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A B S T R A C T   

Background: Paraquat (PQ), is an extensively used herbicide and is a well-established powerful neurotoxin. 
However, the mechanism underlying its neurotoxicity still needs further investigation. 
Aim of work: The study investigated the pathogenesis of PQ-induced neuroinflammation of the substantia nigra 
pars compacta (SNPC) and cerebellum and evaluated the potential effect of selenium nanoparticles (SeN) against 
such neurotoxicity. 
Methods: Thirty-six mice were randomly divided into three groups; Control group, PQ group: mice received PQ 
10 mg/kg (i.p), and PQ + SeN group; mice received PQ in addition to oral SeN 0.1 mg/kg. All regimens were 
administered for 14 days. The mice’s brains were processed for biochemical, molecular, histological, and 
immune-histochemical assessment. 
Results: SeN increased the SNPC and cerebellum antioxidants (reduced glutathione, glutathione peroxidase, and 
superoxide dismutase 1) while decreasing malondialdehyde concentration. Also, SeN increased the anti- 
inflammatory interleukin (IL)-10 and decreased the pro-inflammatory IL-1β and − 6 along with improving the 
angiogenic nitric oxide and reducing caspase-1. Further, western blots of phosphorylated Janus kinase (JAK2)/ 
signal transducer and activator of transcription3 (STAT3) proteins showed a significant decline. Those improving 
effects of SeN on SNPC, and cerebellum were supported by the significantly preserved dopaminergic and Purkinje 
neurons, the enhanced myelin fibers on Luxol fast blue staining, and the marked increase in Olig-2, Platelet- 
derived growth factor-alpha, and tyrosine hydroxylase immunoreactivity. 
Conclusion: SeN could mitigate PQ-induced neurotoxicity via its antioxidant, anti-inflammatory, and anti
apoptotic properties.   

1. Introduction 

Exposure to environmental pollutants represents an emerging health 
threat. Paraquat (PQ) dichloride (1,1́-dimethyl-4–4́-bipyridylium 
dichloride) is a highly prevalent herbicide used in the control of weeds 

and grass (Fakhrabad et al. 2022). However, acute as well as long-term 
PQ use entails a serious health risk due to its accompanying various 
organs- including brain- dysfunction (Dai et al. 2020; Chen et al., 2021). 
PQ can cross the blood-brain barrier (BBB) via neutral amino acid 
transporters attaining neurotoxic levels, which in turn promotes 
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neurodegenerative disorders in many regions of the brain such as sub
stantia nigra (SN), hippocampus, and frontal cortex (Colle and Farina, 
2021). 

PQ neurotoxicity might be owed to the amplified generation of 
reactive oxygen species (ROS) and reactive nitrogen species, proin
flammatory mediators such as interleukin-6 (IL-6), tumor necrosis fac
tor-α (TNF-α), and interleukin-1β (IL-1β) besides neutrophil aggregation, 
and enhanced pro-inflammatory activity of astrocytes (Costa et al., 
2020; Tong et al., 2022). Moreover, Huang et al. addressed that PQ 
exposure contributes to neuroinflammation via the hippocampus 
microglia through dysregulation of the Janus kinase (JAK2)/ signal 
transducer and activator of transcription3 (STAT3) signaling pathway 
(Huang et al., 2019). However, the neurotoxic mechanism by which 
exposure to PQ promotes neurodegeneration is still somewhat enig
matic. To our knowledge, the U.S. Food and Drug Administration (FDA) 
has not yet endorsed any medication for PQ poisoning neither prophy
lactic nor curative (Guo et al., 2020). 

Selenium (Se) is a naturally occurring metal-like element that is 
essential for human health through the activities of its various seleno
proteins (Cruz et al., 2023). Se maintains various biological functions 
within the physiological range, including redox homeostasis, growth, 
and immunity (Au et al., 2023). However, the toxicity of Se remains a 
major concern for in vivo applications therefore its dose should be 
considered, which confines its bioavailability (Banerjee et al., 2022). To 
overcome this concern, selenium nanoparticles (SeN) exhibiting high 
bioavailability and bioactivity have been proposed as a promising 
treatment line (Hu et al., 2023). 

SeN have become increasingly popular in biomedical applications for 
oxidative stress (OS)-induced diseases like Parkinson’s disease (PD) 
(Salaramoli et al., 2023), and neuroinflammation by modulating 
microglia, inhibiting neuronal apoptosis (Hu et al., 2023), improving 
cognitive impairment (Ashraf et al., 2023), restoring dopamine and 
norepinephrine secretion and alleviating depression by inhibiting the 
JAK2-STAT3 pathway (Yang et al., 2022) 

Therefore, we postulated that SeN, with their distinctive biological 
activities, could exhibit neuroprotective effects against PQ-induced 
neurotoxicity in the context of their antioxidant, anti-inflammatory, 
and anti-apoptotic properties. 

2. Material and methods 

2.1. Material 

Sodium selenite (Na2SeO3, 99 %), citric acid monohydrate (reagent 
grade, 98 %), polyvinyl alcohol (PVA, fully hydrolyzed, MW 30,000), 
and ethanol (absolute, 99 %) have been purchased from Sigma Aldrich, 
Germany. Paraquat was supplied as paraquat dichloride purchased from 
Sigma-Aldrich (Cat#856177). 

2.2. Methods 

2.2.1. Preparation of selenium nanoparticles 
Selenium nanoparticles were prepared using the wet chemical 

method where sodium selenite and citric acid were used as selenium 
precursor and reducing agent (Hassan et al., 2021; Alhawiti, 2022). 
Briefly, sodium selenite was dissolved in 0.05 % PVA aqueous solution to 
prepare 40 mM of precursor solution. Afterward, the citric acid solution 
was added dropwise while stirring into sodium selenite solution to 
prepare nanosuspension of selenium nanoparticles. Citric acid was used 
as both reducing and stabilizing agent for the produced nanoparticles. 
Furthermore, PVA was used as a surfactant to prevent aggregation of the 
formed nanoparticles. The solution was left on a magnetic stirrer at 90 ⁰ 
C for 2 hours till obtaining the nanosuspension of selenium nano
particles. Afterward, the nanosuspension was centrifuged for 15 minutes 
at 12,000 rpm to obtain the produced nanoparticles. Then, the nano
particles were washed with ethanol (3 times) followed by distilled water 

(3 times). Finally, the nanoparticles were dried in an oven overnight at 
75 ⁰ C. 

2.2.2. Characterization of selenium nanoparticles 
Selenium nanoparticles were fully characterized to investigate their 

morphological, chemical, and physical features. 

2.2.2.1. Morphological characterization. Selenium NPs were investi
gated morphologically using transmission electron microscopy (TEM, 
Jeol, JEM-1230, Japan). A drop of diluted selenium nanosuspension in 
deionized water was left on a copper mesh grid coated with carbon for 
10 minutes before being stained with phosphotungstic acid. Finally, the 
sample specimen was completely dried before being imaged (Hamdi 
et al., 2023). 

2.2.2.2. Size and surface charge. Both the size and surface charge of the 
developed selenium nanoparticles were investigated using Nanosizer ZS 
Series (Malvern Instruments, UK). Selenium nanosuspension was diluted 
by 10 folds with deionized water. Afterward, both size and zeta potential 
were estimated as an indication of size distribution as well as stability, 
respectively (Ali et al., 2023). 

2.2.2.3. UV-visible spectroscopy. Diluted selenium nanosuspension in 
deionized water was investigated using a UV–visible double-beam 
spectrophotometer (Evolution 201, Thermo Scientific, UK). The sam
ple was scanned in the range of 200–400 nm, where deionized water was 
placed as a blank (Alhawiti, 2022). 

2.2.2.4. Fourier Transform Infrared Spectroscopy (FTIR). The chemical 
structure of the developed selenium nanoparticles was examined using 
FTIR spectroscopy (Thermoscientific, USA). The sample was analyzed 
within the 400–4000 cm− 1 spectrum range (Kim et al., 2017). 

2.2.2.5. X-ray Diffraction (XRD). The crystallite size of the developed 
selenium nanoparticles was further investigated using XRD (Philips 
X’Pert system, The Netherlands). The sample was analyzed in the 
presence of Cu Kα radiation at 40 kV and 30 mA within the 2θ range of 
10− 60⁰ (Mahamuni et al., 2019). Afterward, the obtained data were 
utilized to obtain the crystallite size of selenium nanoparticles using 
Sherrer’s equation (Alhawiti, 2022) as shown below, where d is the 
crystallite size, K is a dimensionless shape factor (0.9), λ is the wave
length (0.154060 nm), β is the line broadening at half of the maximum 
intensity (FWHM), and θ is Bragg’s diffraction angle (Mahamuni et al., 
2019). 

d =
Kλ

βCos θ  

2.3. Study design 

All the procedures were approved by the Institutional Committee for 
Ethical Care and Use of Laboratory Animals (CU-IACUC No: CU-III-F- 
65–22) and rigorously complied with the ARRIVE guidelines of animal 
research ethics and the revised Animals (Scientific Procedures) Act 1986 
in the UK and Directive 2010/63/EU in Europe and the National In
stitutes of Health guide for the care and use of Laboratory animals (NIH 
Publications No. 8023, revised 1978). Thirty-six mice of average weight 
20–30 gm, were housed in pathogen-free standard cages at a room 
temperature of 25 ± 2ºC, fed normal animal chow, exposed to a 12:12-h 
daylight/darkness, and acclimatized to the research environment for 
two weeks before the commencement of the study. Three groups of mice 
were equally allocated for this work as follows: the Control group; mice 
received intravenous (I.V.) saline (vehicle of PQ), the PQ group; received 
PQ in a dosage of 10 mg/kg i.p. (Smeyne et al., 2016; Wang et al., 2017; 
Zeng et al., 2018; El-Gamal et al., 2021) and PQ+SeN group in which 
mice received PQ in addition to SeN in a dosage of 0.1 mg/kg by oral 
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gavage (Bai et al., 2017; Karami et al., 2018; Elfakharany et al., 2021; 
Kondaparthi et al., 2021). All study regimens were administered for 2 
weeks, and then the mice were euthanized via pentobarbital injection 
followed by cervical dislocation. During the whole experiment, no signs 
of SeN toxicity were observed. 

The mice’s brains were obtained via careful dissection. Six randomly 
chosen brains were used for biochemical and molecular analysis, and the 
other six were preserved in formalin. Paraffin blocks were prepared and 
employed for histological Hematoxylin & Eosin (H&E), and Luxol fast 
blue staining as well as immune-histochemical assessment. 

2.4. Biochemical parameters 

Tissue homogenates of the cerebellar and substantia nigra samples 
underwent ELISA testing for the OS markers: malondialdehyde (MDA), 
reduced glutathione (GSH), glutathione peroxidase (GPX), and super
oxide dismutase 1 (SOD1) as well as the inflammatory biomarkers 
interleukin-1β (IL-1β), interleukin-6 (IL-6) and interleukin-10 (IL-10), 
besides the assay of nitric oxide (NO) as an angiogenic factor and 
caspase-1 as an apoptotic marker as per the manufacturer’s recom
mendations. Biochemical kits are demonstrated in (Table 1). 

2.4.1. Western blotting analysis of brain tissue JAK2/STAT3 proteins 
Fifty mg of tissue samples from the substantia nigra and cerebellum 

were added to 1 ml of Trilfast, and homogenates underwent protein 
precipitation. Electrophoresed proteins on SDS-PAGE were transferred 
to a Hybond™ nylon membrane (GE Healthcare) via TE62 Standard 
Transfer Tank. Additionally, β-actin (abcam, ab8227) was applied as a 
housekeeping protein. The membrane was incubated overnight at 4◦C in 
an antibody solution containing, JAK2 Antibody (C-10): sc-390539 
(Santa Cruz) and anti-STAT3 antibody (Abcam, EPR787Y). The mem
brane was then incubated for 1 hour at room temperature in an antibody 
Solution containing appropriate dilution of HRP-conjugated secondary 
antibody. A gel documentation system (Geldoc-it, UVP, England) was 
applied for data analysis using Totallab analysis software (Ver.1.0.1). 

2.4.2. Histological study 
The brain specimens were subjected to routine fixation in a 10 % 

formol saline solution and paraffin processing. Sections of 4 µm thick
ness were stained with hematoxylin and eosin, and Luxol fast blue 
staining for assessment of myelination (Kiernan, 2000). 

2.4.3. Immunohistochemical study 
The immunohistochemical study was performed via the avidin- 

biotin peroxidase technique as previously described (Hassan et al., 
2023). The deparaffinized sections underwent heat-mediated antigen 
retrieval in a microwave oven in 0.01 mol/l citrate buffer (pH 6). For 
quenching of the endogenous peroxidase activity, the sections were 
incubated in 0.3 % H2O2 for 30 min before blocking with 5 % horse 
serum for 2 h. The primary antibodies used are tyrosine hydroxylase 
(TH) (dilution 1:200), TNF-α (dilution 1:200), platelet-derived growth 
factor receptor alpha (PDGFRα) (dilution 1:200), and oligodendrocyte 
transcription factor-2 (Olig-2) (dilution 1:100) in an automated Dako 
autostainer (Dako En Vision Flix). HRP was utilized as the secondary 
antibody. The sections were developed with 0.05 % diaminobenzidine 
(DAB) slides as chromogen (Amersham, Little Chalfont, UK), counter
stained with Mayer’s Hematoxylin, dehydrated, cleared, and mounted 
with DPX. Negative controls were processed according to the same 
protocol, except for the use of the primary antibody in the autostainer. 
Positive controls were kidney tissue sections for PDGFRα, brain striatal 
tissue for TH, tonsillar tissue for TNF-α and oligodendroglioma tissue for 
Olig-2. 

The Immunohistochemical kits are demonstrated in (Table 2). 

2.4.4. Histomorphometric study 
The histomorphometric study was done via Leica Qwin 500 C, Leica 

Image Analysis System Ltd. Affixed to a Leica ICS150 HD microscope 
camera (Cambridge, United Kingdom), in six live random fields. The 
histomorphometric study included:  

1) Estimation of cerebellar cortical thickness (c) at the mid-sagittal 
section of the cerebellum in the middle of the folium facing the 
fissure (×100). 

2) Estimation of the granular layer (g) and molecular layer (m) thick
ness (×100).  

3) Estimation of the distance between the folia (d) (×100).  
4) Estimation of the count of degenerated neurons at the SNPC and the 

count of apoptotic Purkinje cell count at 40× magnification (×400).  
5) Evaluation of the area percentage of the immunohistochemical 

expression of TNF-α, PDGFRα, and Olig-2 (×400) in the immuno
stained sections.  

6) Estimation of the count of TH immunoreactive neurons in the TH 
immunohistochemically stained sections (×400).  

7) Morphometric evaluation the optical density of Luxol fast blue 
(×400). 

2.5. Statistical analysis 

GraphPad version 9 was adopted for statistical analysis. The results 
were reported as mean ± SD, with a 0.05 cut-off p-value. ANOVA was 
applied to compare the groups, and post-hoc Tukey’s test was performed 
subsequently. 

Table 1 
Biochemical markers.  

Marker Company Catalog# No City, state, and 
Country 

Reduced 
Glutathione 
(GSH) 

Abcam ab235670 
(Fluorometric) 

Waltham, 
Massachusetts, USA 

Glutathione 
Peroxidase (GPX) 

ab102530 
(Colorimetric) 

Superoxide 
Dismutase 1 (SOD 
1) 

ab285309 
(Colorimetric) 

Malondialdehyde 
(MDA) 

ab238537 
(Competitive 
ELISA) 

Interleukin-1 beta 
(IL-1 β) 

ab100704 
(Colorimetric) 

Interleukin-6 (IL-6) ab222503 
(Colorimetric) 

Interleukin-10 (IL- 
10) 

ab108870 
(Colorimetric) 

Nitric oxide (NO) SunLong 
Biotech Co., 
LTD 

SL0615Mo Hangzhou City, 
Zhejiang Province, 
China 

Capase-1 Elabescience E-EL-M0201 Houston, Texas, 
USA  

Table 2 
Immunohistochemical markers.  

Marker Company Catalog# 
No 

City, state, and 
Country 

platelet-derived growth factor 
receptor alpha (PDGFRα) 
rabbit mAb 

ABclonal A22220 Woburn, 
Massachusetts, 
USA 

Tyrosine hydroxylase (TH) 
rabbit pAb 

ABclonal 
Servicebio 

A12756 Woburn, 
Massachusetts, 
USA 
Wuhan, China 

Anti-TNF-α rabbit pAb GB11188 

Anti-oligodendrocytes (Olig-2) 
rabbit polyclonal 

GeneTex, 
Inc. 

GTX132732 Irvine, California, 
USA  
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3. Results 

3.1. Morphological characterization of SeN’s 

TEM image displayed in Fig. 1 illustrates the morphological features 
of the developed nanoparticles in terms of size and shape. It is observed 
that the developed nanoparticles possess spherical shapes with average 
size around 9 – 15 nm. This is found to be in good accordance with what 
has been previously reported (Alhawiti, 2022). 

3.2. Size and surface charge 

Both the size and surface charge of the developed selenium nano
particles have been estimated through size and zeta potential mea
surement, respectively using Malvern Zeta Sizer. It was found that the 
developed selenium nanoparticles possess a size average of 14.63 ±
2.13 nm and a highly negative surface charge of - 23.84 ± 3.03 mV. The 
obtained size is found to be following the results obtained from TEM 
image analysis. Furthermore, the high negative surface charge of the 
obtained nanoparticles is expected to prevent their aggregation and 
indicate their high stability. This is found to be in good agreement with 
previous results reported in the literature (Blinov et al., 2022). 

3.3. UV-visible spectroscopy 

Fig. 2 demonstrates the scanning spectrum of diluted nano
suspension of selenium nanoparticles in deionized water. Maximum 
absorbance detected at the wavelength of 260 nm proves the successful 
preparation of selenium nanoparticles. Surface plasmon resonance 
(SPR) associated with the change in the optical properties of metallic 
nanoparticles including selenium nanoparticles indicates the successful 
formation of selenium nanoparticles. Furthermore, UV–visible spec
troscopy analysis proves the stability of the formed nanoparticles over 
30 days duration as below. This can be inferred from the appearance of 
maximum absorbance at 260 nm as shown in Fig. 2 along the 30 days 
study. This also matches the results obtained from the surface charges 
analysis that indicate the high stability of the produced nanoparticles 
owing to the intense negative charges. Overall, these results are found to 
be in good accordance with results reported in previous studies. 

3.4. Fourier Transform Infrared Spectroscopy (FTIR) 

The successful formation of selenium nanoparticles was further 
confirmed by investigating their chemical structure using FTIR spec
troscopy as shown in Fig. 3. This was indicated by observing the char
acterized functional moieties for reduced selenium nanoparticles. 

For instance, the broadband detected at 3546 cm− 1 indicates the 
abundance of stretching of citric acid-reducing hydroxylic groups (– 
OH). This confirms the abundance of the hydroxylic (– OH) groups 
surrounding the surface of selenium nanoparticles which in turn refers 
to the high stability of the formed nanoparticles. In addition, the band 
appearing at 1625 cm− 1 corresponds to the abundance of C––O 
stretching within the structure of citric acid surrounding selenium 
nanoparticles. Furthermore, the abundance of bands at 1145 cm− 1 and 
1412 cm− 1 correspond to C – O and C – H bonds, respectively within the 
citric acid structure. Finally, the coordination bonds between selenium 
nanoparticles and citric acid are detected through the appearance of the 
band at 825 cm− 1. It is worth mentioning that FTIR spectrum analysis 
confirms the capability of citric acid to surround the formed selenium 

Fig. 1. Transmission electron microscopy (TEM) image displaying both the size and shape of the developed Selenium Nanoparticles (TEM x 400000, Scale 
Bar: 20 nm). 

Fig. 2. UV–visible spectrum for selenium nanoparticles.  
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nanoparticles leading to the prevention of their aggregation and thus 
increasing their stability. These results are found to be in good agree
ment with previous analyses in the literature (Hassan et al., 2021; 
Alhawiti, 2022; Blinov et al., 2022). 

3.5. X-ray Diffraction (XRD) 

Fig. 4 shows the X-ray diffractogram of the prepared selenium 
nanoparticles. It demonstrates characteristic sharp peaks at 2θ values of 
20.6, 26.1, 32.4, 35.7, 37.9, 39.5, 44.8, 48.5, 53.2, 56.5, and 59 which 
confirm the successful formation of spherical-shaped selenium nano
particles in highly crystalline form. Furthermore, the appearance of a 
highly intense peak at 26.1 indicates the high purity of the prepared 
crystalline selenium nanoparticles. Finally, according to the Scherer 
equation, the calculated crystallite size of the developed selenium 
nanoparticles was found to be 17 nm. This is found to be similar to re
sults obtained from both TEM image analysis as well as zeta sizer 
measurements. Moreover, XRD diffractogram analysis was found to be 
in good accordance with XRD analysis reported in previous studies (El 
Lateef et al., 2019; Alhawiti, 2022). 

3.6. SeN’s effect on oxidative stress markers in both SNPC and cerebellum 

PQ administration for 2 weeks led to significant impairment in the 
redox homeostasis. On the other hand, SeN administration significantly 
enhanced the antioxidants biomarkers GSH, GPX, and SOD in both SNPC 
and cerebellum. This was accompanied by significant reduction in the 
lipid peroxidation product MDA. Of note, the SNPC lipid peroxidation 
was almost totally reversed by the administration of SeN (Table 3). 

3.7. SeN’s effect on inflammatory/anti-inflammatory markers in the 
SNPC and cerebellum 

Significant neuroinflammation was detected in the SNPC and cere
bellar areas of the PQ group reflected by significant increase in the pro- 
inflammatory markers IL-1 and IL-6 along with significant decrease in 
the anti-inflammatory cytokine IL-10. SeN administration significantly 
reduced the level of IL-1 and IL-6 in the SNPC and cerebellum compared 
to the PQ group. In parallel, SeN enhanced IL-10 in both brain areas 
compared to the PQ group (Fig. 5). 

3.8. SeN effect on the angiogenesis and apoptosis indicators in the SNPC 
and CER 

In comparison to the control group, there was significant reduction 
in the level of the angiogenesis biomarker NO and significant elevation 
in the apoptotic marker caspase-1 in both SNPC and cerebella of the PQ- 
treated group. Treatment with SeN significantly ameliorated these al
terations (Table 4). 

3.9. SeN’s effect on the JAK2/STAT3 protein levels in the SNPC and 
cerebellum 

Relative to the control group, the western blotted levels of phos
phorylated JAK2 and STAT3 proteins were markedly increased in the 
SNPC and cerebella of the PQ group. The PQ+SeN group displayed 
significant reduction in both JAK2 and STAT3 (Figs. 6 and 7). 

3.10. Improvement of the histological architecture of the SNPC and 
cerebellum with SeN administration 

Relative to the control group, the SNPC of the PQ group exhibited 
disturbed architecture, intercellular edema, and degeneration of the 
dopaminergic neurons. However, the PQ+ SeN group SNPC revealed 
preserved neurons. 

The control cerebellar sections showed intact molecular, Purkinje 
and granular cells. The PQ group cerebella exhibited degenerated Pur
kinje cells, inter-Purkinje cell edema, and pale architecture of the 
granular layer. The PQ+SeN group exhibited preserved Purkinje cells 

Fig. 3. FTIR spectrum for selenium nanoparticles.  

Fig. 4. XRD analysis for selenium nanoparticles.  

Table 3 
Oxidative stress markers among the different groups in the SNPC and CER.  

Tissue Biomarker Control PQ PQþSeN 

SNPC GSH (ng/ml) 231.5±12.3 31.7±3.5@ 155.7±4.2# 

GPX (ng/ml) 196.7±6.1 50.8±6.8@ 156.9±4.8# 

SOD (ng /ml) 206.8±7.3 65.0±4.5@ 138.5±6.9# 

MDA (ng/ml) 0.7±0.1 9.3±1.0@ 1.8±0.2# 

Cerebellum GSH (ng/ml) 199.7±5.1 75.1±4.2@ 121.0±4.8# 

GPX (ng/ml) 171.7±5.5 88.9±16.6@ 119.3±4.0# 

SOD (ng /ml) 206.7±8.7 43.5±3.0@ 99.3±3.0# 

MDA (ng/ml) 0.7±0.1 4.0±0.4@ 8.1±1.0# 

Abbreviations: PQ; Paraquat, SeN; Selenium nanoparticles, SNPC; Substantia 
nigra pars compacta, GSH; Reduced glutathione, GPX; Glutathione peroxidase, 
SOD1; Superoxide dismutase 1, MDA; Malondialdehyde. Data were represented 
as mean ±SD. @: Statistically significant compared to the control group, #: 
Statistically significant compared to PQ group. P-value<0.05 is considered sta
tistically significant. SD: Standard deviation. 
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and intact architecture of the granular layer. 

3.11. Histomorphometry of the cerebellar cortical layers and the distance 
between the cerebellar folia 

There was significant decrease in the total cortical thickness and the 
thickness of the molecular and granular cell layers in the PQ group 
compared with the control group. This was accompanied by significant 
increase in the distance between the cerebellar folia denoting shrinkage 
degeneration of the cerebellar folia. The thickness of the cerebellar 
cortical layers was restored with statistically significant difference in the 
molecular layer thickness. The distance between the folia was also 
significantly improved in the PQ+SeN group (p < 0.05) (Fig. 8). 

3.12. Role of SeN on neuronal remyelination in SNPC and cerebellum 
detected by Luxol fast blue staining 

Luxol fast blue displayed standard myelin fibers staining in the 
control group. The PQ group SNPC and cerebella exhibited pale staining 
of most of the myelin fibers. On the contrary, both neural tissues of the 
PQ+SeN group showed enhanced myelin staining. The histo- 
morphometric results were supportive to the Luxol fast blue staining 

pattern in all groups (Fig. 9). 

3.13. Effect of SeN on the PQ-induced neuroinflammation tracked by 
TNF-α immune-staining 

TNF-α immune-stained sections of the control group showed minimal 
TNF-α expression. The PQ group neural tissues exhibited remarkable 
increase in TNF-α immuno-staining. The SNPC and cerebella of the 
PQ+SeN group revealed mild TNF-α immunohistochemical expression. 
The histomorphometric analysis of the area percentage of the positive 
TNFα-immunostained cells of both the SNPC and cerebellum mirrored 
these findings (Fig. 10). 

3.14. Neuro-restorative effect of SeN on the neurotropic growth factor 
PDGFR-α immunohistochemical expression in the SNPC and cerebellum 

Measurement of the area percentage of the oligodendrocyte precur
sor marker PDGFR-α immune-staining in the PQ group revealed signif
icant decline compared to the control group. Significant increase in the 
PDGFR-α immunoreactivity was recorded in both the SNPC and cere
bella of the PQ+SeN group relative to the PQ group (p<0.05) (Fig. 11). 

3.15. SeN effect on the PQ-induced reduction in Olig-2 expression of 
oligodendrocyte cells in the SNPC and cerebellum 

Olig-2, an oligodendroglia-specific marker, acts a transcription fac
tor for stimulating the expression of myelin-associated genes in 
oligodendrocyte-lineage cells. Olig-2 immune-stained section of the 
control group in the current study showed typical Olig-2 +ve oligo
dendrocytes in the SNPC and CER. The PQ group SNPC revealed marked 
reduction in the +ve Olig-2 cells, whereas the PQ+SeN group exhibited 
marked increase in the olig-2 expression. The histo-morphometric 
measurement of the area % +ve Olig-2 staining in the SNPC and cere
bellum revealed significant decline in the PQ group compared to the 
control, whereas it was significantly increased in the PQ+SeN group 
compared to the PQ group (Fig. 12). 

Fig. 5. Assessment of inflammatory markers Interleukin-1 beta (IL-1β), Interleukin-6 (IL-6), Interleukin-10 (IL-10) among the different study groups. Data are 
represented as (pg/mg), mean ± SD with p < 0.05 regarded as significant, (@) significant compared to control, (#) significant compared to PQ, using ANOVA, Tukey 
post hoc test. PQ: Paraquat, SeN: Selenium nanoparticles, SNPC; Substantia nigra pars compacta, CER; Cerebellum. 

Table 4 
Nitric oxide and caspase-1 levels in the SNPC and cerebellum among the 
different groups.  

Tissue Biomarker Control PQ PQþSeN 

SNPC NO (µmol/L) 84.0 ±3.8 43.0±2.8@ 55.5±2.8# 

Caspase-1 (pg/ml) 201.8±10.3 567.4±15.0@ 279.3±13.6# 

Cerebellum NO (µmol/L) 89.4±3.6 46.1±1.8@ 63.1±3.1# 

Caspase-1 (pg/ml) 0.5±0.1 5.2±0.4@ 2.0±0.2# 

Abbreviations: PQ; Paraquat, SeN; Selenium nanoparticles, SNPC; Substantia 
nigra pars compacta, NO; Nitric oxide. Data were represented as mean ±SD. @: 
Significant compared to control, #: Significant compared to PQ. P-value<0.05 is 
considered statistically significant. SD: Standard deviation. 
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3.16. SeN effect on the PQ-induced dopaminergic neuron degeneration in 
SNPC tracked by TH immune-staining 

TH immune-stained sections from the control group SNPC showed 
standard TH-stained dopaminergic neurons. The PQ group SNPC 
exhibited marked neuronal loss and reduced TH immuno-staining of the 
remaining neurons. The SNPC of the PQ+SeN group appeared with 
partially preserved dopaminergic neurons. Similarly, the histomorpho
metric measurement of the count of TH immune-positive staining in the 
PQ + SeN group revealed significant increase in the PQ group compared 
to the control one (Fig. 13). 

4. Discussion 

Human health is seriously threatened by the extensive application of 
PQ in agricultural practices particularly in developing countries (Kan
naujiya et al., 2023). By traversing the BBB, PQ potentially and prefer
entially disrupts microglial cells (Silva et al., 2023). 

Our findings demonstrated that both SNPC and cerebellar brain tis
sues exhibited substantial neuroinflammation, disruption of redox ho
meostasis, angiogenesis, myelination, and oligodendrocyte density 
concurrent with significant apoptotic changes following exposure to PQ 
for 14 days. This is concordant with the previous studies illustrating the 
PQ-induced neuronal degeneration (Tong et al., 2022; Trempe and 
Gehring, 2023). 

The PQ-induced toxicity could be related to the cycle of reduction/ 
oxidation changes that occur to its structure (Firouzian et al., 2019). PQ 
is first reduced by NADPH-cytochrome c reductase to a labile radical. PQ 
is then oxidized by the cytochrome P-450 to a cation form, generating 
reactive nitrogen species (e.g. peroxynitrite anions (ONOO–)) (Siva
gurunathan et al., 2023) and reactive oxygen species (e.g. superoxide 
anion, and hydroxyl free radicals) (Liu et al., 2011; Kheiripour et al., 
2021; Miller et al., 2023). Furthermore, the liver’s metabolic involve
ment in the detoxification of PQ (as a xenobiotic) results in the forma
tion of ROS (Hosseini et al., 2021; Gohari-Piran et al. 2022). This 
cascade compromises the BBB permeability and causes selective toxic 
effects on the dopaminergic neurons by its monoelectronic redox cycling 
in the brain capillaries (Somayajulu-Niţu et al., 2009). PQ and NO also 
synergistically react to open the cyclosporin A-sensitive, 
Ca2+-dependent permeability transition pore (Fukushima et al., 2002). 
PQ also compromises the brain mitochondria by interfering with the 
conversion of nicotinamide adenine dinucleotide phosphate (NADPH) to 
NAD(P)+ (Naspolini et al., 2021) and by interacting with inducible ni
tric oxide synthase (iNOS) and NADPH oxidase type 2 (NOX2) in 
microglia (Hou et al., 2017; Fang et al., 2021; Tahavvori et al., 2023). 

Brain lipids are crucial for the brain’s structural integrity and 
signaling pathways (Kao et al. 2020). The brain with its high quantities 
of unsaturated fatty acids, low levels of antioxidant enzymes, and 
excessive oxygen consumption, is especially vulnerable to lipid peroxi
dation (Abdraboh et al., 2020; Guo et al., 2020) leading to an increase in 
the pro-inflammatory lipids and subsequent neurodegeneration (David 
and Lopez-Vales 2021; Yang et al., 2022). 

Impaired brain antioxidant capacity was documented following PQ 
exposure through reduction of GSH outflow from glial cells (See et al., 
2022) and downregulation of the antioxidant responsive element (ARE) 
signaling pathway and its downstream antioxidants such as GSH and 
SOD (Brandes and Gray, 2020; Habib et al., 2022). 

Prior studies have also reported that PQ significantly increased the 
inflammatory cytokines TNF α, IL-1β, and IL-6, and decreased the serum 
levels of IL-10 (Amin et al. 2021; Nouri et al., 2021). Also, ROS are 
involved in the activation of inflammatory regulators such as NF-κB and 
COX II in the brain (Wang et al., 2021) endorsing the PQ-derived neu
roinflammation in our study. 

Numerous physiological functions, such as the immune system, 
inflammation, apoptosis, and tissue repair are regulated by the JAK/ 
STAT signaling cascade (Hu et al., 2021). Consequently, 

Fig. 6. Western blot for JAK3 and STAT3 in SNPC and cerebellum. JAK3 and 
STAT3 displayed a marked increase in the PQ group with amelioration in the 
PQ+SeN group. The bar charts exhibit a significant decline in the PQ+SeN 
compared to the PQ group regarding JAK 3 and STAT3 in the SNPC and CER. 
SNPC; Substantia nigra pars compacta, CER; Cerebellum. Data are expressed as 
mean ± SD with p < 0.05 regarded as significant, (@) significant compared to 
control, (#) significant compared to PQ, using ANOVA, Tukey post hoc test. PQ: 
Paraquat, SeN: Selenium nanoparticles, SNPC: substantia nigra pars compacta, 
CER: cerebellum. 
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Fig. (7). Representative H&E figures of the histopathological changes in the SNPC and cerebellum. (a,b): control group (a) SNPC with normal dopaminergic neurons 
(arrows). (b) Cerebellum showing healthy Purkinje neurons with open face nuclei and prominent nucleoli (arrows) (c,d): PQ group (c) SNPC with pale architecture 
(intercellular oedema and loss of dopaminergic neurons, the remaining ones appear degenerated (white arrow head) and disfigured (black arrow head). (d): 
Cerebellar cortex showing red degeneration of the Purkinje neurons (black arrow heads) which appear pyknotic with marked peri-neuronal vacuolation. (e,f): PQ +
SeN group (e) SNPC with numerous preserved neurons. (f): cerebellum with intact Purkinji cells (arrows) with preform soma and minimal peri-neuronal vacuolation. 
(Scale bar = 50 μm). (g) Count of degenerated neurons in SNPC. (h) Count of apoptotic Purkinje cells. Data are expressed as mean ± SD with p < 0.05 regarded as 
significant, (@) significant compared to control, (#) significant compared to PQ, using ANOVA, Tukey post hoc test. PQ: Paraquat, SeN: Selenium nanoparticles, 
SNPC: substantia nigra pars compacta. 
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neurodegenerative illnesses can be attributed to dysregulations of 
JAK/STAT proteins (Rusek et al., 2023). It is widely recognized that OS 
and inflammatory cytokines particularly IL-6 cause phosphorylation of 
JAK2 and JAK3 in brain microglia with subsequent STAT3 activation (Li 
et al., 2016). 

Guzzo et al. showed that JAK2/STAT3 is involved in controlling NF- 
κB transcription activity, as evidenced by a decrease in the p50 and p65 
subunits of NF-κB’s ability to bind DNA when JAK2/STAT3 is blocked 
(Guzzo et al., 2010; Deng et al., 2017). Therefore, activated STAT3 can 
trigger the synthesis and secretion of proinflammatory mediators and 
induce OS injury by hydrogen peroxide, thus impeding brain recovery 

and creating autoloop of brain damage (Chen et al., 2017a; Wang et al., 
2017; Su et al., 2020). Recent studies reported hippocampus inflam
matory damage by activating the JAK2/STAT3 pathway inducing 
M1-type polarization of microglia, and generation of pro-inflammatory 
cytokines such as IL-1β, iNOS, TNF-α, and IL-6 following acute PQ 
exposure (Zhang et al., 2021; Fan et al., 2022). 

Also, dysregulated JAK2/STAT3 enhances the expression of NOD, 
LRR, and pyrin domain-containing protein 3 (NLRP3), mTOR, and TLRs, 
which cause microglial activation and contribute to neurodegeneration 
by way of dopaminergic neuron autophagy (Nicolas et al., 2013; Lash
gari et al., 2021; Zhong et al., 2021). 

Fig. (8). Histomorphometric changes in the cerebellar cortex (a) Representative H&E figures of the morphometric measurement of the thickness of granular cell 
layer (g), molecular cell layer (m) and cortical layer (C) at the fundus of folia and the distance between cerebellar folia (d), (b): Cortical thickness (μm), (c): Distance 
between folia (μm). (d): Granular layer thickness (μm). (e): Molecular layer thickness (μm). (Scale bar = 100 μm). Data are expressed as mean ± SD with p < 0.05 
regarded as significant, (@) significant compared to control, (#) significant compared to PQ, using ANOVA, Tukey post hoc test. PQ: Paraquat, SeN: Selenium 
nanoparticles, SNPC: substantia nigra pars compacta. 
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Many studies complement our results, showing that PQ exposure 
causes variable degrees of degeneration of dopaminergic neurons 
depending on the tissue vulnerability to PQ. Nonetheless, PQ’s selec
tivity for TH-positive neurons remained constant throughout all 

investigations (McCormack and Di Monte, 2003; Ossowska et al., 2005; 
Hou et al., 2017). 

Caspase-1 is the core component of all inflammasome complexes that 
regulate the activation, production, and secretion of IL-1β (Rand and 

Fig. (9). Luxol fast blue representative images showing (a,b): control group with standard myelin fibers staining (black arrows). (c,d): PQ group with pale staining of 
most myelin fibers (white arrows). (e,f): PQ + SeN group SNPC with increased staining of myelin fibers (arrowheads). (g,h): Optical density of Luxol fast blue staining 
of SNPC SNPC and cerebellum, @: significant compared to control, #: significant compared to PQ group. (Scale bar = 100 μm). Data are expressed as mean ± SD with 
p < 0.05 regarded as significant, (@) significant compared to control, (#) significant compared to PQ, using ANOVA, Tukey post hoc test. PQ: Paraquat, SeN: 
Selenium nanoparticles, SNPC: substantia nigra pars compacta. 
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Cooper, 2021). Exposure to PQ provoked brain inflammation by hin
dering BBB integrity, demonstrated by increased levels of activated 
caspase-1 and mature IL-1β and IL-18 causing a pro-inflammatory form 
of programmed focal cell death in the hippocampus (Chen et al., 2015; 

Dai et al., 2020). However, non-canonical caspase-1 signaling cascades, 
independent from NLRP3, including TNF-α-mediated inflammation, 
have also been reported (Reinke et al., 2020). 

Furthermore, excessive OS enhances the outer mitochondrial 

Fig. (10). TNF-α immune-stained representative images showing (a,b) control group with minimal TNF-α stained neurons (arrow). (c,d) PQ group with remarkably 
increased TNF-α immune-staining of the neurons (arrows). (e,f) PQ + SeN group SNPC with faintly-stained neurons. (g,h) Area percentage of TNF-α immune- 
reactivity of SNPC and cerebellum. (Scale bar = 50 μm). Data are expressed as mean ± SD with p < 0.05 regarded as significant, (@) significant compared to 
control, (#) significant compared to PQ, using ANOVA, Tukey post hoc test. PQ: Paraquat, SeN: Selenium nanoparticles, SNPC: substantia nigra pars compacta. 
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membrane permeability promoting the release of apoptogenic proteins 
known as “mitochondrial outer membrane permeabilization (MOMP)” 
(El-Osta and Circu, 2016). The equilibrium between pro-apoptotic (Bak 
and Bax) and anti-apoptotic Bcl-2 family proteins (Bcl-2) regulates this 

process (See et al., 2022). PQ exposure lowered Bcl-2 gene expression 
and increased Bax in neuroblastoma cell lines. Moreover, a 
Bak-dependent neuronal cell death including dose-dependent cyto
chrome c release, with subsequent caspase-3 activation and PARP-1 

Fig. (11). PDGFR-α immune-reactivity representative images showing (a,b): control group with typical PDGFR-α staining (c,d) PQ group with few immune-stained 
cells (black arrow). (e,f): PQ+SeN group with restored PDGFR-α immunohistochemical expression. (d): PDGFR-α immunostaining of SNPC and cerebellum of the 
different study groups (Scale bar = 50 μm). Data are expressed as mean ± SD with p < 0.05 regarded as significant, (@) significant compared to control, (#) 
significant compared to PQ, using ANOVA, Tukey post hoc test. PQ: Paraquat, SeN: Selenium nanoparticles, SNPC: substantia nigra pars compacta, PDGFR-α: Platelet 
derived growth factor-alpha. 
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cleavage was reported as a mechanism for PQ-induced neurotoxicity 
(Fei et al., 2008). 

Nuclear protein poly (ADP-ribose) polymerase, PARP, is a highly 
stable protein that is essential for DNA repair (Kamaletdinova et al., 

2019; Kumar et al., 2020). Neurodegenerative illnesses have been 
correlated with the cleavage of PARP-1 by caspase-3 (See et al., 2022). 
Chinta et al. reported a rise in the cleaved PARP protein expression 
following PQ intake (Chinta et al., 2008) and Srivastav et al. reported a 

Fig. (12). Olig-2 immune-stained representative images showing (a,b): control group SNPC with typically -stained oligodendrocytes (black arrow). (c,d): PQ group 
SNPC with decreased stained cells. (e,f): PQ + SeN group SNPC with increased oligodendrocytes cells. (g,h): bar chart of Olig-2 staining of SNPC, (Scale bar = 50 μm). 
Data are expressed as mean ± SD with p < 0.05 regarded as significant, (@) significant compared to control, (#) significant compared to PQ, using ANOVA, Tukey 
post hoc test. PQ: Paraquat, SeN: Selenium nanoparticles, SNPC: substantia nigra pars compacta, Olig-2: Oligodendrocyte transcription factor 2. 
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significant increase in the caspase-3 expression after treatment with PQ 
(Srivastav et al., 2018). 

Platelet-derived Growth Factor-α (PDGF-α) encourages the migration 
of Oligodendrocyte progenitor cells (OPCs) towards the white matter, 
where they differentiate into myelin-forming oligodendrocytes (Patro 
et al., 2022). Fyn, a non-receptor tyrosine kinase, has been shown to play 
a very important role in the morphological differentiation of oligoden
drocytes. PQ triggers the production of ROS, thereby activating the Fyn 
and its downstream target c-Cbl which possess ubiquitin ligase activity 
resulting in the downregulation of many growth factor receptors 
including PDGFR-α (Cui, 2008). Also, PQ via activation of kainate re
ceptors sensitizes oligodendrocytes to complement attack (Alberdi et al., 
2006). In support of our results, apoptotic neurons were also detected by 
electron microscope in SN and striatum after PQ administration (Wu 
et al., 2013). 

The critical role of OS in endothelial dysfunction has long been 
known. Overproduction of ROS such as superoxide causes a breakdown 
of NO in the vasculature. Superoxide reacts with NO, which produces 
peroxynitrite and causes reduced NO bioavailability therefore impaired 
vasorelaxation (Oztürk et al., 2015). However, the putative role of PQ in 
endothelial nitric oxide synthase (eNOS) expression needs further 
evaluation as the studies’ findings are controversial. Some studies re
ported that exposure to PQ does not modulate the expression of eNOS 
(Hara et al., 2001; Ortiz-Ortiz et al., 2009), others reported that PQ via 
an increase of O•− 2 and other ROS has been shown to upregulate eNOS 
in human coronary artery endothelial cells (Zhen et al., 2008), bovine 
aortic endothelial cells (Drummond et al., 2000) and prostate tumor 
spheroids (Wartenberg et al., 2003). 

Neurotoxicity treatment is challenging due to limited drug delivery, 
necessitating efficient substitute treatments. Nanoscale functional 
reconstructive materials and technologies could be a promising thera
peutic paradigm for neurodegenerative diseases. 

OS is one of the primary causes of neurodegenerative illnesses 
(Abdraboh et al., 2020; Guo et al., 2020). Consequently, various natu
rally occurring antioxidants were used in therapies, but their precision 
was limited (Ashraf et al., 2023), leading to the focus on creating 
nanoparticles with higher antioxidant potential. 

Selenium (Se), an essential microelement, is vital for brain function 
and plays a crucial role in the synthesis of antioxidant enzymes like 
oxidoreductase and GPX (Ren et al., 2018; Shen et al., 2022). None
theless, SeN show superior antioxidant properties and bioavailability 
compared to Se compounds (Hu et al., 2023), making them effective 
against neurological illnesses due to their ability to penetrate the BBB 
(Albrakati et al., 2021; Khalil et al., 2022; Al-Omairi et al., 2022). 

Our results showed that SeN intake significantly mitigated OS, 
neuroinflammation, and apoptosis, as well, as promoted angiogenesis, 
and preserved dopaminergic neurons in SNPC and cerebellum which 
was proven by histopathological and immunohistochemical 
examinations. 

In accordance with our results, recent studies reported that glycine- 
and resveratrol-loaded SeN mitigated the neural OS (lowering the MDA 
level and raising GSH-PX, SOD, and total antioxidant capacity (TAC)), 
neuroinflammation, and neurobehavioral and motor disturbances in 
neurodegenerative disorders (Yue et al., 2021; Abozaid et al., 2022; 
Salaramoli et al., 2023). Also, Mohamed et al. outlined the role of the 
Nrf2/ARE/HO‑1 defense mechanism in the neuroprotection of Rut-SeN 
in the hippocampus (Mohamed et al., 2023). 

In many models of neurodegenerative illnesses, the SeN’ anti- 
inflammatory activities were documented through either suppression 
of NF-kβ or nitric oxide synthase 2 (NOS2), and cyclooxygenase II (COX 
II), and their downstream molecules such as TNF-α, IL-1β, IL-6, and 
myeloperoxidase (MPO) (Nkpaa et al., 2019; Thabet and Moustafa, 
2018; Abdelfattah et al. 2020; Albrakati et al., 2021). 

Aberrant activation of the JAK2/ STAT3 pathway in response to 
cytokines promotes the generation of inflammatory helper T cells and 
various inflammation-associated genes, the activation of macrophages 

Fig. (13). TH immune-stained representative images showing (a): control 
group with standard TH-stained dopaminergic neurons (arrows). (b): PQ group 
with marked neuronal loss and reduced TH immuno-staining of the remaining 
neurons (arrows). (c): PQ + SeN group with partially preserved dopaminergic 
neurons (arrows). (d): Count of TH immunoreactive neurons in the SNPC. (Scale 
bar = 50 μm). Data are expressed as mean ± SD with p < 0.05 regarded as 
significant, (@) significant compared to control, (#) significant compared to 
PQ, using ANOVA, Tukey post hoc test. PQ: Paraquat, SeN: Selenium nano
particles, SNPC: substantia nigra pars compacta. 
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and microglia resulting in acute inflammation and neuronal damage 
(Satriotomo et al., 2006; Camacho-Moll et al., 2021). 

Through modifying JAK2/STAT3 signaling, SeN were proven to 
support neuronal longevity in the hippocampus (Amani et al., 2019) and 
lessen the effects of fluoride-induced depression which in turn inhibits 
microglial-mediated neuroinflammation, and IL-1β production (Yang 
et al., 2022). Moreover, Rutin-SeN showed an intriguing reno-protective 
impact by downregulating the JAK2/STAT3 and upregulating the 
Nrf-2/HO-1 pathways (Zaghloul et al., 2022). 

Neuronal apoptosis is intimately correlated with OS and neuro
inflammation (Rashid et al., 2021). Notably, the anti-apoptotic charac
teristics of nanoscale Se have been shown in various experimental setups 
(Sadek et al., 2017; Abdelfattah et al., 2020; Yuan et al., 2020; Al-Bra
kati et al., 2021). 

SeN ameliorated the neuroinflammation by damping the gut 
Microbiota-NLRP3 inflammasome-caspase − 1 brain axis (Yang et al., 
2022). Blocking caspase-1 activation in an injured BBB can restore 
paracellular adhesion by averting the downregulation of Ve-cadherin, 
protect transport-related proteins such as caveolin-1 and LDL-R in 
brain vasculature, and prevent inflammatory conditions by attenuating 
adhesion molecules and chemokines such as ICAM-1, PECAM-1 and 
MCP-1 in the cellular BBB (Israelov et al., 2020). In addition, SeN can 
regulate p38 MAPK/ERK, NF-κB, ASK1/JNK, PI3-K/Akt/mTOR, and 
other signaling pathways to inhibit apoptosis induced by OS (Deng et al., 
2023). 

Moreover, Rutin-SeN limited the apoptotic brain damage by 
increasing the Bcl-2 and decreasing the caspase-3 and Bax levels in 
hippocampal neurons (Mohamed et al., 2023) and by their ROS scav
enging activity and conservation of mitochondrial membrane integrity 
and permeabilization with subsequent control of cytochrome c release 
(Ma et al., 2018; Li et al., 2022). 

NADPH oxidase (NOX) generates ROS and a proapoptotic signal 
through mitogen-activated protein kinase (MAPK) (Cosentino-Gomes 
et al. 2012). NOX overactivity was reported in PQ-induced neurotoxicity 
(Hou et al., 2017; Fang et al., 2021; Tahavvori et al., 2023). Oztürk et al. 
found that Se increased plasma NO levels and restored the impaired 
endothelium-dependent relaxation in the aorta via increasing eNOS, 
reducing NADPH oxidase4 (NOX4) mRNA expression owing to its 
antioxidant properties (Oztürk et al., 2015). 

Comparing the effect of nano selenium with selenium in conven
tional form represents an interesting area for future research to provide 
better insights into the nano formulation’s efficacy.” 

5. Conclusion 

The formulated SeN significantly reduced PQ-induced neurotoxicity. 
Besides its beneficial effects on redox and inflammation homeostasis, 
this neuroprotection was accomplished by modulating the JAK2/STAT3 
signaling pathway. Also, SeN’s anti-apoptotic properties increased 
neuronal survival in both the cerebellum and SNPC. Thereby, our 
findings identify SeN as a highly effective and intriguing anti-neurotoxic 
agent, offering a new and prospective way to avoid adverse neuro- 
inflammatory consequences. 
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Limitations of the study 

Although the main target of this study was to address the neuro
protective effects of SeN against PQ-induced neurodegenerative 
changes, nevertheless, including a positive control group and compari
sons to relevant reference group along with assessment of selenium 
release at tissue level still offer important information about the neu
roprotective qualities and therapeutic potential of SeN. Therefore, the 
lack of a group receiving Se alone for comparison could be a limitation to 
this study to be considered in future research. 
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