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ABSTRACT: Gold nanoparticles (GNPs) possess various interesting
plasmonic properties that can provide a variety of diagnostic and
therapeutic functionalities for biomedical applications. Compared to
other inorganic metal nanoparticles (NPs), GNPs are less toxic and more
biocompatible. However, the in vivo toxicity of gold nanoparticles on
humans can be significant due to the size effect. This work aims to study ol
the effect of multiple doses of small-size (%20 nm) GNPs on the vital
organs of Wistar rats. The study includes the oxidative stress in vital _ e

organs (liver, brain, and kidney) caused by GNPs and histopathology et @%mﬁ;ﬁf‘
analysis. The rats were given a single caudal injection of NPs dispersed in ‘ )

PBS at 25, 50, 100, and 250 mg/kg of body weight. After sacrifice, both Kmeym"&@"&:'ﬁéﬁfﬁf
plasma and organs were collected for the determination of oxidant/

antioxidant markers and histological studies. Our data show the high

sensitivity of oxidative stress parameters to the GNPs in the brain, liver, and kidneys. However, the response to this stress is different
between the organs and depends upon the antioxidant defense, where GSH levels control the MDA and PCO levels. Histological
alterations are mild at 25, 50, and 100 mg/kg but significant at higher concentrations of 250 mg/kg. Therefore, histological
impairments are shown to be dependent on the dose of GNPs. The results contribute to the understanding of oxidative stress and
cellular interaction induced by nanoparticles.

Hemorrhage

1. INTRODUCTION

Nanoparticles are materials ranging from 1 to 100 nm in one
or more dimensions." Gold nanoparticles (GNPs) are the most
studied nanoscale material for medical applications, both as
therapeutic and diagnostic tools. GNPs exhibit excellent
colloidal stability along with the size-dependent surface
plasmon resonance (SPR) and fluorescence properties and
stable surface for further bioconjugation, allowing the use of
GNPs in imaging diagnosis,2 drug delivery,3 radiosensitiza-
tion,”* photothermal therapy,”®" radiotherapy,” cancer ther-
apeutics, and gene therapy.” These small particles are rapidly
taken into the system and partly accumulate in the targeted
tissues. The small size and the large surface-area-to-volume
ratio of nanoparticles (NPs) favor the conjugation of
biomolecules more than their bulk counterparts.”” As such,

and immunological responses and that cell damage is increased
with longer exposure times. In addition, repeated dosing with
GNPs causes liver alterations. Other studies have examined the
impact of the delivery route of GNPs on tissues, including
inhalation,"” intravenous,"® and peritoneal administrations."”
After the inhalation deposition, small gold nanoparticles are
seen in the liver, spleen, brain, and testes. Intravenous injection
of 13 nm GNPs induces acute inflammation and apoptosis in
the mouse liver. Peritoneal injection of GNPs of different sizes
causes structural changes in the kidneys and spleen of the mice.
The GNPs with the smallest diameter (5 nm) produce
significant pathological changes in the liver."” "

It is also known that GNPs induce oxidative stress, e.g,
reactive oxygen species (ROS), which is at the origin of tissue
changes.zo’21 However, the mechanisms of oxidative stress and

they are similar in scale to biological macromolecules. Some
studies have reported that GNPs are not toxic while others
have indicated toxic effects related to their functional surface
attachment, charge, shape, and size.!071?

Previous studies have investigated the impact of the size of
GNPs on tissue appearance'”'* and effects related to the
duration of exposure'® and repeated administration.'® These
works have shown that smaller NPs induce higher cytotoxicity
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their regulation in response to nanoparticles are not well
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Figure 1. (a) TEM and (b) UV—vis spectroscopy results of GNPs. (c) Dynamic light spectra (DLS) of the GNPs. DLS results show that GNPs
were less aggregated in water and homogeneously distributed with a size range of 20—40 nm. (d) X-ray photoelectron spectroscopy (XPS) studies

of GNPs to confirm the structural analysis of the GNP formation.

known. This research aims to study the oxidative stress and
histopathological changes induced by small diameter (=20
nm) GNPs on the brain, liver, and kidney tissues of Wistar rats
at 25, 50, 100, and 250 mg/kg concentrations. The
histopathological study demonstrated which GNP doses
resulted in oxidative stress-induced alterations at the cellular
level. In addition, the safety of the chemically synthesized
GNPs ~20 nm is investigated after intravenous administration
in a small animal model. Knowledge of the impact of doses of
GNPs on tissues allows the safe use of these GNPs in
biomedical applications, including cancer therapy and diag-
nosis.

2. EXPERIMENTAL SECTION

2.1. Gold Nanoparticle Synthesis. The 20 nm gold
nanoparticles were synthesized using the “Inversed Turkevich”
method.””** Sodium citrate (1.0% w/v) solution was prepared
in 20.0 mL of deionized water. The solution was heated to 95
°C for 15 min and then 1 mL of the HAuCl, stock solution (10
mM) was added to the boiling sodium citrate solutions under
stirring. Within a minute, the solution color changed from
yellow to dark pink, ensuring the formation of homogeneous
GNPs. Furthermore, the solution was kept on a hot plate for
30 min to ensure the synthesis of homogeneous GNPs. The
GNPs were collected via centrifugation (4000 rpm for 10 min)
and stored at room temperature. For in vivo experiments, the
nanoparticles were sterilized in an autoclave.

2.2. In Vivo Experiments. A total of 15 male Wistar rats
obtained from the Pasteur Institute of Algiers, weighing 190 +
10 g, were housed in spacious stainless steel cages. The raising
of animals and all aspects of the experiments were conducted
according to the policies of the University of Tlemcen
Institutional Animal Care and Use Committee (IACUC)
(Accreditation number: DOINO1UN130120150006/2016).
The rats were maintained under laboratory standard
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conditions (12/12 h light/dark cycle), temperature (20 = 2
°C), and relative humidity (50 + 15%). The animals had free
access to food (standard diet) and water ad libitum. The study
was conducted following the national guidelines for the care
and use of laboratory animals. All of the experimental protocols
were approved by the Regional Ethical Committee. The rats
were divided into five groups (three rats per group) and
subjected to a period of 15 days of adaptation. They received
different doses of nanoparticles dissolved in PBS (25, 50, 100,
and 250 mg/kg of body weight) by unique caudal injection, a
direct and rapid vascular access route to all organs. The control
group received a caudal injection containing PBS.

2.3. Sample Collection. Fifteen days after the caudal
injection, the rats were fasted overnight and sacrificed. They
were anesthetized with ip. chloral 10% (w/v) (3 mL/kg bw).
Blood was drawn from the abdominal aorta and centrifuged at
3000g for 15 min and the plasma was used for biochemical
analyses and oxidative stress determination. Brain, liver, and
kidneys were collected and thoroughly washed with an ice-cold
0.1 M phosphate buffer saline (PBS; pH 7.4). An aliquot of
each tissue was homogenized in an Ultraturrax homogenizer
(Bioblock Scientific, Illkirch, France) and homogenized in 10
volumes of an ice-cold 10 mM phosphate-buffered saline. The
homogenate was subjected to 6000g centrifugation at 4 °C for
1S min. The supernatant fractions were collected and used for
redox marker determinations. Histological samples were
carefully removed with a sharp razor blade and fixed into
10% formol.**

2.4. Biochemical Parameters. Plasma albumin, creati-
nine, urea, and uric acid were measured using enzymatic test
kits (Sigma Chemical Co., St. Louis, MO).

2.5. Oxidative Stress Markers. Glutathione (GSH) was
measured in plasma and tissues using the method based on the
reduction of 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) with
reduced glutathione to produce a yellow compound. The
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Table 1. Effects of Different Doses of Gold Nanoparticles on Albumin, Urea, Creatinine, and Uric Acid Levels”

control 25 mg/kg
albumin (M) 5372 + 5.4 53.4 +20.7
urea (mg/dL) 20.7 + 3.2 80.2 + 4.1%k*
creatinine (mg/dL) 1.5+ 0.5 1.9 + 0.6
uric acid (mg/dL) 6.9 + 0.7 52+ 17

“Values are presented as mean + SD. **P < 0.01 and ***P < 0.001.

50 mg/kg 100 mg/kg 250 mg/kg
598.5 + 189 546.2 + 42.7 538.3 + 64.4
81.9 + S5.6%** 69.8 + 1.8%%* 84.6 + S5.9%**
1.7 + 0.4 4.9 + 0.6%%* 6 + 0.3%%*
5.5+ 04 10.5 + 0.3%** 8.5 + 0.8%*

reduced chromogen is directly proportional to the GSH
concentration and its absorbance was measured at 405 nm.>®
Malondialdehyde (MDA) is a marker of lipid peroxidation, and
the levels were measured in plasma and tissues by the reaction
of MDA with thiobarbituric acid.*® Protein carbonyls (PCOs)
were assessed by the determination of the carbonyl group
content based on the reaction with dinitrophenylhidrazine
(DNPH), as previously described.”” Proteins were precipitated
by the addition of 20% trichloroacetic acid and redissolved in
DNPH. The absorbance was monitored spectrophotometri-
cally at 370 nm.

2.6. Histopathological Studies. Tissues collected from
the animals were excised and dehydrated using grades of
alcohol. Dehydration was followed by clearing the samples in
two changes of xylene. The tissue samples are then
impregnated with two changes of molten paraffin wax,
immersed, and blocked out. Finally, tissues were sectioned
by microtomy and attached to the surface of a glass slide for
further staining and microscopic examination. Paraffin sections
of 3 pym thickness were stained with hematoxylin and eosin
(HE) and mounted on a glass slide of a microscope.”® The HE
stained tissue sections were observed and photographed using
an optical microscope (AX80, Olympus, Tokyo, Japan). From
the microscopic observations, alterations in tissue architecture,
the presence of degeneration, necrosis, inflammation, and
portal fibrosis tissue structures were observed.

2.7. Statistical Analysis. The analyzed parameters were
statistically evaluated using Statistica (version 4.1; Statsoft,
Paris, France). The results were expressed as mean =+ standard
deviation (SD). Comparisons between GNP-treated rats and
control rats were performed using Student’s t-test. Differences
were considered statistically significant at *P < 0.05, **P <
0.01, and ***P < 0.001.

3. RESULTS AND DISCUSSION

3.1. Gold Nanoparticle Synthesis. Transmission electron
microscopy (TEM) was used to determine the size, size
distribution, and shape of GNPs. The particles were shown to
be spherical with an average size of 20 + 3 nm and narrow size
distribution. The UV—vis spectrum of the GNPs indicated a
single visible peak that was positioned in the range 519—531
nm and was related to the spherical monodispersed 20 nm
GNPs (Figure 1a,b). The dynamic light spectra (DLS) showed
that the GNPs were less aggregated in water and
homogeneously distributed with a size range of 20—40 nm
(Figure 1c). The size distribution of GNPs was calculated by
generating a histogram of diameters of 100 NPs from the TEM
image using Image] software. The polydispersity index (PDI)
<0.10 was observed in DLS studies. The value of PDI <0.10
was an indication of homogeneous NPs. X-ray photoelectron
spectroscopy (XPS) of the GNPs in Figure 1d shows a pair of
signals at 83.6 and 84.5 eV. This reveals that the gold atoms
exist in the Au® and Au** oxidation states in the GNPs.”

3.2. Mortality and Clinical Observation. No mortality
or abnormal clinical signs or behavioral changes, such as skin
and fur conditions, eye changes, diarrhea, abdominal breathing,
and food consumption were observed in rats throughout the
experimental period of GNPs treatment. No significant
differences in mean body weight, weight gain, and relative
weight were found compared to the control group (data not
shown).

3.3. Biochemical Findings. Renal impairment was
indicated by an increase in creatinine at higher GNP doses
(100 and 250 mg/kg) in rats. Histological renal damage in 100
and 250 mg/kg GNPs treated rats was marked by several
congestive vessels, tubular degeneration, and necrotic state.
Urea was increased in all rats treated with GNPs, and uric acid
showed a higher plasma level at 100 and 250 mg/kg GNPs.
Large amounts of uric acid can be produced from tissue injury
in vivo and promoted immune responses.30 Microscopic
observations demonstrated focal necrotic areas in the brain,
liver, and kidneys at 250 mg/kg GNPs. The hyperuricemic rats
developed renal disease with inflammatory cell infiltration and
COX-2 expression (Table 1)

3.4. Oxidative Stress and Histopathological Findings.
NPs can cross biological barricades to reach internal organs,
and this is size- and surface-dependent phenomenon. Earlier in
vivo study report confirms the accumulation of metal NPs in all
of the vital organs.”® It is a well-established phenomenon that
the size of NPs decreases with the increase in their surface-
area-to-volume ratio. The higher the ratio is, the higher the
number of atoms or molecules that are on the surface of NPs,
resulting in increased surface reactivity.”* The increased
surface reactivity of NPs is responsible for the higher toxicity
compared to their bulk counterpart.”> NPs smaller than 20 nm
have also been shown to be more injurious since they are able
to pass through the nuclear membrane and cause DNA
damage.36 The current study reveals higher ROS production
and proapoptotic induction by GNPs in the vital organ tissues.
The shape of GNPs also affects the apoptosis level. It was
demonstrated a strong proapoptotic marker including Fas,
caspase 3 and caspase 9 expression in cells following exposure
to hexagonal GNPs compared to spherical GNPs.”” Hence, the
interest in studying the effects of spherical GNPs on different
organs is interesting for developing safe and biocompatible
nanomaterials for biomedical applications.

Oxidative stress was observed in the systemic circulation 15
days after GNP caudal injection, displayed as an increase in
lipid peroxidation (MDA) associated with the reduced GSH
level in all rats treated with GNPs compared to controls. GSH,
a sulthydryl peptide widely found in all biological systems,
forms the first line of defense against oxidative damage by
acting as a nonenzymatic antioxidant.”® GSH acts as a
nucleophilic agent or as an antioxidant against electrophilic
or oxidative compounds, resulting from endogenous or
exogenous sources.” It is also a chelator of transition metals
including gold.*” Although the liver is a net synthesizer of
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Figure 2. Effect of caudal injection of different doses of GNPs on plasma GSH, MDA, and PCO levels compared to control. Values were presented
as mean =+ SD. ***P < 0.001.
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Figure 3. Effect of caudal injection of different doses of GNPs on liver GSH, MDA, and PCO levels compared to control. Values were presented as
mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. Effect of caudal injection of different doses of GNPs on the GSH, MDA, and PCO levels in the kidneys compared to control. Values were
presented as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure S. (A) Photomicrograph of control rats, showing the normal histological architecture of liver tissue (HEX10). The central vein (C) is
surrounded by hepatic cells separated by blood sinusoids (s). (B) Photomicrograph of the rat liver treated with 25 mg/kg (HEX20) showing
congestive vessel (CV) and narrowing of the sinusoidal lumen (S). (C) Photomicrograph of rat liver treated with S0 mg/kg (HEX4) showing
congestive vessel (CV) and dilated central vein (DCV). (D) Photomicrograph of rat liver treated with 100 mg/kg (HEX10) showing congestive
vessel (CV) and lymphocytic infiltration (L). (E) Photomicrograph of rat liver treated with 100 mg/kg (HEX20) showing lymphocytic infiltration
(L) and inflammation. (F) Photomicrograph of rat liver treated with 100 mg/kg (HEX10) showing congestive vessel (CV) and lymphocytic
infiltration (L) and inflammation. (G) Photomicrograph of rat liver treated with 250 mg/kg (HEX10) showing congestive vessel (CV) and
lymphocytic infiltration (L). (H) Photomicrograph of rat liver treated with 250 mg/kg (HEX10) showing focal areas of necrosis (FAN).

Figure 6. (A) Photomicrograph of control rats, showing normal structure kidney tissues with glomerulus (G) and tubules (T) (HEX10). (B)
Photomicrograph of the rat kidneys treated with 25 mg/kg (HEX4) showing several congestive vessels (SCVs). (C) Photomicrograph of the rat
kidneys treated with S0 mg/kg (HEX10) showing important congestive vessels (ICVs). (D) Photomicrograph of the rat kidneys treated with SO
mg/kg (HEX10) showing lymphocytic infiltration (L). (E) Photomicrograph of the rat kidneys treated with 100 mg/kg (HEX10) showing several
congestive vessels (SCVs). (F) Photomicrograph of the rat kidneys treated with 250 mg/kg (HEX10) showing tubular degeneration (TD) and
necrotic state (N).

circulating GSH, organs such as the kidneys salvage GSH.*' In
this study, the hepatic GSH level remained unchanged for all
GNP-treated rats compared to controls despite oxidative stress
marked by elevated MDA. Khan et al.** found the same results
in the liver after injection of GNPs with a size of 10 nm. Our
results also show the liver lesions in histopathological
observation. This can be explained by the inability of the

liver to increase GSH levels in response to this oxidative stress.
In fact, low levels of GSH result from the inability of the liver
to cope with different toxic metabolites such as electrophiles as
well as lipid peroxides responsible for tissue damage.””**
Unable to overproduce GSH, plasma and kidneys cannot
increase GSH levels from the liver. This explains our results,
which show decreased GSH levels in plasma and kidneys for all
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Figure 7. Effect of caudal injection of different doses of GNPs on the brain GSH, MDA, and PCO levels compared to control. Values were

presented as mean + SD. **P < 0.01; ***P < 0.001.

GNP doses used. The depletion of GSH from cells leads to
lipoxygenase (LOX) activation, ROS production from
mitochondria, and calcium influx, which initiate a form of
programmed cell death with features of both apoptosis and
necrosis.**® The lack of GSH is also reflected by the increase
in MDA in the plasma, kidneys, and liver of all GNP-treated
rats. The decrease in GSH levels results in the overproduction
of free radicals that leads to lipid peroxidation, particularly in
cell membranes,*” which can change membrane integrity and
lead to tissue damage."® Previous studies have reported no
MDA changes in plasma, kidneys, and liver 24 h after GNP
administration. Our results show that lipid peroxidation is
detectable 15 days after GNP injection (Figures 2—5).*>°

The amounts of carbonyl protein in the liver and kidneys
after treatment with 25, 100, and 250 mg/kg GNPs were low
compared to those in controls, reflecting an imbalance in the
redox status. It has previously been demonstrated that when
the cell was exposed to oxidative stress, protein glutathiony-
lation was induced. This protected proteins from oxidation and
explained the low PCO levels.”"*” Protein glutathionylation
induced loss of protein function, which caused cellular
alterations.™

Kidney injury was observed in the histopathological study.
The degree of alteration increased with nanoparticle dose,
ranging from congestion at 25 mg/kg to lymphocytic
infiltration at 50 mg/kg and ending in tubular degeneration
and a necrotic state at 250 mg/kg (Figure 6A—F). Abdelhalim
et al.>* observed a similar phenomenon of inflammatory cell
infiltration in the renal tissue at a GNP concentration of 50
mg/kg. The infiltrating cells were mainly neutrophils and
mononuclear cells. The presence of inflammatory cells in the
renal tissue confirmed that the GNPs could interact with
proteins and enzymes of the renal interstitial tissue. The
interaction of GNPs with these biomolecules could disrupt the
antioxidant defense machinery, which resulted in ROS
generation that imitated an inflammatory response. A similar
phenomenon of more immunolo§ical responses with smaller
GNPs was observed by Yen et al.'* and Pan et al."" for smaller-
size NPs. Our results were in line with these earlier findings
and confirmed that the smaller-size GNPs generated higher
toxicity owing to the increased surface reactivity of GNPs.”>>

20661

Furthermore, histological alterations in renal tissue caused by
these particles make it impossible to deal with the accumulated
residues resulting from metabolic and structural disturbances.
The decrease in the activity of the kidneys causes the GNPs to
recirculate in the bloodstream. All treated rats showed several
large congestive vessels, particularly rats treated with 250 mg/
kg of GNPs.

The treated animals showed distinct morphological changes
in the liver upon microscopic observation compared to the
control group, indicating unhealthy cells. All treated rats
showed congestive vessels with or without a dilated vein.
Moreover, infiltration was noticed in the animals treated with
100 and 250 mg/kg GNPs (Figure SD—G). Park et al.*
demonstrated that silver nanoparticles released into the
bloodstream accumulated toxic effects in the liver, kidneys,
and heart, causing scattered cytoplasmic vacuolization,
appearance of chronic inflammatory cells, and congested and
dilated blood vessels. The presence of inflammatory cells in the
hepatic tissue reveals the interaction of GNPs with proteins
and enzymes in the interstitial tissue of the liver, resulting from
the failure of the antioxidant defense machinery. The erasure of
radial architecture in the liver of treated animals (250 mg/kg;
Figure SH) showed necrosis. The GNP-induced necrosis was
predominantly attributed to their ability to evoke ROS
production,”” and it led to hepatocyte necrosis in treated
animals. Only rats treated with 250 mg/kg GNPs showed
necrosis in the current work.

The response of the brain to oxidative stress is different from
those of the liver and kidneys. High levels of glutathione
(GSH) were seen in the brain of all GNP-treated rats (Figure
7). This can be an adaptive mechanism in response to GNP
exposure. Specific chelators and subsequent sequestration of
metal complexes are of particular interest to lower the
concentrations of transition metals.”® GSH is a precursor of
phytochelatins; hence, it is an essential element for metal
scavenging because of the higher affinity of metal NPs towards
the thiol (—SH) group.”®*” It seems that GSH levels increase
specifically in the brain compared to those in other organs
(kidneys and liver). The cellular GSH concentration is
maintained by a complex homeostatic mechanism wherein
the steady-state concentration is under the kinetic control of
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Figure 8. (A) Photomicrograph of control rats, showing normal glial cells without inflammation or congestion (HEX10). (B) Photomicrograph of
the rat brain treated with 25 mg/kg (HEX10) showing a congestive vessel (CV). (C) Photomicrograph of the rat brain treated with 50 mg/kg
(HEX10) showing two congestive vessels (CVs). (D) Photomicrograph of the rat brain treated with SO mg/kg (HEX40) showing some
inflammatory cells (ICs). (E) Photomicrograph of rat brain treated with 100 mg/kg (HEX40) showing blood vessel with glomeruloid aspect
(BVG). (F) Photomicrograph of rat brain treated with 250 mg/kg (HEX10) showing several outbreaks of necrosis (ON) highlighted by the glial

cell space.

specific enzymatic reactions.”” The GSH concentration is also
controlled by the rate of oxidation, conjugation, extrusion,
uptake of thiol-containing precursors, and resynthesis.”" It is
likely that there is a regulation of GSH level in the brain by one
or more of these mechanisms. Increased GSH in the brain is
associated with low PCO rates. Pocernich et al.”> demon-
strated that glutathione elevation protected against hydroxyl
free-radical-induced protein oxidation in rat brains. Adeyemi et
al.%® observed a decrease in brain PCO levels in the rat after
oral administration of silver. The MDA rate is also reduced by
the GSH’s share in the brain. Indeed, GSH is a cofactor for
glutathione peroxidase that catalyses the reduction of hydrogen
peroxide to water and oxygen, hence limiting the formation of
hydroxyl radicals. This reaction, in the presence of GSH, helps
to limit lipid peroxidation, thus reducing the production of
MDA.®* The protective effect of GSH against lipid
peroxidation and a decrease in PCO do not prevent the
appearance of alterations in the brain. Low PCO can be a
consequence of protein glutathionylation.”"*” Protein gluta-
thionylation induces loss of protein function, which causes
cellular alterations.” Alterations in the brain tissue are
observed by histopathology (Figure 8) and the results are
summarized as follows: the congestive vessel is observed in rats
treated with 25 and S0 mg/kg GNPs (Figure 8B,C) and
inflammatory cells are observed in rats treated with 50 and 100
mg/kg GNPs (Figure 8D,E). Reduced glutathione, in addition
to its action as a transition-metal chelator, in protection against
lipid peroxidation, and in protein carboxylation, is also
considered a chemical mediator of inflammation. It has been
shown that the intracellular GSH status plays a critical role in
regulating monocyte-to-macrophage differentiation and in-
flammation.”® This explains the inflammatory state found in
the brain. In fact, multiple inflammatory cells can migrate to
the brain during an inflammatory response such as T and B
lymphocytes, macrophages, and monocytes.®*®”

The internalization of GNPs in the brain tissue was well
elaborated on by many researchers; for example, De Jong et

al.%® studied the GNP-size-dependent tissue distribution in the
brain 24 h postinjection in rats. The study reveals that GNPs
with the smallest size of 10 nm accumulated in the brain tissues
more than the bigger-size GNPs. On the other hand, Hillyer et
al.%” interestingly observed that the single oral administration
of GNPs (from 4 to 58 nm) can pass the blood—brain barrier
and accumulate in the brain tissues. The passage of GNPs in
treated rat brains results in the uptake across the BBB after its
permutation from the blood, leading to systemic exposure to
the brain.” When NPs enter the circulation system, their
influence on the endothelial cell membrane results in
cytotoxicity and/or breaking of tight junctions of the BBB,
which further opens an entry into the cerebral environment for
NPs.”" Similarly, it was found that aluminum (Al), silver (Ag),
and Cu nanoparticles significantly altered the BBB in several
regions of the brain and spinal cord of mice and rats.”" It is
presumed that a healthy BBB contains defense mechanisms to
protect the brain from blood-borne pathogens or NP exposure.

When NPs with different surface characteristics were
assessed, chargeless NPs and low concentrations of anionic
NPs did not affect the BBB integrity. However, high
concentrations of anionic NPs and even low concentrations
of cationic NPs can disrupt the BBB.”” Many possible
mechanisms for NPs toxicity have been described -earlier
including injury of epithelial tissue’” and inflammation or
oxidative stress response.”’ Oxidative stress is the most
important cytotoxic initiator for all the cells.”* GNPs are also
responsible for activating 8-hydroxydeoxyguanosine
(80HAG), caspase 3 and heat shock protein 70 (Hsp70),
and IFN-y. These biochemical processes result in inflammation
and DNA damage that finally cause cell death. Compared with
the results of Siddigi et al,”® who found alterations in the brain
of mice injected with 20 pg/kg of gold nanoparticles for 3 days,
our results show brain damage only at the highest dose (250
mg/kg) (Table 2).
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Table 2. Main Findings of the Studies on Histopathology
Changes in Different Tissues of the Brain, Liver, and
Kidneys of Wistar Rats at Different Doses of Small-Size
GNPs (c. 20 nm)

organ  dose of gold nanoparticle histological result

brain 25, 50, and 100 mg/kg  inflammatory cells and congestive
vessel
250 mg/kg several outbreaks of necrosis

highlighted by the glial cell space

liver 25 and S0 mg/kg congestive vessel
100 mg/kg lymphocytic infiltration,
inflammation, and congestive vessel
250 mg/kg congestive vessel, lymphocytic

infiltration, and focal areas of
necrosis

kidneys 25 mg/kg

COl’lgeStiVE vessels

50 mg/kg lymphocytic infiltration and
congestive vessels

100 mg/kg several congestive vessels

250 mg/kg tubular degeneration and necrotic

state

4. CONCLUSIONS

The results of this study reveal the impact of gold nanoparticle
doses on different tissues. The findings contribute to
deepening our understanding of oxidative stress and the
cellular interaction by nanoparticles. Our data show that GNPs
induce an imbalance in the oxidant/antioxidant system marked
by variations in GSH, MDA, and PCO levels. These variations
are different for different organs where the levels of glutathione
affect the levels of MDA and PCO levels. As a result of the
oxidant/antioxidant imbalance, histological alterations are
present after the 15th day of GNP administration. These are
significant at 250 mg/kg but minimal at the lower doses of 25,
50, and 100 mg/kg, where necrosis is absent.
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