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Abstract

The toxic effects of the amorphous silica nanoparticles have not been thoroughly studied. Moreover, the majority of the in vivo
investigations were performed using an inhalation exposure method. The current study aimed to explore the potential toxic
effects of silica nanoparticles (SiNPs) after the treatment of adult male rats with two different concentrations (500 and 1000 ppm)
via drinking water for 28 days. The genotoxicity, antioxidant status, and liver and kidney functions were assessed. Besides,
histopathological and immunohistochemical evaluations were performed. The results showed a significant elevation in the
malondialdehyde (MDA) level concurrent with a reduction in total reduced glutathione (GSH) concentration and catalase activity
in the 1000-ppm SiNP-exposed rats as well as increase in ALT and AST activity confirmed by various histopathological
alterations detected in liver. Also, in the 1000-ppm SiNP-exposed animals, there was an elevation in urea and creatinine levels
confirmed by histopathological alterations detected in kidneys. Immunohistochemical findings in both liver and kidneys indi-
cated strong expression of caspase-3 in the 1000-ppm SiNP-treated rats compared with the control and 500-ppm SiNP-treated
groups. Such findings indicated that the 1000-ppm SiNPs exerted severe hepato-renal toxic impacts when compared with the

control and 500-ppm SiNP-exposed rats.
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Introduction

Nanoparticles have been extensively used in various fields,
and the toxic effects on the environment and humans are
attracting increasing attention. Amorphous silica nanoparti-
cles (SiNPs) are one of the most common nanoparticles and
because of their physicochemical properties; they are applied
increasingly in agriculture, industrial manufacturing, con-
struction, microelectronics, cosmetics, consumer products,
and foodstuffs [1-3]. Due to their high hydrophilicity and
good biocompatibility, SiNPs are developed for many bio-
medical and pharmaceutical applications such as drug deliv-
ery and cancer therapy, imaging probes, biosensors, and en-
zyme immobilization [4, 5].
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Nowadays, the industrial production of SiNPs has resulted
in an increased risk of human exposures at workplaces [6].
Also, SiNPs could be intentionally used for disease diagnosis
and treatments [7]. As human exposure to the SiNPs is in-
creasing, the assessment of the toxicity of these nanomaterials
isurgently needed [8]. Nanosilica might lead to multiple organ
damage [9]. As previously reported, SiNP exposure leads to
oxidative damage and inflammatory response followed by cell
membrane damage, genotoxic effect, mitochondrial dysfunc-
tion, cell cycle arrest, necrosis, and apoptosis [10, 11].

Inhalation of nanosilica produces lung inflammation, heart
damage, and elevation in fibrinogen concentration and blood
viscosity [12]. Nanosilica exposure also results in hydroxyl
radical production [13] and hepatic injury [14, 15]. A wide
range of toxic mechanisms have been reported including
DNA damage and cellular nucleoplasmic protein aggregates
[16], metabonomics [17], oxidative stress, and apoptosis [18,
19].

However, in vivo toxicity of SiNPs has been studied far
less than in vitro toxicity [4]. Besides, there are little data
about the adverse effects of SiNPs after oral administration.
Thus, the present study was conducted to evaluate the toxic
potential of two concentrations of SiNP in adult male rats
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through assessment of the liver and kidney function,
genotoxic effect, and histopathological and immunohisto-
chemical changes as well as appraising the antioxidant status
following exposure to SiNPs.

Materials and Methods
Chemicals

SiNPs were purchased from Sigma-Aldrich. They were spher-
ical and porous in shape, with a size of 20-30 nm and a purity
0f 99.5%. Kits for the biochemical analysis were purchased
from the Biodiagnostic Company (Dokki, Giza, Egypt).

Suspension Preparation of SiNPs

Solutions of SiNPs were prepared by sonication according to
the method of Canesi et al. [20] using Sonics Vibra-Cell
sonicator (Newtown, Connecticut, USA). Before the experi-
ment, the solutions were sonicated in an ice bath for 15 min at
100 W, 50% on/off cycle.

Animal Grouping and Experimental Design

Thirty adult male Sprague Dawley rats at 8 weeks and 180—
200 g were obtained from the Faculty of Veterinary Medicine-
University of Sadat City, Egypt. Rats had ad libitum access to
basal ration and tap water. All rats were acclimatized for 2
weeks before the beginning of the experiment. Animal han-
dling and treatment procedures were conducted according to
the Guidelines for the Care and Use of Laboratory Animals of
the National Institutes of Health (NIH) and approved by the
research ethics committee of the Faculty of Veterinary
Medicine, Cairo University (VetCU1022019079). For the ex-
periments, rats were randomly distributed into three equal
groups (n = 10/group). Rats in group I (Control) received
distilled water, group II received 500 ppm SiNPs in drinking
water, and group III received 1000 ppm SiNPs in drinking
water for 28 days. SiNP concentrations were selected accord-
ing to Sadek et al. [21].

Blood and Tissue Sampling

At the end of the study, the blood samples were collected from
the retro-orbital venous plexus of control and treated rats,
where it was divided into 2 parts. The first part was allowed
to clot at room temperature, then centrifuged at 3000 rpm for
10 min for separation of serum which was stored at — 20 °C for
biochemical analysis, while the other part was collected in
heparinized tubes and immediately used for micronucleus as-
sessment. The liver and kidney were homogenized in ice-cold
100-mM phosphate buffer (pH 7.4). The homogenates were
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centrifuged at 14,000xg for 20 min, and the resulting super-
natant was kept at —20 °C for antioxidant parameters assess-
ment. At necropsy, the liver and kidney were removed,
washed with physiological saline, and weighed. Small por-
tions of them were collected and fixed in 10% buffered neutral
formalin solution for histopathological and immunohisto-
chemical examinations.

Genotoxicity and Cytotoxicity Biomarkers
1. Micronucleus assay

Drops of whole blood were directly smeared on slides. The
slides were air-dried for 24 h, fixed in methanol for 10 min,
followed by 10% Giemsa staining. To detect micronuclei in
erythrocytes, the slides were analyzed using a 1000-oil-
immersion lens. The mean frequency of micronuclei was eval-
uated per 1000 cells per group of rats [22].

2. Oxidative stress evaluation

The malondialdehyde was determined in homogenates by
monitoring the thiobarbituric acid reactive substance
(TBARS) formation using colorimetric kits as described by
Ohkawa et al. [23]. GSH was determined by the colorimetric
method as mentioned by Beutler et al. [24]. The CAT activity
was determined according to the method of Fossati et al.
[25].

Biochemical Evaluation

The impact of SiNPs on liver function was evaluated by mea-
suring the activities of serum alanine aminotransferase “ALT”
and aspartate aminotransferase “AST” [26]. Kidney function
was evaluated by measuring serum levels of BUN [27] and
creatinine [28].

Histopathological Examination and Lesion Scoring

Samples from liver and kidneys were collected from different
experimental groups, fixed in 10% neutral buffered formalin
and routinely processed. The paraffin-embedded blocks were
sectioned at 5 pm thickness and stained with hematoxylin and
eosin [29]. Histopathological alterations in liver and kidneys
were evaluated and scored as (0) indicated no changes, (1),
(2). and (3) indicated mild, moderate, and severe changes,
respectively, while the grading was determined by percentage
as follows: (< 30%) showed mild changes, (< 30-50%) indi-
cated moderate changes, and changes more than 50% indicat-
ed severe changes [30, 31].
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Immunohistochemistry

Formalin-fixed, paraffin-embedded 4-pm sections were fixed
into poly-L-lysine coated slides (Thermo-Scientific,
Karlsruhe, Germany). After deparaffinization and rehydra-
tion, the slides were immersed in buffer Target Retrieval
Solution, pH 9.0 (Dako, Glostrup, Denmark). Peroxidase
Blocking Solution (Dako, Glostrup, Denmark) was used to
block the activity of endogenous peroxidase. The slides were
incubated with 1 mg/ml of caspase-3 antibodies at 1:50 dilu-
tion (DAKO, Glostrup, Denmark) and immunostained with
DAKO RealTM EnvisionTM Detection System Peroxidase/
DAB+, HRP Rabbit/Mouse (Dako, Glostrup, Denmark). The
positive immune reactive cells showed a brown-stained cyto-
plasm. The color intensity and percentage area of brown color
staining were estimated by color deconvolution image J soft-
ware 1.52 p software (Wayne Rasband, National Institutes of
Health (USA).

Statistical Analysis

The statistical analysis was carried out by one-way ANOVA
with setting the probability level to p < 0.05; post hoc analysis
of group differences was performed by LSD test. The treated
groups were compared both with each other and with the
untreated control group. Data were expressed as mean = SEM.

Results
Micronucleus Assay

AS displayed in Fig. 1, no significant difference in the fre-
quency of micronucleated erythrocytes was observed between
the 500 ppm SiNPs and control groups. However, MN fre-
quencies were significantly higher in the 1000-ppm SiNP-ex-
posed group than the control and 500-ppm SiNP-treated group
(p <0.05).

Effect of SiNPs on Oxidant/Antioxidant Markers

The changes in oxidant/antioxidant markers are shown in
Table 1. The levels of MDA were significantly elevated, while
the activity of catalase and the level of GSH were significantly
reduced in both liver and kidney of animals of the high-dose
SiNP group.

Liver and Kidney Functions

Data presented in Table 2 indicate that the high SiNP concen-
tration caused a significant increase (p < 0.05) in AST and
ALT activities compared with control rats. Additionally, there
were statistically significant increases in BUN and creatinine
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Fig. 1 Micronuclei frequency (MN/1000 erythrocytes) of control, 500
and 1000 ppm SiNP-exposed rats. Data are expressed as mean + SEM,
n = 10. a: Significantly different from the control group. b: Significantly
different from the 1000-ppm SiNP-treated group. Using one-way
ANOVA atp <0.05

concentrations in rats treated with 1000 ppm silica nanoparti-
cles indicating kidney dysfunction.

Histopathological Findings and Lesion Scoring

All the recorded lesions in the liver and kidneys were scored
according to their severity as shown in Table 3. The control
group showed normal histological structure of the liver (Fig.
2a and b). Concerning the group that was treated with
500 ppm SiNPs, it revealed mild vacuolar degeneration in
some hepatocytes with a mild proliferation of kupffer cells
(Fig. 2¢ and d). There was also mild congestion of hepatic

Table1 The oxidant/antioxidant markers in the control group and other

treated groups

Parameter Organs Control 500 ppm 1000 ppm

MDA (nmol/g) Liver 157+4.7 157.6 £4.6b 1883 +£2.02a
Kidney 130.6+34 1343+£23b 161.3+2.03a

Catalase (U/g) Liver 195.6+2.8 194.6+25b 172+2.5a
Kidney 1983 +1.7 196 +2.6b 178 +1.2a

GSH (mg/g) Liver 133.6+2.7 133+1.15b 85+2.8a
kidney 109.6+1.45 1083 +2.02b 94.3+4.05a

Data are expressed as mean = SEM, n = 10. Rats in group I (Control)
received distilled water, group II received 500 ppm SiNPs in drinking
water, and group III received 1000 ppm SiNPs in drinking water for 28
days. a: Significantly different from the control group. b: Significantly
different from the 1000 ppm SiNP-treated group. Using one-way
ANOVA atp <0.05

MDA malondialdehyde, GSH reduced glutathione
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Table 2  Liver and kidney functions in all experimental groups

AST (U/) ALT (U/N) BUN (mg/dl) Creatinine (mg/dl)
Control 86.6 £2.4 10.6 £0.8 246+£24 0.5+0.08
SiNPs 500 88.3+3.7b 11.3+£2.2b 26.6 £1.4b 0.7+0.1b
SiNPs 1000 1193 £2.9a 233+3.7a 42.6 +49a 1.4 £0.05a

Data were expressed as mean = SEM of 10 rats per group. Rats in group I (Control) received distilled water, group Il received 500 ppm SiNPs in drinking
water, and group III received 1000 ppm SiNPs in drinking water for 28 days. a: Significantly different from the control group. b: Significantly different
from the 1000-ppm SiNP-treated group. Using one-way ANOVA at p <0.05

AST aspartate aminotransferase, ALT alanine aminotransferase, BUN blood urea nitrogen

sinusoids (Fig. 2e). Portal areas showed congestion of portal
blood vessels and hyperplasia of bile duct lining epithelium
(Fig. 2f). Concerning group treated with 1000 ppm SiNPs, it
showed severe vacuolar degeneration of a considerable num-
ber of hepatocytes and focal coagulative necrosis of some
hepatocytes. Hepatic sinusoids showed mild congestion (Fig.
3a, b, and c) with moderate proliferation of kupffer cells. Mild
portal fibrosis was noticed with hyperplasia of bile duct lining
epithelium.

The kidneys of the control group showed normal histo-
logical structure (Fig. 4a). Kidneys of the group treated
with 500 ppm SiNPs showed congestion of glomerular tuft
with vacuolation of some glomerular lining endothelium.
Few renal tubules showed mild cystic dilatation (Fig. 4b
and c). There was also congestion of interstitial blood ves-
sels. Interstitial tissue revealed infiltration of mononuclear
inflammatory cells (Fig. 4d). In the group that treated with
1000 ppm SiNPs, glomerular tuft revealed congestion and
atrophy; also, it showed vacuolation of glomerular lining
endothelium and hypercellularity. Some renal corpuscles
revealed necrosis of glomerular tuft; there was also
coagulative necrosis of a considerable number of renal tu-
bular lining epithelium (Fig. 4¢). Interstitial tissue revealed
congestion of its blood vessels. Renal cortical interstitial
tissue also showed infiltration of mononuclear

inflammatory cells (Fig. 4f), with cystic dilatation of some
renal tubules.

Immunohistochemistry
Caspase-3 Expression

Immunostaining expression of caspase-3% area in the liver
and kidneys of different groups was illustrated in Fig. 5. No
caspase 3 immune-reactive cells in the liver and kidneys of
control rats were observed (Fig. 6a). Sections from 500-ppm
SiNP-treated group revealed weak caspase-3 expression in
both liver and kidney (Fig. 6b). On the other hand, the 1000-
ppm SiNP-exposed group showed strong positive immune-
reactive cells in both organs (Fig. 6¢).

Discussion

The small size of nanoparticles (NPs) was found to increase
their surface area, which increases their binding to serum pro-
teins, and their surface receptor recognition, leading to more
tissue damage [32]. Because the growing production and use
of SiNPs increase the risk of human exposures, an evaluation
of their safety is extremely important [8, 33]. Some previous

Table 3 Scoring of histopathological alterations in the liver and kidneys of all experimental groups

Organs Lesions Control 500 ppm SiNPs 1000 ppm SiNPs

Liver - Vacuolar degeneration. 0 1 3
- Hepatocellular necrosis. 0 1 3
- Congestion of hepatic sinusoids. 0 1 1
- Proliferation of kupffer cells. 0 1 2

Kidneys - Atrophy and congestion of glomerular tuft. 0 1 3
- Vacuolation of glomerular lining endothelium. 0 1 3
- Hypercellularity of the glomerular tuft. 0 0 2
- Necrosis of glomerular tuft. 0 0 2
- Congestion of interstitial blood vessels. 0 2 3
- Interstitial tissue infiltrated with mononuclear cells. 0 1 1
- Necrosis of tubular lining epithelium. 0 1 3
- Cystic dilatation of renal tubules. 0 1 2

The scoring system was designed as score 0 = absence of the lesion in all rats of the group (n = 5), score 1 = (< 30%), score 2 = (< 30-50%), and score 3 =

> 50%)
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Fig. 2 Representative
photomicrograph of rat liver. a
Control group showing normal
central vein (CV) with normal
surrounding hepatocytes (H)
(H&EX200). b Control group
showing normal portal area
structure (arrow) with normal
portal blood vessel (PV)
(H&EX200). ¢ Group treated
with 500 ppm SiNPs showing
congestion of central vein (arrow)
with mild vacuolar degeneration
of surrounding hepatocytes
(H&EX200). d Higher magnifi-
cation of the previous photo
showing mild vacuolar degenera-
tion of some hepatocytes (black
arrow) and proliferation of
kupffer cells (white arrow) with
congestion of central vein
(H&EX400). e Group treated
with 500 ppm SiNPs showing
congestion of hepatic sinusoids
(arrow) with mild vacuolar de-
generation of hepatocytes
(H&EX400). f Group treated with
500 ppm SiNPs showing hyper-
plasia of bile duct lining epitheli-
um and congestion of portal blood
vessels (PV) (H&EX400)

Sy
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studies demonstrated the toxicity of silica nanoparticles on the
liver and kidney of rats and mice, while other investigations
reported that SiNPs have no adverse effects and can be used
safely [34].

In the current study DNA damage was evaluated by the
micronucleus assay. The micronucleated erythrocyte is an
important marker of cellular toxicity of environmental pol-
lutants, where the presence of micronucleus in cells is an
indication of chromosomal aberrations and DNA break [35].
In our experiment, the 1000-ppm SiNP-exposed rats showed
a significant elevation of micronucleus frequency as com-
pared with that in 500 ppm SiNPs and control groups.
Exposure to SiNPs resulted in DNA damage in human
keratinocytes (HaCaT) [36]. Also, Exposure to nano-silica
caused cell mortality and significant DNA break [37].
Nabeshi et al. [38] reported that the genotoxicity observed
with nano-silica may be related to pro-inflammatory effects
through ROS-mediated mechanism, modification of

L
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chromatin structure, or elevation of DNase, a potent inducer
of cytogenetic damages.

Our oxidative stress findings showed that SiNPs dose at
(1000 ppm) increased the MDA content, whereas it decreased
the GSH level, and CAT enzyme activity significantly.
Similar to our results, oxidative stress biomarkers were signif-
icantly increased, in the serum and brain of the SiNP-exposed
mice and rats [39, 40]. Further studies reported that silica NPs
caused induction of oxidative damage and reactive oxygen
species (ROS) generation [41, 36]. The liberation of ROS
can be considered a possible mechanism for SiNP toxicity
taking into consideration that silica has been shown to cause
oxidative and inflammatory impacts resulting in the degrada-
tion of proteins and DNA break [42, 43]. The increase in lipid
peroxidation end products could be attributed to oxidative
damage of biological membranes by the generated ROS,
which in turn contributes to the depletion of endogenous an-
tioxidant enzymes and GSH amounts [44, 45]. Durairaj et al.
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Fig. 3 Photomicrograph of rat liver, group treated with 1000 ppm SiNPs.
a Liver showing severe vacuolar degeneration of a considerable number
of hepatocytes (arrow) (H&EX400). b Liver showing focal coagulative
necrosis of hepatocytes (white arrow) with vacuolar degeneration of

[46] reported that the lowering of the CAT activity may result
in deleterious effects due to the accumulation of superoxide
radicals and hydrogen peroxide.

Previous studies have demonstrated that NPs induced tox-
icological effects in different organs mainly on the lungs, liv-
er, spleen, and kidneys [47, 48]. In the current study, the
activity of serum marker enzymes of the liver (ALT and
AST) were markedly elevated in rats treated with 1000 ppm
SiNPs. This finding indicates hepatic damage that alters hepa-
tocytes membrane permeability causing leakage of enzymes
from the cells. In consonance with the present finding, some
investigators registered an elevation in the activity of serum
AST and ALT activities following SiNP administration [49,
50]. Some studies have reported that the liver is a reticuloen-
dothelial system organ and is recognized as a major SiNP
target [51, 52], as SiNPs accumulate in the liver and induce
pathological changes. Previous studies have demonstrated that
SiNPs inflicted severe liver damage after systemic administra-
tion [49]. Oxidative stress in the hepatic tissue of mice was
notably prevalent after exposure to nano-silica, resulting in
hepatic injury [53, 54].
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others (black arrow) (H&EX200). ¢ Higher magnification of the previous
photo showing severe vacuolar degeneration of hepatocytes (black ar-
row), coagulative necrosis of others (white arrow), and sinusoidal dilata-
tion (arrowhead) (H&EX400)

In our study, the histopathological findings in the liver
of animals treated with 500 ppm SiNPs showed mild de-
generative changes in some hepatocytes with mild con-
gestion of blood vessels, while in the group that treated
with 1000 ppm SiNPs, histopathological changes included
severe vacuolar degeneration of hepatocytes and focal ne-
crosis of some. Hepatic sinusoids showed mild congestion
with moderate proliferation of Kupffer cells. These results
are correlated with those of oxidative stress markers and
liver function tests. In one study, the ALT and AST levels
were increased in SiNP-treated rats, and small amounts of
inflammatory cell infiltration and hepatic cell adipose de-
generation in the liver were observed [55]. The hepatic
vacuolation and karyolytic and pyknotic nuclei of some
hepatocytes may be due to cell injury [32].

Furthermore, our data revealed significant elevations in
serum creatinine and urea in the kidney of 1000-ppm
SiNP-exposed rats. The increased BUN and creatinine
levels reflect reduction of glomerular filtration rate [56].
Blood biochemical parameters such as albumin, cholester-
ol, triglycerides, total proteins, urea, and AST activities



Toxic Impacts of Amorphous Silica Nanoparticles on Liver and Kidney of Male Adult Rats: an In Vivo Study 2659

Fig. 4 Representative
photomicrograph of rat kidneys. a
Control group showing normal
histological structure of renal
corpuscles (arrow) and renal tu-
bules (H&EX400). b Group
treated with 500 ppm SiNPs
showing mild congestion of glo-
merular tuft (black arrow), note
vacuolation, and necrosis of tu-
bular lining epithelium (white ar-
row) (H&EX400). ¢ Group treat-
ed with 500 ppm SiNPs showing
vacuolation of glomerular lining
endothelium (black arrow) and
note coagulative necrosis of some
tubular lining epithelium (white
arrow) (H&EX400). d Group
treated with 500 ppm SiNPs
showing infiltration of interstitial
tissue with mononuclear inflam-
matory cells (arrow) (H&EX200).
e Group treated with 1000 ppm
SiNPs, kidney showing severe
necrosis of both glomerular lining
endothelium (black arrow) and
tubular lining epithelium (white
arrow), and note vacuolar degen-
eration of glomerular lining en-
dothelium in some corpuscles
(H&EX400). f Kidney of group
treated with 1000 ppm SiNPs
showing dilatation and conges-
tion of interstitial blood vessels
(BV); interstitial tissue also
showed infiltration of mononu-
clear inflammatory cells (arrow)
(H&EX200)

70

Y

60

W 500 ppm SiNPs

W 1000 ppm SiNPs

Liver Kidneys

Fig. 5 Area % of caspase-3 expression in the liver and kidneys of differ-
ent experimental groups. Data are expressed as mean = SEM (n = 5).
Different letters in the same column were significantly different at (p <
0.05)

were significantly elevated in exposed mice and rats [21].
Herein, the recorded modulation in liver and kidney bio-
chemical markers, reflecting liver and kidney injury, is in
line with our histopathological and immunohistochemical
findings.

Kidneys of the group treated with 500 ppm SiNPs
showed mild degenerative and inflammatory reactions.
In the group that treated with 1000 ppm SiNPs, glomeru-
lar tuft revealed congestion and atrophy, in addition to
vacuolation of glomerular lining endothelium. Some renal
corpuscles revealed necrosis of glomerular tuft. Interstitial
tissue showed the infiltration of mononuclear inflammato-
ry cells. There was coagulative necrosis of a considerable
number of renal tubular lining epithelium. Hassankhani
et al. [57] noticed gross tissue damage in the kidney of
male mice (cell swelling and necrosis) after SINP expo-
sure. SiNPs were found to persist longer in liver and kid-
neys than any other organ [55, 58].
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Fig. 6 Immunostaining of
caspase-3 in liver and kidneys. a
Control rat showing no caspase-3
immune-reactive cells in both
liver and kidneys. b 500-ppm
SiNP-treated group showing
weak positive caspase-3 expres-
sion. ¢ 1000-ppm SiNP-treated
group showing strong positive
immune expression in both or-
gans (Caspase-3 X400)

Control

500 ppm SiNPs

1000 ppm SiNPs

Immunostaining of caspase-3 protein in the liver and
kidneys of the 1000-ppm SiNP-exposed group showed
strong positive immune-reactive cells in both organs, and
this confirmed that SiNPs induced tissue damage in both
liver and kidneys by apoptosis. Oxidative stress has been
reported as a toxic pathway of SiNP-induced apoptosis and
inflammation in different cell types [59]. In conclusion,
this study indicated that oxidative stress and apoptosis con-
tribute to the hepato- and nephro-toxic effects of silica
nanoparticles. In addition, the dose of 1000 ppm SiNPs
caused marked toxicity compared with the dose of 500
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