002 M a-oxoglutarate and 0.2 M L-
aspartic acid). The protein samples 0.1 ml were then
added and the reactions were proceeded at 37°C for
60 minutes. Color forming reagent, 2,4-
dinitrophenylhydrazine, was then added and the
reactions tubes were left for 20 minutes at room
temperature after which the alkaline reagent, 0.4 N
NaOH was then added and left for 5 minutes. The
absorbance was read at 505 nm against a blank
solution containing distilled water.

2.4.2 Assay of Alanine Aminotransferase (ALT)

ALT was measured according to Reitman and
Frankel [27]. The reaction mixture contained 0.5 ml
of ALT substrate (0.1 M phosphate buffer pH 7.5,
0.002 M a-oxoglutarate and 0.2 M dL-alanine). The
mixture was incubated at 37 °C for 5 minutes
followed by the addition of 0.1 ml of sample after
which the reaction was continued for 60 minutes at
37 °C. Color forming reagent (2,4-
dinitrophenylhydrazine) was then added and left for
20 minutes at room temperature after which
alkaline reagent 0.4 N NaOH was added and left for
additional 5 minutes. The absorbance was read at
505 nm against blank solution containing distilled
water.

2.4.3 Assay of Alkaline Phosphatase (ALP)

ALP was measured according to Belfield and
Goldberg [28]. Reaction mixture contained 0.5 ml
of 50 mM phosphate buffer, pH 10.0 and 5 mM

phenylphosphate and 0.025 ml of protein samples.
The reaction mixture was incubated at 37 °C for 20
minutes after which the reaction was terminated by
the addition of 100 mM EDTA and 50 mM 4-
aminophenazone. Color forming reagent composed
of 200 mM potassium ferricyanide was then added
to the reaction tube, mixed well and stand for 5
minutes at room temperature in dark place. The
liberated p-nitrophenol was then measured
spectrophotometrically. One ml of working reagent,
10 ml of buffering reagent contained, 0.9 M/L 1-
amino-2-methyl-1-propanol buffer pH 10.5 and 2
mM magnesium sulfate to substrate reagent,

5.5 M p-nitrophenylphosphate. This mixture was
incubated at 37 °C for 30 minutes after which the
alkaline reagent, 10 ml of 0.4 N NaOH was then
added and the absorbance was read at 510 nm. One
unit of enzyme activity was the amount of enzyme
that liberate one micromole of phenol per minute at
the indicated temperature.

2.5 Measurement of Brain Toxicological

effects
2.5.1 Assay of Acetylcholinesterase (AChE)

Assay of Acetylcholinesterase (AChE) in the brain

Brain tissue was homogenized in a glass Teflon
homogenizer in a buffer solution contained 0.25 M
sucrose, 1% Triton-X100 in 0.1 M phosphate buffer
pH 7.4 in a ratio of 1:3 (brain tissue weight: buffer).
After homogenization, filtration was carried out
through double sheath cloth after which
centrifugation was done at 10,000 xg for 10
minutes. The supernatant was collected, aliquots
and stored at -80 °C wuntil it wused for
acetylcholinesterase assay.

Acetylcholiesterase  activity ~was  measured
according to Ellman et al., [29]. The reaction
mixture contained 750 ul of 0.1 M phosphate buffer
pH 7.4, 25 pl DNTB and 100 pl brain tissue
homogenate. The reaction tubes were then shaken
and the absorbance of the yellow color produced
was measured spectrophotometrically at 412 nm
previously adjusted to zero using a blank contained
all of the reagent mix except the enzyme. 25 pl of
0.075 M acetylcholine iodide was added gently to
ensure thoroughly mixing and the absorbance was
measured every 30 seconds over a period of 7
minutes. Specific activity was expressed as pmoles
product formed per minute per mg protein using
molar extinction coefficient of the adduct formed
between thiocholine and DTNBas 13.6 uM *' cm ..

2.5.2 Assay of Adenosine Triphosphatase (ATPase)

Isolation of mitochondria from the brain tissue,
Brain tissues were dissected and placed on ice cold
medium containing 0.25 M sucrose, 1 mM EDTA,
and 20 mM Tris-HCI, pH 7.4 and homogenized
with Teflon homogenizer for 30 seconds. The brain
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homogenate was filtered through a double layer of
cheese cloth after which centrifugation was carried
out at 750 xg for 10 minutes at 4 °C using high
speed centrifuge Beckman Model J 2-21. The
supernatant fraction was the collected and
centrifuged at 9000 xg for 10 minutes at 4 °C to give
a mitochondrial pellet. Mitochondrial pellet was
resuspended in 0.25 M sucrose and stored at -20 °C
until used for the assay.

2.5.3 Assay of Mitochondrial brain Na*/K* ATPase

Brain mitochondrial Na*/K* ATPase activity was
determined using end point of phosphate analysis
following the method of Taussky and Shorr [31]. A
1.0 ml reaction mixture contained 5 mM ATP, 5
mM MgCl,, 100 mM NaCl, 20 mM KCl, 135 mM
imidazole/HCl buffer, pH 7.5 and 35-40 pg of
enzyme. The reaction was initiated by the addition
of the mitochondrial fraction and allowed to
proceed for 30 minutes with constant shaking at 37
°C. After the incubation period the reaction was
terminated by the addition of 0.1 ml of 50% ice-
cold TCA. The total ATPase activity was measured
in the presence of Na*, K*, and Mg™ ions in the
reaction mixture. The Mg'? ATPase was measured
in the presence of 1 mM oubain, a specific inhibitor
for Na'/ K* ATPase. Na'/ K' ATPase was
determined as the difference between total and
Mg*? ATPase. Inorganic phosphate was estimated
in each supernatant fraction and the absorbance
obtained was compared to a standard curve of
known Na,HPOs concentrations between 0.1-1
umoles/ml.

2.6 Determination of antioxidant enzymes

2.6.1 Determination of Glutathione S-transferase
(GST)

Glutathione S-transferase activity in the liver
homogenate was measured according to the method
of Habig et al., [32]. The reaction mixture contained
30 pg protein of the supernatant fraction, 0.5 ml
reduced glutathione (0.5 mM), 0.1 ml sodium
phosphate buffer pH 7.3. Preincubation was carried
out for 5 minutes at 37 °C followed by the addition
of 50 pl of 1-chloro-2,4-dinitrobenzene (CDNB,
0.5 mM) and incubation was continued for 5
minutes at 37 °C. The reaction was terminated by
the addition of 0.2 ml of 33% TCA. Centrifugation
was carried out for 5 minutes at 3000 rpm and
CDNB conjugate was measured
spectrophotometrically at 340 nm.

2.6.2 Measurement of Reduced Glutathione

Reduced glutathione was measured in rat liver
homogenate according to Beutler er al., [33]
utilizing a commercial kit obtained from
Biodiagnostics Co., Egypt. The reaction was done
by adding 0.5ml of liver homogenate with 0.5ml
TCA, mixed and centrifuged at 3000rpm for 15min.

0.5ml of supernatant was added to 0.1ml DTNB in
0.5ml reaction buffer, mixed well and the
absorbance was measured at 405 nm. The reduced
chromogen is directly proportional to GSH
concentration at 405 nm.

2.6.3 Assay of Catalase

Catalase was measure in rat liver homogenate
according to Aebi et al., and Fossati ef al., [34, 35]
utilizing a commercial kit obtained from
Biodiagnostics Co., Egypt. One unit of catalase is
the amount of enzyme that decomposes 1 uM of
H>O»/minute at 25 °C and pH 7.0. Catalase reacted
with a known concentration of H>O» for one minute
after which the reaction was terminated by the
addition of catalase inhibitor. In the presence of
horse radish peroxidase (HRP), the remaining H,O»
reacted  with  3,5-dichloro-2-hydroxybenzene
sulfonic acid (DHBS) and 4-aminophenazone
(AAP) to form a chromophore with color intensity
inversely proportional to the amount of catalase
present in the original sample.

2.6.4 Assay of Glutathione Peroxidase

Glutathione peroxidase activity (GPx) was
measured according to Paglia and Valentine (1967)
[36] utilizing a commercial kit obtained from
Biodiagnostics, Egypt. The oxidation of NADPH to
NADP" is accompanied by a decrease in absorbance
at 340 nm providing a spectrophotometric means
for monitoring GPx enzyme activity. The reaction
mixture containing 1 ml 50 mM phosphate buffer,
Triton-X100, pH 7.0), 0.1 ml NADPH 24 pM and
0.01 ml of the liver homogenate. The reaction is
started by the addition of 0.01 ml diluted hydrogen
peroxide and the decrease in the absorbance was
recorded at 340 nm over a period of 3 minutes.
Enzyme activity was determined using a molar
extinction coefficient of NADPH 6220 M ' ¢m ..
The rate of decrease in the absorbance is directly
proportional to the GPx activity in the sample.

2.6.5 Measurement of Thiobarbituric acid reactive
substances (TBARS)

Thiobarbituric acid reactive substances were
measured as described by Tappel and Zalkin (1959)
[37]. One ml of homogenate was added to 2ml of
7.5% trichloroacetic acid and mixed well after
which centrifugation was carried out at 1000 xg for
10 minutes and 2ml of the supernatant was added to
1ml of 0.7% 2-thiobarbituric acid. After boiling for
10 minutes the reactants were cooled and TBARS
were measured at 532 nm. As extinction coefficient
of 156,000 M-'cm™! was used for calculations.

2.7 RNA Extraction and Quantitative
polymerase chain reaction

Frozen reserved brain tissues were retrieved from
the RNA later solution and left on ice to completely
be thawed. Brain tissue samples, 60 mg each, were
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then homogenized in RNA lysis solution. The total
RNA was prepared using PREP-NA-S DNA/RNA
Extraction Kit "DNA-Technology Research &
Production", LLC, 142281, Russia, Moscow
Region” in line with the instructions obtained from
the manufacturer. The quantity of the extracted
RNA was confirmed by Nanodrop Sambrook et al.,
1989 [38]. Next, complementary DNA (cDNA) was
synthesized using a SensiFAST™ cDNA synthesis
kit (Bioline/Meridian Bioscience, London, UK) in
line with the manufacturer’s instructions. The
cDNA samples were then stored at —20 °C until use.
Quantitative real-time PCR analyses were carried
out using the SYBR premix Ex Taq 2 kit (Takara)
in a final volume of 25 pl with 10 pmol of each
primer by the CFX96 real-time PCR detection
system (BioRad, USA). Each assay was run in the
triplicate manner with each set of primers [39].

All primers under study and the prepared cDNA
were tested for amplification specificity using
simple PCR in an attempt to adjust the conditions
for measurement of the level of gene expression for
all genes by real time PCR. PCR was carried out in
50 pl final volume contained 5 pl of cDNA, 3 ul (30
pmole) of each forward and reverse primer, 25 pl of
2x PCR master mix and 17 pl nuclease free water.
PCR conditions for each primer and the expected
products sizes are as following B-actine primers
FWD 5'- TAC AAC CTC CTT GCA GCT CC -3,
REV 5'- GGA TCT TCA TGA GGT AGT

CAG TC -3' the expected product size is 425bp,
PCR program is set as following; Smin at 95°C
(1x)30 sec at 95°C (40 x) and 45sec at 58°C (40 x),
Tyrosine Hydroxylase (TH); FWD
5TACCTCCGGGTGACAGCATA -3', REV
5'GGGCTGTGGAGACAGAACTC  -3'  the

expected size is 120 bp, PCR program is set to 5
min at 95°C (1x), 30 sec at 95°C (40 x) 45sec at
58°C (40 x), Monocyte Chemoattractant Protien
(MCP), FWD 5' CTGTAGCATCCACGTGCTGT

-3', REV 5'GGTGCTGAAGTCCTTAGGGT -3'

the expected size is 290 bp PCR program is set to 5
min at 95°C (1x), 30 sec at 95°C (40 x) 45sec at
55°C (40 x), Vesicular Monoamine Transferase
(VMT) FWD 5'TCACTGTGGTGGTGTTTGCT-
3", REV 5-ATTCCCATGGCTCTCCCTCT -3' the

expected size is 156 bp PCR program is set to Smin
at 95°C (1x), 30 sec at 95°C (40 x) 45sec at 55°C
(40 x), Inducible Nitric Oxide Synthase (iNOS);
FWD5'GCCCAACAACACAGGATGAC-3' ,
REV5'CCTTGTGGTGAAGGGTGTCG-3'  the

expected size is 191 bp PCR program is set to Smin
at 95°C (1x), 30 sec at 95°C (40x) and 45 sec at 58°C
(40x).

The real time PCR conditions were as followed,
initial denaturation at 95 °C for 5 minutes followed
by 40 cycles for 30 seconds at 95 °C, annealing and
elongation for 1 minute at 60 to 65 °C according to

the primers melting temperature one cycle at 95 °C
for 1 minute. After the end of the run CT values
(threshold cycle value) were analyzed manually at a
factor of 0.04. Amplification and melting curves
and CT values were collected for statistical analysis
of the results. The expression of targeted genes was
normalized to the reference gene B-actin expression
levels within the same sample to determine ACT.
This step serves to correct for non-treatment-related
variation among wells such as potential differences
in cell number. ACT was then normalized to the
expression of the targeted gene in treated animals
from a separate untreated sample to find AACT. %
Expression was calculated by the equation
(Y%Expression = 2 “24CT),

2.8 Statistical analysis

The data were analyzed using Graph Pad Prizm7
2016. The significance of the differences was
calculated using one-way ANOVA followed by
Dunnett's test for multiple comparisons. P < 0.05
was considered statistically significant.

3. Results and Discussion

3.1 Characterization of Silver Nanoparticles
using Scanning Electron Microscope

The scanning electron micrograph revealed the
morphology of the synthetic silver nanoparticles to
be more or less spherical. Under SEM, the tested
silver nanoparticles appear to form aggregates and
individualized spherical particles with a mean
particle size of around 20 nm (figure 1). At
magnification of 50000x, it appears to be singlet
segregated particles with completely spherical
appearance, while at lower magnification of 35000x
it appears to be more aggregated.

Figure 1: Scanning electron micrograph showing
silver nanoparticles spheres with average size 20-
22 nm. Panel (A) at a magnification of 50,000x and
Panel (B) at a 35,000x.

3.2 Biodistribution and Accumulation of Silver
Nanoparticles in Brain Cells
Using transmission electron microscope (TEM)

specimen of different parts of brain cells, AgNPs
appears to be distributed in the brain cells and
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persisted mainly in lysosomes in rats treated with
silver nanoparticles as shown in figure 2 when
compared to control group (figure 2) which
appeared to be free from silver nanoparticles. The
acidic pH of lysosomes represents a good habitant
for silver particles and an excellent co-factor for the
release of silver ions [40]. This finding was in
agreement with the study of Skalska et al., 2015
who found that nanoparticle structures located and
localized in cellular lysosomes and between
lamellae of myelin sheaths using TEM [41]. Using
the same method of analysis, nanosized granules
were detected in lysosomal cell compartment of
AgNPs-treated astrocytic and neuronal cultures by
Haase et al., 2012 [42].

Rats receiving 10 nm AgNPs chronically were
found to accumulate AgNPs in lysosomes of
endothelial cells [41]. On this basis, it is assumed
that AgNPs influence the function of endothelial
cells by increasing permeability of microvessels.
Likely, existing in vitro data have identified
perforations in the monolayer of rat brain
microvessel endothelial cells exposed to AgNPs
[43].

Figure 2: Transmission electron micrograph
showing brain cells of control group (a) and brain
cells from silver treated rats in which silver

nanoparticles appear to be accumulated in
lysosomes.

3.3 Effect of Different Doses of Silver
Nanoparticle on Hematological Parameters of
Male Rats

Significant decrease in TLC was seen only in group
treated with the highest dose chronically. Groups
treated with either single acute dose or low chronic
dose showed a mild but not significant decrease in
TLC compared to control group figure 3. A
significant increase in TEC in all treated groups was
observed in figure 3 when compared to control.

Significant decrease in hemoglobin concentration
was also observed among all treated groups either
with acute dose or chronically as shown in figure 3.
There was no significant change in hematocrite
concentration compared with control group.

A Significant decrease in MCV, MCH and MCHC
was found in all treated groups compared to control
group. This reduction is due to the reduction seen in
hemoglobin concentration figure 3.

As shown in previous studies, the toxic implication
of silver nanoparticles on hematological parameters
is dose and rout dependent. In our present study, the
increased number of RBC's with reduction in Hb,
MCV, MCH and MCHC may be associated with
degenerative effect of silver nanoparticles thus
compensation of decreased oxygen-carrying
capacity of Hb and RBCs by increasing the number
of RBC [44, 45]. These adverse effects may be the
degeneration of Hb and RBCs, destruction of
hematopoietic tissue, and inhibition of aerobic
glycolysis and the lack of enough energy for Hb
synthesis [46, 47]. However, the reduction in
WBC's was suggested to be due to suppressive
effect of nanosilver on pluripotnt stem cells
responsible for production of blood cells [21, 48,
49].

Effect of Different Doses of Silver Nanoparticle on Hematological Parameters
of Male Rats

Figure 3: Dose-Dependent Hematological Effects
of silver Nanoparticles. *Slightly significan
difference, "Significant difference against control
(P < 0.05), “Very significant difference against
control (P <0.01), “Extremely significant difference
against control (P < 0.001).

3.4 Effect of Silver Nanoparticles on

Antioxidant Enzymes

Significant increase in GST activity in groups
treated with high chronic dose and acute dose
compared with control group. While a non-
significant increase was seen in rats treated with low
chronic dose and figure 4, this increase in activity
may be an indication of a defensive mechanism due
to oxidative stress mechanism caused by silver ion
itself. When comparing to control group, a
significant increase in GPx activity was seen in all
treated groups figure 4.

Significant decrease in total glutathione reduced
was seen in acute dose and high chronic dose treated
groups compared with control group, but low
chronic dose shows mild but not significant
reduction in GSH when compared with control
figure 4. When compared with control group, there
was a significant inhibition of liver catalase activity
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in all treated groups. The inhibition was more
pronounced in groups treated with chronic doses
figure 4.

These results are similar to what Arora et al., 2009
have assessed. The oxidative stress induced toxicity
of silver NPs was detected by a depletion of
glutathione reductase (2.5 folds) and a 2 fold
increase in glutathione peroxidase. These results
suggest oxidative damage to cells after exposure to
AgNPs [24]. Oczkowski et al., 2024 [9] also
reported that after longer exposure period Ag-NPs
cause an increase in GPx and GR activities and
decrease in CAT activity. Both CAT and GPx
participate in hydrogen peroxide (H»O;) removal
which seems to be performed only by GPx in
response to Ag-NPs; as GPx use glutathione as co-
factor, the increase in GR activity is consistent with
increase in glutathione recycling which is an
essential mechanism to keep normal glutathione
levels in cells and in consequence to keep cell
homeostasis. Results indicate that, in E. fetida, CAT
is activated in short exposure periods (4 days)
although impaired for longer periods (28 days).
This, together with GPx (that remains increased),
are responding to an increase in H>O» production,
however not enough to prevent oxidative damage
observed in increased levels of lipidperoxide levels
[50]. The same was found by Choi et al., 2010 who
stated that CAT expression decreased 2.6- and
16.3-fold in zebrafish liver when compared to
controls after treatment with AgNPs at 60 and 120
mg Ag/L, respectively [51]. Crago et al., 2011
reported a significant increase in fat head minnow
GST mRNA transcripts after exposure to silver
nanoparticles. This increase in expression levels of
GST which was observed could indicate the toxic
effects and oxidative stress resulting from AgNPs
toxicity [52].

Several studies on the expression of GPx gene have
been conducted. In C. riparius, Nair et al., 2012
reported GPx1 expression was up-regulated as a
result of oxidative stress. [52, 53, 54] It has also
been reported from that expression of GPx was
induced due to oxidative stress caused by
environmental stress conditions, such as metals and
H,0,[55].

Silver in its ionic form exhibits a high affinity for
protein thiol groups and promotes their oxidation.
Reduced glutathione (GSH) has also been shown to
be a target of ionic silver which significantly
depletes the pool of this major cellular antioxidant
defense system. The influence of AgNPs on the
level of SH groups has been confirmed in a myelin
fraction isolated from brains of exposed adult rats
[56]. Furthermore, exposure to low doses of small-
diameter AgNPs (10 nm) significantly cause a
decrease in the ratio of the reduced to the oxidized
form of GSH in brain homogenates [41].

Hussain et al., 2005 have observed GSH depletion
in liver cells exposed to Ag (15, 100 nm) which is
strongly correlated with increased ROS generation.
It is possible that the loss of GSH may compromise
cellular antioxidant defenses and lead to the
accumulation of reactive oxygen species (ROS)
[57].

Effect of Silver Nanoparticles on Antioxidant Enzymes

d b

EEEEEEEEE

Control Acute dose (S00me/kg)  High chronic dose (50me/kg) Low chronic dose (30mg/kg)

mGSTActivity Urg = GPxActivity U/gx10 mGSHmmolL  m Catalase activity U/L x 100

Figure 4: Dose-Dependent Effects of silver
Nanoparticles on Antioxidants. *Slightly significan
difference, Significant difference against control
(P < 0.05), “Very significant difference against
control (P <0.01), “Extremely significant difference
against control (P <0.001).

3.5 Effect of Different Doses of Silver
Nanoparticle on Liver Enzymes

There is a significant decrease in AST, ALT and
ALP in all treated groups comparing with control
group. This inhibition may be an indication of
hepatic cellular intoxication due to silver ions figure
5.

Maneewattanapinyo et al., 2011 found that the
treatment of rats with 100 mg/kg AgNPs decreased
levels of AST and ALT enzyme significantly,
whereas there were increases in AST levels in
serum, kidney, and heart for the 14- and 21-day
treatment groups. Treatment of rats with 1000
mg/kg and 5000 mg/kg AgNPs led to a significant
decrease in ALT levels and a significant increase in
AST levels for the 14- and 21-day treatment groups.
In contrast, AST levels significantly decreased
while ALT levels increased in rat serum treated with
colloidal AgNPs for 7 days when compared with
those treated for 21 days [58]. Kim et al., 2009 on
sub-chronic exposure of AgNPs to male and female
rats over 90 days showed a significant decrease in
the levels of serum AST and ALT. [20] Adewumi et
al. 2014 recorded that on oral exposure of rats to
AgNPs at various concentrations altered the serum
and tissue levels of ALP relative to the control [59].
In serum, levels of ALP increased with increasing
length of treatment administration. In contrast, non-
significant reductions were recorded for tissue
levels of ALP caused by AgNPs treatments. The rat
serum and tissue levels of AST were inconsistently
affected relative to the control. Conversely, there
was significant reduction in the
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levels of ALT in rat serum which was dose and
duration dependent [60]. Many researches revealed
that levels of AST, ALT and ALP in serum and
tissue is a dose and duration dependent. When liver
cells are damaged, plasma levels of AST, ALT and
ALP increase above normal levels while the
concentrations of these enzymes are diminished in
liver cells itself. The amount of increase in plasma
or decrease in hepatocytes is an indication of the
degree of liver damage [61, 62].

300
Effect of Nanoparticles on Liver enzymes
250
200

150

100

AST (U/L) ALT (UAL) ALP (UIL)
mControl W Acute dose (S00mg/kg)  m High chronic dose (S0mg/kg)  ® Low chronic dose (30mgr/kg)

Figure 4: Dose-Dependent Effects of silver
Nanoparticles on Liver Enzymes. 2Slightly significan
difference, “Significant difference against control (P <
0.05), “Very significant difference against control (P <
0.01), 9Extremely significant difference against control
(P <0.001).

3.6 Effect of Silver Nanoparticles on Lipid
Peroxidation

The extent of lipid peroxidation in the tissues is an
indication of oxidation stress of the cell. Lipid
peroxidation is defined as the deterioration of
double bonds of unsaturated fatty acids by free
radicals. Hepatic malondialdhyde was detected by
Choi et al. 2010 to be significantly increased in
zebrafish liver after treatment with AgNPs [51].

A significant increase in TBARS was found in all
treated groups when compared to control group
Table 1.

Table 1: Changes in Thiobarbituric acid reactive
substances (TBARS nmol/ml) in male rats treated
with different doses of silver nanoparticles:

Dose TBARS
concentration
(nmol/ml)
Control 31.3+1.3¢%
Acute dose (500mg/kg) 38.8+1.3°
High chronic dose | 40 +1.5°
(50mg/kg)
Low chronic dose | 37.1+1.4°
(30mg/kg)

Slightly significan difference, “Significant difference against
control (P < 0.05), “Very significant difference against control (P
< 0.01), ‘Extremely significant difference against control (P <
0.001).

3.7 Effect of Silver Nanoparticles on Brain of
Male Rats

A significant reduction in total protein content of
brain was seen in rats treated with acute dose and
high chronic dose of silver nanoparticles when
compared to control group. There was a mild
reduction in total protein in low dose group of silver
NPs, figure 5.

Treatment of rats with AgNPs caused elevation (P<
0.05) in total protein levels in rat liver. In contrast,
the levels of total protein were reduced in rat serum,
kidney, brain and heart for groups treated with
AgNPs.

Compared to control, there was a significant
decrease in AchE. Activity in rats treated with low
dose and single acute dose. While, in contrast, there
was a significant increase in rats treated with the
high dose of silver NPs figure 5. It appears that
variation in AchE activity is a dose and duration
dependent.

Wang et al., 2009 studied the toxic effects of
nanoparticles on AChE activity in vitro. Different
classes of nanoparticles, including metals, oxides,
and carbon nanotubes showed high affinity for
AChE. Cu, Cu-C multiwalled carbon nanotubes,
and single walled carbon nanotubes showed a dose
related inhibition of AChE activity with. The
inhibition by nanoparticles was primarily caused by
adsorption or interaction with the enzyme [46].

The potential of some metallic ions, such as lead,
copper, cadmium and mercury to depress the
activity of AChE in vitro and in vivo conditions has
been demonstrated in several studies on humans and
animals [47].

The potential effect of lead on erythrocyte AChE
activity during occupational exposure to this metal
and suggested that AChE activity could be
considered as a biomarker of lead-induced
neurotoxicity in occupational exposed subjects. [22]

In the present results of our study, the inhibition of
AChE enzyme in both acute dose and lower chronic
dose is similar to what was found in previous
studies done on different types of nanoparticles.
[22]. While the increase in AChE activity which
was seen in the higher chronic dose is similar to the
explanation done by Melo et al., 2003 that the
increased ROS as a result of high levels of lipid
peroxidation decreased cell membrane order and
ultimately led to the exposure of more active sites
of the AChE [49]. As a consequence, AChE activity
was increased which likely happened with high
chronic dose of AgNPs due to higher peroxidation
level and thus higher ROS production [49].

A significant inhibition of Na*/K* ATPase activity
was seen in chronically treated groups when
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compared to control group. While, there was no
significant change in Na”/K® ATPase activity in
acute dose treated group figure 5.

Current results are in agreement with previous
studies conducted to assess silver nanoparticles
toxicity. It was reported that AgNPs induced
alterations of  mitochondrial membrane
permeability and uncoupling of the oxidative
phosphorylation system in cells [50].

Asha Rani et al., 2008 suggested that AgNPs led to
Structural and functional damage of the
mitochondria that could result in metabolic arrest,
followed by a decrease in ATP yield. Deposition of
Ag-np in mitochondria can alter normal functioning
of mitochondria by disrupting the electron transport
chain, ultimately resulting in ROS and low ATP
yield [63].

Wood et al., 1999 reported Ag* basically affects the
inhibition of Na®, K* ATPase activity through a
noncompetitive inhibition of active gill transport of
Na' and CI, increasing the intracellular acidity and
partially inhibiting carbonic anhydrase by hydration
[64].

Mohammadbakir et al, 2016 found that the
consequences of Ag toxicity can be found in the
inhibition of thiol-containing proteins. Ag toxicity
depletes the levels of intracellular ATP by the
binding of Ag" to sulfhydryl (SH) groups of Na*/K*
ATPase [65].

Effect of Nanoparticles on Brain

ntent  AchE. specificactivity  Total Mitach. Protein ~ Nat/
(pmoles/min/mg pratein)

ma/ml)

m Control ® Acute dose (500mg/kg) ® High chranic dose

Figure 5: Dose-Dependent Effects of silver
Nanoparticles on Brain. *Slightly significan difference,
bSignificant difference against control (P < 0.05), *Very
significant difference against control (P < 0.01),
dExtremely significant difference against control (P <
0.001).

3.8 Effect of Silver nanoparticles on the
Expression Level of genes

A significant increase in the level of iNOS
expression in all treated animal groups when
compared with the control group (6.63 fold in acute
dose group, 4.46 fold in high chronic dose group
and 4.05 fold in low chronic dose group). (figure
6).

The gene expression levels of iNOS was found to
be upregulated and this observation was thought to
be linked with with AP accumulation in brain cells

which disrupts multiple signal transduction systems
[66]. Previous studies indicated that AgNPs caused
AP amyloid plaque deposition in mouse neuron
cells. The ability of insoluble peptides of AP
amyloid has been considered more rapidly
aggregation and more neurotoxicity in Alzheimer
disease progression [67]. Huang et al., 2015
reported that AgNPs exposure can induce Af
peptides aggregation in neural cells. Moreover, the
gene expression and protein level of AP amyloid
generation and deposition relevant to AD
progression have been explored after AgNPs
exposure [68]. Sharma ef al., 2013 in a study on the
toxicity of different types of nanoparticles, Ag NPs
irrespective of their sizes was found to induce
greater nNOS expression in neurons followed by Cu
and Al NPs. The molecular mechanisms of silver
NPs toxicity was examined using expression of
neuronal NOS in the cortex of different age group
of rats after NPs administration. The results show
the smallest size of NPs from Cu, Ag, or Al induces
profound up-regulation of nNOS expression in the
cerebral cortex of the animals. Smaller size of NPs
induces higher number of NOS positive neurons in
the cortex compared to larger sizes of NPs [69].

Significant increase in expression level of TH was
seen in all treated groups when compared with
control group figure 6. The biosynthesis of
dopamine and other catecholamines can be limited
by the action of enzyme tyrosine hydroxylase (TH)
therefore; levels of TH expression can be an
indication of physiological changes [70]. In female
rats, it Hadrup et al., 2012 has reported that 14 nm
Ag-NPs with different doses increased the
dopamine concentration in the brain following 28
days of oral administration [71]. At the same study,
the dopamine concentration in the brain decreased
by Ag-NPs following a 14-day exposure. Seyed et
al., 2016 has found that exposure of rat to AgNPs
during the pregnancy caused a dose-dependent up-
regulation of TH in the brain of offspring at various
age after birth in relation to control animals. TH
mRNA expression was increased in an age-
dependent manner in exposed offspring. The
highest expression was reported with the highest
dose and increasingly with time [32]. Hussain et al.,
2006 have shown that Ag-NPs (15 nm) moderately
decrease dopamine content in a dopaminergic
neuronal cell line (PC12) after 24 hours of exposur
[72]. On the same track, Wang et al., studied the
toxic action of Cu, Mn, and Ag nanoparticles on 11
genes expression related to dopamine concentration
in neuronal cells PC12. It was found that these NPs
induced a lower production of dopamine after 24
hours of exposure [50].

These diverging results suggested that an early
decrease in dopamine level induced by Ag-NPs is
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followed by a compensatory increase by increased
exposure time. The initial low levels of dopamine
could be explained by an increase in apoptosis of
dopaminergic neurons. Exposure of tyrosine
hydroxylase (TH), the rate-limiting enzyme in
dopamine synthesis, to peroxynitrite, an oxidative
stress product, results in nitration of tyrosine
residues and modification of cysteines leading to
decreased catalytic activity [73].

Taken together, these data support the possibility
that the effects of silver nanoparticles on dopamine
brain concentrations can vary depending on either
the length or dose of the exposure [74].

Effect of silver nanoparticles on % Expression of
monocyte chemoatractant proteinl (MCP-1) gene
in rats was tested on SNPs treated animals as shown
in figure 6. It was found that, the expression levels
of MCP-1 was significantly increased in brain
tissues of all treated animals as compared to the
control group. Madrigal et al, in 2010
demonstrated that animals exposed to certain types
of stress produced significant amount of MCP-1
and this upregulation in the expression level could
be through the inhibitory activity of glucocorticoids
during the stress reaction. Moreover, when the
production of glucocorticoids by stressed rats is
blocked by the selective inhibitor, a large increase
in the concentration of MCP-1 was observed in the
cortex [75]. Ciechanowska et al., 2024 found the
AgNPs treated liver cells have the up-regulated
gene expression of CXCL13 to induce apoptosis
and inflammation. Moreover, chemokine C-C
motif ligand (CCL) 2 can activate resident
microglias in the brain to recruit peripheral
macrophages and increase chemokine family CCL2
gene expression [76]. Effect of silver nanoparticles
on % Expression of vesicular monoamine
transporter (VMAT) gene in rats showed
Significant increase in expression level of VMAT
was seen in all treated groups when compared with
control group figure 6. From previous studies it was
found that, VMAT 2 concentration is directly
proportional to the concentration of intracellular
dopamine. As Hadrup et al., 2012 and Tabatabaie et
al., 2016 found that DA concentration increased
after AgNPs exposure [71, 77].

Effect of Nanoparticles on Genes Expression
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Figure 6: The effect (Log2, fold change) of Silver
Nanoparticles on iNOS, tyrosine hydroxylase (TH),
monocyte  chemoatractant  proteinl  (MCP-1)and

vesicular monoamine transporter (VMAT) transcription
levels using Real time PCR. ?Slightly significan
difference, Significant difference against control (P <
0.05), Very significant difference against control (P <
0.01), ‘Extremely significant difference against control (P
<0.001).

4. Conclusion

It has become popular to incorporate silver in its
nanoform into products such as cosmetics, textiles,
food boxes, sprays, wound dressings; etc. Silver
nanoparticles have a wide usage in medicine as
antibacterial, antiviral, antiproliferative, sensory
and imaging agent and in tissue engineering.

Due to physical and chemical properties of silver as
metal nanoparticles, it has so many adverse
reactions and toxicological issues that should be
considered in mind. Silver NPs can translocate and
accumulate in vital organs as brain, lung and liver.
This may result in inflammation and stress in these
organs leading to serious diseases. The main
toxicological concern of silver nanoparticles is that
it has the ability to cause oxidative stress in body
organs which is resulted due to the silver ion itself.

Acute and chronic toxicity of silver nanoparticles
was determined in wistar male rats treated
intraperitoneal with different doses of silver
nanoparticles for three weeks. Rats with average
weight of 150 g were divided into four groups. The
first group served as a control group and treated
with normal saline. Groups 2, 3 and 4 were treated
with acute dose 500mg/kg/body weight, chronic
dose 50mg/kg/body weight and chronic dose
30mg/kg/body weight respectively of silver
nanoparticles.

Blood samples were collected for hematological
testing and liver and brain was isolated and kept at
-80°C until used for biochemical and molecular
analysis. Brain sample was prepared for
examination of silver nanoparticles accumulation in
brain cells using TEM.

Hematological parameters like total leukocyte
count, total erythrocyte count, hemoglobin,
hematocrite, MCV, MCH and MCHC were
measured. Biochemical analysis in liver included a
set of biochemical tests like liver function tests,
GST, GPx, CAT, GSH and level of TBARS.
Biochemical analysis in  brain  included
measurement of AChE activity and Na*/ K" ATPase
activity.
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