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Silica nanoparticles induce neurotoxicity in striatum
region by activating oxidative stress and apoptosis-
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Abstract
Extensive use of silica nanoparticles (SiNPs) in biomedical and industrial �elds has increased the risk of
exposure, resulting in concerns about their safety. However, information regarding their neurotoxic effects
through different pathways particularly by perturbing the oxidative/nitrosative balance and causing
striatum damage is scarce. The objective of this study was to further assess mechanisms involved in
SiNPs-induced neurotoxicity in the striatum using a rat model. Results showed a signi�cant increase in
lipid peroxide levels (LPO), reactive oxygen species (ROS), nitrite (NO) and protein carbonyl contents in
the striatum, whereas there was a signi�cant decrease in antioxidant enzyme activities (SOD, CAT and
GPx) and glutathione (GSH) levels in rats following a subacute intraperitoneal injection of SiNPs (at 25
and 100 mg/kg bw/day for 28 days) compared to controls. Furthermore, a decrease in cholinergic (AChE
and BChE) and membrane-bound ATPase (Na+ K+ ATPase, Mg2+ ATPase and Ca2+ ATPase) enzyme
activities in the striatum was also observed. Immunohistochemical analyses of the striatum revealed a
signi�cant increase in protein expression of antioxidant markers, in particular nuclear factor erythroid-2-
related factor-2 (Nrf2) and Heme oxygenase-1 (HO-1). Quantitative real-time PCR also showed that SiNPs
induced an up-regulation of pro-apoptotic gene expression (Bax, p53, Caspase-9/3) and down-regulation
of anti-apoptotic factor Bcl-2 in this brain region, with a concomitant upregulation of the Bax/Bcl-2 ratio.
Histopathological analysis con�rmed that SiNPs induced extensive neuronal damage and degeneration
of surrounding cells in striatum tissue. Our �ndings suggest that oxidative/nitrosative stress-mediated
apoptosis is involved in the striatum neurotoxicity induced by SiNPs by activating Nrf2/HO-1 and
apoptotic signaling pathways.

1. Introduction
Nano-biotechnology has led to the development and use of unique materials in the nanometer size range
(1–100 nm) (Emerich et al. 2003; Wang et al. 2014). However, there are safety concerns about the use of
nanoparticles (NPs) and their impact on the central nervous system (CNS). Silica nanoparticles (SiNPs)
are increasingly used in biomedical and industrial �elds given their easy surface modi�cations and highly
hydrophilic properties. They have applications in biomedicine for targeted drug delivery, biomedical
imaging, and photodynamic and photothermal cancer therapy; other applications include their use in
electronics, sensors, and catalyzers (Ahmed et al. 2012; Barahona et al. 2016; Mebert et al. 2017; Mody et
al. 2013; Wu et al. 2012; Yang et al. 2016).

NPs were reported to translocate into cells and to have the potential to cross through the blood-brain
barrier (BBB) leading to their accumulation in different brain regions (Baghirov et al. 2016; Wang et al.
2021). In particular, Tamba et al. (2018) showed that surface modi�ed �uorescent silica NP derivatives
were able to penetrate the BBB of mice treated intraperitoneally, as analyzed by confocal laser scanning
microscopy (CLSM), �ow cytometry (FACS) and transmission electron microscopy (TEM) of brain tissue
sections. Nevertheless, the toxicokinetics and toxicity of SiNPs were reported to depend on exposure
conditions, including coating and route of administration (Napierska et al. 2010). Çömelekoglu et al.
(2019) showed that SiNPs caused degenerative alterations in nerve �bers and glial cells of the brain in
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Wistar albino rats following subacute daily intraperitoneal injection of 6, 20 and 50 nm SiNPs for 28
days. In a more recent study, it was also shown that SiNPs induced behavioral changes in Wistar rats
subacutely exposed by intraperitoneal injection to SiNPs at doses of 25 and 100 mg/kg bw/day; this was
accompanied by cholinergic changes in the hippocampus, with increased expression of genes related to
in�ammation and decreased expression of genes related to cholinergic response (Boukholda et al. 2021).
However, the molecular pathways involved in SiNPs-mediated neurotoxicity are still unclear, especially in
the striatum, a region of the brain implicated in facilitated voluntary movement.

However, general toxicity mechanisms of NPs are known and include excess production of reactive
oxygen species (ROS) as reported from in vitro and in vivo studies (Adamo et al. 2017; Akter et al. 2018;
Shvedova et al. 2012). Excess generation of ROS mediated by NPs was in turn shown to regulate cell
functions (Horie et al. 2021). Metal-based NPs were shown to produce free radical-mediated toxicity
(Fubini et al. 2003; Huang et al. 2010). Excess ROS generation mediated by NPs were also linked to
mitochondrial alterations such as membrane depolarization, impairment of electron transport chain and
activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (Xia et al. 2006). However,
some studies have reported the direct toxicity of NPs without generation of ROS (Wang et al. 2010).
Apoptosis has also been identi�ed as a major mechanism involved in cell death following oxidative
stress (OS) induced by NPs (Jawaid et al. 2020; Manke et al. 2013). OS was recorded to activate
transcription of phase II antioxidant enzymes via regulation of nuclear factor erythroid-2-related factor 2
(Nrf2) and Heme oxygenase 1 (HO-1), which control antioxidant response and apoptosis. Redox-sensitive
mitogen-activated protein kinase (MAPK) and transcription factor nuclear factor-kappa B (NF-κB) are also
known key regulators of in�ammatory response. In addition, excess OS was related to increased
mitochondrial electron transport, resulting in ATP depletion in cells through an impairment of ATPases
function (Na+ K+ ATPase and Ca2+ ATPase) (Bhatti et al. 2017; Guo et al. 2013; Moseley et al. 2007).

With regards to the toxicity mechanism of SiNPs speci�cally and the production of ROS and
in�ammatory response, data available are mostly limited to in vitro studies (Chen et al. 2005; Xue et al.
2012). Yang et al. (2014) also showed that exposure to SiNPs (15 nm; 10 µg/mL for 24 h) altered the
expression of amyloid precursor protein (APP), a cell surface receptor, enhanced phosphorylation of tau
and activated glycogen synthase kinase-3 (GSK)-3β in human SK-N-SH and mouse neuro2a
neuroblastoma cells, which are key pathological features observed in several neurodegenerative diseases
including Alzheimer’s disease (AD). Kusaczuk et al. (2018) also reported that SiNPs induced OS and
genotoxic effects in cultured L229 cells. Despite this experimental evidence in vitro, the role of OS and
apoptotic pathways on SiNP-mediated toxicity in vivo striatum region of the brain remains to be
con�rmed.

The objective of the current study was thus to investigate the potential neurotoxic mechanisms of SiNPs
in the striatum region of the brain following subacute intraperitoneal exposure in rat model,  and to focus
on key cellular pathways including oxidative/nitrosative stress, and markers involved in apoptotic
cascades.
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2. Materials And Methods

2.1. Physicochemical characterization of silica
nanoparticles (SiNPs)
SiNPs were purchased from Sigma-Aldrich (Deissenhofen, Germany). The characterization of SiNPs was
reported in our previous study (Boukholda et al. 2021). Brie�y, transmission electron microscopy (TEM)
images showed that SiNPs were uniform in size and shape, with an average diameter of 11 ± 3 nm. The
average hydrated particle size of SiNPs in physiological saline solution was 39 nm and the zeta potential
was − 32.13 mV.

2.2. Animals and treatment
Adult male Wistar rats (250 ± 20 g) aged 8–10 weeks were obtained from the Central Pharmacy (SIPHAT,
Tunisia). They were kept under standard housing conditions (22 ± 2°C room temperature, 50–60% relative
humidity, 12 h dark-light alternation), with water and food available ad libitum. After a period of
acclimatization, the animals were randomly divided into three treated groups (12 rats/group). One group
was kept as control and received a daily intraperitoneal (i.p.) injection of saline solution vehicle for 28
days. The other groups received daily i.p. doses of 25 or 100 mg SiNPs/kg bw for 28 days. SiNPs were
suspended in 0.9% saline for dosing and the solution was sonicated for 15 minutes at 35% ampli�cation
(Fisher Sonic Dismembrator, Model 300) and vortexed just before their intraperitoneal injection (i.p) to
avoid aggregation and sedimentation. A fresh solution of SiNPs was prepared daily for each treatment.
During the study, clinical manifestations were monitored.

Twenty-four hours after last dose of SiNPs, rats were sacri�ced by cervical decapitation to avoid stress.
Brains were quickly removed and put on ice, and the striatum was dissected out for the following
analyses. Other brains were �xed in 10% buffered formalin solution and embedded in para�n for
histophatological analysis.

The experimental protocol was approved by the Animal Care and Use Committee at the Faculty of
Sciences of Sfax (FSS) and experiments were in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals.

2.3. Measurement of antioxidant capacity and oxidative
damage markers

2.3.1. Assessment of lipid peroxidation levels in the
striatum region
The lipid peroxidation levels in the striatum region were determined using the thiobarbituric acid reactive
substances (TBARS) as an index of lipid peroxides (Draper et al. 1990; Gargouri et al. 2018). The samples
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were incubated at 80°C for 10 min and centrifuged at 3000× g for 15 min. The optical absorbance at 530
nm was measured and the data obtained were expressed as nmol/mg protein.

2.3.2. Assessment of protein carbonyl (PCO) content in the
striatum region
Protein carbonyls (PCO) contents were detected by the reaction with 2,4- dinitrophenylhydrazine (DNPH)
(Reznick et al. 1994). The DNPH reaction with protein was precipitated with an equal volume of 20%
(w/v) trichloroacetic acid and washed three times with 2 mL of an ethanol/ethyl acetate mixture (1:1).
Then, the precipitates were dissolved in 6 M guanidine HCl solution. The absorbance was measured at
370 nm and the results were expressed as nmol/mg protein.

2.3.3. Determination of Nitrogen oxide (NO) production in
the striatum
The accumulation of nitrite (NO) in striatum homogenates was determined using Griess method (Laura et
al. 1982). Supernatants (100 µL) were incubated with Greiss reagent (0.1% N- (1- naphthyl)
ethylenediamine dihydrochloride, 1% sulfanilamide, and 2.5% phosphoric acid) and absorbance was
measured at 540 nm after 20 min of incubation. Results were expressed as µM.

2.3.4. Determination of reactive oxygen species (ROS)
levels in the striatum
Reactive oxygen species (ROS) levels in the striatum were measured according to the method of Driver et
al. (2000). The �uorescence intensity was measured at 485/530 nm in a microplate reader. ROS
generation was reported as a percentage of control.

2.4. Determination of enzymatic and non-enzymatic
antioxidant activity in the striatum
Catalase (CAT) activity was determined by the hydrogen peroxide (H2O2) degradation method (Aebi et al.
1984) using H2O2 as substrate. Changes in absorbance due to H2O2 degradation were determined
spectrophotometrically at 240 nm. CAT activity was expressed as nmoles H2O2 consumed/min/mg of
protein. Superoxide dismutase (SOD) activity was estimated according to the method Beauchamp and
Fridovich (1971). SOD activity was expressed as the required amounts of enzyme to inhibit the reduction
of nitroblue tetrazolium (NBT) by 50% and the activity was expressed as U/mg of protein. Glutathione
peroxidase (GPx) activity was measured as described by Flohé et al. (1984) and the activity was
expressed as nmol of GSH consumed/min/mg of protein. Reduced glutathione in the striatum was
determined by the method of Ellman (1959) based on the reduction of 5,5-dithio-bis-2-nitrobenzoic acid
(DTNB) by thiols resulting in a yellow derivative 2-nitro-5-thiobenzoic acid (TNB). The absorbance was
measured at 412 nm using a microplate reader and reduced GSH was expressed as nmol/mg protein.
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2.5. Measurement of cholinergic system markers in the
striatum
The quantitative measurement of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) activities
in striatum region was performed according to the method of Ellman (1959) and Ellman et al. (1961)
using acetylthiocholine iodide (ATCh) and butyrylthiocholine (BTCh) as a substrate. The change in the
absorbance was measured immediately at 412 nm spectrophotometrically and the activities of AChE and
BChE were expressed as µmol ATCh /min/mg protein and as µmol BTCh/min/mg protein, respectively.

2.6. Determination of Na+/K+, Ca 2+, and Mg2+ ATPase
activities in the striatum
Na+/K+ATPase, Ca2+ATPase and Mg2+ATPase activities were assayed as previously described by
Chtourou et al. (2011). Results were expressed as µmoles Pi/h/mg protein.

2.7. Protein determination
Protein was measured in striatum samples by the method of Bradford (Bradford et al.,1976) using bovine
serum albumin (BSA) as the standard.

2.8. Quantitative RT-PCR assay
Quantitative reverse transcriptase real-time polymerase chain reaction (qRT-PCR) was performed as
previously described by Aouey et al. (2017). Total RNA was isolated from the striatum tissue using TRIzol
Reagent according to the manufacturer's protocol. The concentration and purity of the isolated RNA were
determined by measuring the absorbance A260/A280 ratios using a Nano-Photometer™ (Implen, GmBH).
For qRT-PCR analysis, single-stranded cDNA was prepared from 2 µg of total RNA according to the
protocol of the Exscript RT reagent Kit (ThermoFisher Scienti�c, Waltham, MA, USA) and was then
ampli�ed using SYBR Green and the set of primers listed in Table 1. GAPDH was used as an internal
control for sample normalization and the expression levels of the above genes were calculated using the
2−ΔΔCt method.
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Table 1
Sequence of all primer used in RT-qPCR experiment

Gene name Primer sequences  

  Forward Reverse

β-actin 5′-GAGATTACTGCCCT GGCTCCTA-3′ 5′-GACTCATCGTACTC CTGCTTGCTG-3′

Nrf-2 5’-CAGCACATCCAGACAGACACCA − 3’ 5’-GTATTAAGACACTGTAACTCGGGAATGG-3’

Bax 5′-AAACTGGTGCTCAAGGCC-3′ 5′-GGGTCCCGAAGTAGGAAAGG-3′

Bcl-2 5′-GCTACGAGTGGGATACTGG-3′ 5′-GTGTGCAGATGCCGGTTCA-3′

P53 5′-CCAGGGTGGTTGGGTGAGACT-3′ 5′-TGGGAGGTCAGCAGGGTAGAT-3′

Caspase-3 5′-GGTATTGAGACAGACAGTGG-3′ 5′-CATGGGATCTGTTTCTTTGC-3′

Caspase-9 5′-AGATGCTGTCCCATACCAGG-3′ 5′-CAGGAACCGCTCTTCTTGTC-3′

2.9. Immunohistochemistry/Immuno�uorescence
Para�n-embedded brains were cross-sectioned into 3-µm-thick pieces and
immunohistochemistry/immuno�uorescence experiments were carried out as described by Rubio-
Navarro et al. (2016). Sections were incubated with primary antibodies rabbit anti-HO-1 (1:200 dilution,
Life technologies) and rabbit anti-phospho Nrf2 (1:100 dilution, bs-2013R, Bioss) then incubated with
secondary antibody for 1 h. Slides were incubated with diamionbenzidine for 10 min, washed three times
in PBS between all incubation steps, counterstained with hematoxylin, and observed under a light
microscope.

For immuno�uorescence studies, slides were stained with a �uorescent secondary antibody (Alexa 488,
Invitrogen) and analyzed using an inverted confocal microscope (Leica TCS SP5).

2.10. Histological examination
Brain tissues were processed via routine histological procedures, and cross-sectioned into 3- using a
microtome. Slides were stained with hematoxylin and eosin. Then, the sections were observed and
photographed with a light microscope (Olympus, Tokyo, Japan).

2.11. Statistical analysis

The obtained data were analyzed using GraphPad Prism 6.0 (GraphPad Software, San Diego, CA) and
expressed as mean ± standard errors. All statistical comparison data were performed using one-way
ANOVA followed by Tukey post-test.

3. Results
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3.1. Effect of silica nanoparticles on oxidative/nitrosative
markers in the striatum
The effect of SiNPs on the oxidative/nitrosative marker levels in the striatum region are presented in Fig.
1. Signi�cant differences were observed between groups (25 mg/kg bw dose, 100 mg/kg bw dose and
controls): MDA [F (2, 26) = 88.14, p < 0.0001]; PCO [F (2, 27) = 14.21, p < 0.0034], ROS [F (2, 27) = 78.39, p < 
0.0001] and NO [F (5, 30) = 25.24, p < 0.001]. Post-hoc analysis showed a marked increase in the striatum
levels of MDA (p < 0.001; Fig. 1A), PCO (p < 0.001; Fig. 1B), NO (p < 0.001; Fig. 1C) and ROS (p < 0.001; Fig.
1D) in both SiNPs-treated groups compared to controls. However, there was no signi�cant difference in
NO levels (p > 0.05) between the group of rats treated with 25 mg SiNPs/kg bw and controls.

[Insert Fig. 1]

3.2. Effect of Silica nanoparticles on antioxidant enzyme
activities in the striatum region
Figure 2 shows the impact of SiNP exposure on the antioxidant defense system, as assayed by GSH
contents and the antioxidant enzyme activities, SOD, CAT and GSH-Px in the striatum region. Signi�cant
differences were observed between groups (25 mg/kg bw dose, 100 mg/kg bw dose and controls): GSH
[F(2, 27) = 79.08, p < 0.0001]; SOD [F(2, 27) = 21.8, p < 0.0001]; CAT [F(2, 27) = 27.33, p < 0.0005] and GSH-Px
[F(2, 27) = 33.72, p < 0.0003]. Post-hoc analysis showed a signi�cant reduction in the activity of the
antioxidant enzymes (Fig. 2A: SOD, Fig. 2B: CAT and Fig. 2C: GSH-Px), as well as the level of GSH (Fig.
2D) (p < 0.001) in the striatum of rats exposed to both doses (25 or 100 mg/kg bw) for 4 weeks as
compared to the control group.

[Insert Fig. 2]

3.3 Effect of Silica nanoparticles on protein and mRNA
expressions of genes related to oxidative stress in the
striatum
Figure 3 shows the Nrf2 activation induced by SiNPs treatment, Nrf2 protein expression as measured by
�uorescence microscopy (Fig. 3A) and mRNA Nrf2 protein expression measured by RT-qPCR (Fig. 3B).
Fluorescence microscopy showed Nrf2 positive cells and �uorescence intensity in the striatum of rats
treated with SiNPs at 100 mg/kg bw compared to the control group (Fig. 3A). There was also an increase
in mRNA expression of Nrf2 (p < 0.01) in both SiNPs-treated groups compared to controls. These changes
in protein and gene expression were more pronounced in the striatum of rats exposed at high dose of 100
mg SiNPs/kg bw. Immunohistochemical analysis also reported increased expression of Heme
oxygenase-1 (HO-1) in striatum of the SiNPs-treated rats when compared to controls.
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[Insert Fig. 3]

3.4. Effect of Silica nanoparticles on Cholinergic and
ATPase enzyme activities in the striatum
Figure 4 shows the effect of SiNPs at both doses (25 and 100 mg/kg bw) on striatal AChE, BChE and
bound enzyme ATPase activities. Signi�cant differences were found between treatment groups (25
mg/kg bw dose, 100 mg/kg bw dose and controls): AChE [F(2, 21) = 26.89, p < 0.0002]; BChE [F(2, 21) = 

29.77, p < 0.0001]; Na+/K+ ATPase [F(2, 21) = 38.9, p < 0.0002], Mg2 + ATPase [F(2, 21) = 25.95, p < 0.0023].

Post-hoc analysis showed a reduction in the activity of AChE, BChE, Na+/K+ ATPase and Mg2+ ATPase
enzymes in rats exposed to SiNPs at both 25 and 100mg/kg bw doses when compared with controls. No
signi�cant difference was observed in Ca2+ATPase activity (p > 0.05) in rats treated with SiNPs (25 and
100 mg/kg) compared to controls.

[Insert Fig. 4]

3.5. Effect of Silica nanoparticles on mRNA expressions of
genes related to apoptosis in the striatum
Figure 5 shows mRNA gene expression levels of Bax, Bcl2, P53 and caspases 3/9 as analyzed by qRT-
PCR. The expression of Bax, caspase 3and 9 was signi�cantly increased (p < 0.01), and the expression of
Bcl2 and P53 was signi�cantly decreased (p < 0.01) in the SiNPs-treated groups at both doses (25 and
100 mg/kg bw) compared to controls. These changes in the gene expression were more pronounced in
the high dose group of 100 mg/kg bw. We further found an increase of Bax/Bcl2 ratio in the SiNPs-
treated groups (p < 0.01) compared to those of the control group (Fig. 5F). The results indicate the
activation of Bax/Bcl2 and caspase 3/9 pathways.

[Insert Fig. 5]

3.6. Histopathological lesions in the striatum of rat exposed
to Silica nanoparticles
Striatum sections of the control groups of rats exhibited normal neuronal structure in terms of shape and
cellularity with obvious nuclei (Fig. 6A). Sections from the SiNP-treated rats showed marked neuronal
degeneration with decreased number of neurons, irregular damaged cells with indistinct boundaries and
cytoplasmic shrinkage. Pyknotic nuclei and chromatin condensation were also observed as well as
necrosis and perineuronal vacuolation (Fig. 6B).

[Insert Fig. 6]

4. Discussion



Page 11/24

NPs can penetrate biological tissue and cells, which present highly oxidative environments with strong
catalytic properties (Liu et al. 2015; Lundquist et al. 2016; Wu et al. 2011). Recent reports have shown
that the CNS can be a target for NPs, which can have substantial negative impact on different regions of
the brain (Wu et al. 2011). Despite the growing body of literature on neurotoxicity of SiNPs in mammal
cells, the mechanisms underlying neuronal cell damage caused by SiNPs in striatum region remains
unclear.

The results of this study identi�ed OS as a key event in the neurotoxic cascade observed in the striatum
region following SiNP exposure in vivo. A disturbance in the pro/antioxidant mechanism in the striatum
was observed as determined by the decrease in SOD, CAT, GSH-Px and GSH levels and an increase in ROS
MDA, PCO and nitrite formation after subacute intraperitoneal exposure to SiNPs at 25 and 100 mg/kg
bw in rats. These �ndings are consistent with published in vivo and in vitro data showing excess ROS-
mediated OS and ensuing cellular damage after SiNP exposure (Limón-Pacheco et al. 2020; Liu et al.
2017). In one of the only similar in vivo neurotoxicity study in the striatum region of the brain after
intranasal instillation of 125I-SiONPs in rodents, Wu et al. (2011) con�rmed the passage of SiNPs into the
brain with a deposition mainly in the striatum. In line with our results, they also observed an increased
in�ammatory response and induction of neurochemicals postexposure.

However, this current study is the �rst to provide in vivo evidence of activation of Nrf2 antioxidant
transcription pathway and increase expression of HO-1 protein in the striatum after subacute exposure to
SiNPs. This con�rms in vitro results (Ma et al. 2013; Yuan et al. 2021; Yu et al. 2021; Zhang et al. 2017)
showing an increased cellular and nuclear accumulation of Nrf2 following SiNP exposure, and activation
of the expression of Nrf2-regulated oxidative stress response genes. Taken together, the described
increase in transcription of Nrf2 as well as downstream genes in response to SiNPs exposure suggests
that SiNPs induced oxidative stress (increased ROS, MDA and GSH levels) in the striatum; this in turn
triggered defense mechanisms with activation of Nrf2 and HO-1 to counteract the oxidative stress
generated by SiNPs. There was also a more pronounced effect with increasing doses (100 mg/kg bw). In
accordance with previous �ndings, our results support the hypothesis that ROS-Nrf2 plays a fundamental
role in regulating redox balance, which is responsive to SiNP-induced brain injury.

The neurotoxicity of SiNPs in striatum region was also evaluated by the examining activity levels of AChE
and ATPases membrane-bound enzymes. Previous studies have demonstrated that ROS and free radicals
can cause alterations in cellular reduction-oxidation (redox) balance, and disrupt normal biological
functions in the brain, including �uidity and permeability (Finkel et al. 2011; Schieber et al. 2014; Yadav et
al. 2019). Additionally, Blaustein et al. (2020) reported that Na+/K+-ATPase and Ca2+-ATPase play an
important role in maintaining cellular ionic homeostasis and physiologic function in the nervous system.
The decrease in cholinergic (AChE, BChE) and ATPases membrane-bound enzyme activities in the
striatum of SiNPs-treated rats observed in our study supports these �ndings.

Apoptosis has further been reported as a major pathway of cellular death consequent to NPs induced
oxidative stress (Eom et al. 2010; Joshi et al. 2013; Hsin et al. 2008). The intrinsic mitochondrial
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apoptotic pathway was shown to play a major role in metal oxide NP-induced cell death with
mitochondria being a target organelle for NP-induced oxidative stress (Mohammadinejad et al. 2019). By
detecting the expression levels of apoptosis-related genes, it is possible to determine if exposure to SiNPs
activated cell apoptosis. In the present study, qRT-PCR results showed an up-regulation in the expression
of the pro-apoptotic signaling (p53, Bax, caspase9, and caspase3) whereas the expression levels of Bcl-2
genes, which inhibit apoptosis were reduced; thus, the ratio of Bax/Bcl-2 was also higher than that of the
control group. These results indicate that SiO2NPs induced apoptosis in the striatum by inhibiting
expression of the anti-apoptotic protein Bcl-2, and by activating the proapoptotic protein Bax. A similar
effect was reported in vitro in Neuro-2A cells where SiNPs induced the formation of ROS resulting in
cytotoxicity and apoptosis (Lee et al. 2020), as well as in various mammalian cells (pulmonary alveolar
epithelial, hepatic, kidney, myocardial, skin cells) (Guo et al. 2020; L’azou et al. 2008; Rancan et al. 2012).
Furthermore, SiNPs-induced apoptosis observed in our study appears to be mediated by the activation of
p53 pathway and increased oxidative DNA damage. The alterations in the neuronal cell structures
observed in striatum may be interpreted as a reorganization of the glial �lament and neuro�lament
structure after interaction with ROS formed as a consequence of SiNP exposure.

Overall, our data clearly provided new insights into the neurotoxic effects of SiNPs in striatum region,
raising the issue of the safety of SiNP exposure to humans.
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Figures

Figure 1

Effects of SiNPs (25 mg/kg bw/day or 100 mg/kg bw/day, i.p., given for 28 days) on the striatal oxidative
markers: Lipid peroxidation (A), protein oxidation (B), nitrite formation (C) and reactive oxygen species
generation (D). Values are mean ± SEM of ten animals in each group. P values reported are for
comparison between SiNP-treated groups and controls.
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Figure 2

Effects of SiNPs (25 mg/kg bw/day or 100 mg/kg bw/day, i.p., given for 28 days) on the striatal
enzymatic and non-enzymatic antioxidant SOD activity (A), CAT activity (B), GSH-Px activity (C) and
reduced GSH contents (D). Values are mean ± SEM of ten animals in each group. P values reported are
for comparison between SiNP-treated groups and controls.
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Figure 3

Effects of SiNPs (25 mg/kg bw/day or 100 mg/kg bw/d, i.p., given for 28 days) on the Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2) levels in the rat striatum as a marker of antioxidant defense system:(A)
Immuno�uorescence histological staining with the nuclei stained by DAPI with blue �uorescence and p-
Nrf2 protein stained with red �uorescence (scale bar = 50 μm); (B) number of positive cells (p-Nrf2) in
SiNP-treated groups vs controls; (C) expression of Nrf2 mRNA by qPCR; (D): representative light
microphotographs of heme oxygenase-1 (HO-1) expression in the striatum of rats treated with SiNPs (25
mg/kg bw/day or 100 mg/kg bw, i.p., given for 28 days) showing the large number of HO-
1immunopositive cells in SiNPs-treated group compared to controls. Values are mean ± SEM of ten
animals in each group. P values reported are for comparison between SiNP-treated groups and controls.
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Figure 4

Effects of SiNPs (25 mg/kg bw/day or 100 mg/kg bw, i.p., given for 28 days) on the striatal cholinergic
and ATPases membrane-bound enzyme activities: Acetylcholinesterase (AChE) activity (A);
Butyrylcholinesterase (BChE) activity (B); Na+/K+ ATPase activity (C); Mg2+ ATPase activity (D); Ca2+
ATPase activity (E). Values are mean ± SEM of ten animals in each group. P values reported are for
comparison between SiNP-treated groups and controls.
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Figure 5

Effects of SiNPs (25 mg/kg bw/day or 100 mg/kg bw, i.p., given for 28 days) on the striatal mRNA gene
expression related to apoptosis: Bax mRNA gene expression (A); Casp-3 mRNA gene expression (B); Casp-
9 mRNA gene expression (C); P53 mRNA gene expression (D);Bcl2 mRNA gene expression (E); Bax/Bcl2
ratio (F). Values are mean ± SEM of ten animals in each group. P values reported are for comparison
between SiNP-treated groups and controls.
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Figure 6

Effects of SiNPs (25 mg/kg bw/day or 100 mg/kg bw, i.p., given for 28 days) on the morphological
appearance of the rat striatum with sections (5 µm) stained with hematoxylin & eosin (Magni�cation
X200 and scale bar = 50 µm): (A) Control group showing neurons with normal nuclei; (B-C) 25 mg
SiNPs/kg bw group showing pyknotic darkly stained and apoptotic nuclei; (C-D) 100 mg SiNPs/kg bw
group showing degeneration and loss of neurons. V = Neurons appearing smaller and shrunken with
slight vacuolation of neuropil; long arrow = pyknotic nuclei darkly stained; arrowhead = apoptotic nuclei;
DV = dilated blood vessels. 


