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Introduction: Epilepsy is a chronic neurological condition characterized by behavioral, 
molecular, and neurochemical alterations. Current antiepileptic drugs are associated with 
various adverse impacts. The main goal of the current study is to investigate the possible 
anticonvulsant effect of selenium nanoparticles (SeNPs) against pentylenetetrazole (PTZ)- 
mediated epileptic seizures in mice hippocampus. Sodium valproate (VPA) was used as 
a standard anti-epileptic drug.
Methods: Mice were assigned into five groups (n=15): control, SeNPs (5 mg/kg, orally), 
PTZ (60 mg/kg, intraperitoneally), SeNPs+PTZ and VPA (200 mg/kg)+PTZ. All groups 
were treated for 10 days.
Results: PTZ injection triggered a state of oxidative stress in the hippocampal tissue as 
represented by the elevated lipoperoxidation, heat shock protein 70 level, and nitric oxide 
formation while decreased glutathione level and antioxidant enzymes activity. Additionally, 
the blotting analysis showed downregulation of nuclear factor erythroid 2-related factor 2 
(Nrf2) and heme oxygenase-1 (HO-1) in the epileptic mice. A state of neuroinflammation was 
recorded following the developed seizures represented by the increased pro-inflammatory 
cytokines. Moreover, neuronal apoptosis was recorded following the development of epileptic 
convulsions. At the neurochemical level, acetylcholinesterase activity and monoamines content 
were decreased in the epileptic mice, accompanied by high glutamate and low GABA levels in 
the hippocampal tissue. However, SeNP supplementation was found to delay the onset and 
decreased the duration of tonic, myoclonic, and generalized seizures following PTZ injection. 
Moreover, SeNPs were found to provide neuroprotection through preventing the development of 
oxidative challenge via the upregulation of Nrf2 and HO-1, inhibiting the inflammatory response 
and apoptotic cascade. Additionally, SeNPs reversed the changes in the activity and levels of 
neuromodulators following the development of epileptic seizures.
Conclusion: The obtained results suggest that SeNPs could be used as a promising antic-
onvulsant drug due to its potent antioxidant, anti-inflammatory, and neuromodulatory activities.
Keywords: epilepsy, selenium nanoparticles, oxidative stress, neuroinflammation and 
apoptosis, monoamines, GABA and glutamate

Introduction
Epilepsy is a chronic neurodegenerative condition that affects about 0.5% to 1% of 
the total world population, featured with repeated and unprovoked seizures. 
Epileptic seizures are associated with socioeconomic, psychological, and behavioral 

Correspondence: Lubo Guo 
Department of Pharmacy, Central 
Hospital Affiliated to Shandong First 
Medical University, Jinan City, Shandong 
Province 250013, People’s Republic of 
China  
Tel +86 18331125851  
Email guo700777@sina.com

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2020:15 6339–6353                                               6339

http://doi.org/10.2147/IJN.S259134 

DovePress © 2020 Yuan et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0003-0067-2838
http://orcid.org/0000-0002-2654-2591
http://orcid.org/0000-0002-1520-1601
mailto:guo700777@sina.com
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


changes due to neuronal hyper electrical activity and syn-
chronous and continuous abnormal discharges.1,2 The 
development of seizures may be correlated with several 
factors including cerebrovascular disorders, trauma, can-
cers, oxygen deficiency, and infection. However, the pre-
cise causative factors are still unknown.3 Although the 
underlying cellular and molecular mechanisms involved 
in epileptogenesis are unclear, it is hypothesized that oxi-
dative insult, neuroinflammation, neuronal apoptosis, and 
neurotransmission impairments lead to aberrant neural 
injury that mediates the onset of epileptic seizures.4 

Experiments conducted in animal models suggest the over-
production of reactive oxygen/nitrosative species (ROS/ 
RNS) and inactivation of endogenous antioxidant mole-
cules in the brain tissue following the progression of 
epileptic seizures.5,6 In addition, the inflammatory 
response including activation of glial cells and secretion 
of pro-inflammatory cytokines has been assumed to 
enhance apoptotic events resulting in neuronal loss which 
play a crucial role in the development of seizures.7,8 

Moreover, the dysregulation of the monoaminergic, 
amino acidergic and cholinergic transmission has been 
demonstrated during the epileptic seizures.9,10

Current antiepileptic drugs are associated with numer-
ous adverse impacts such as memory deficits, fatigue, 
tremors, gastrointestinal symptoms, osteoporosis, depres-
sion, dizziness and nausea11 thus creating an urgent need 
to formulate more efficient anticonvulsant drugs with 
minimal side effects. Advances in nanotechnology led to 
the development of different nanoparticle formulations 
that recently used as therapeutic agents against various 
health problems.12,13 The effect of nanoparticles on tissues 
depends on their characteristics including size, shape, 
dose, concentration and type of nanoparticle, type of tis-
sue, and period of exposure.14 Due to their nanoform 
proportions and other useful surface reactivity, nanoparti-
cles are widely employed in various biomedical applica-
tions. Experimental results indicated that selenium 
nanoparticles (SeNPs) were more effectively absorbed by 
the chickens in comparison with Se(IV).15 However, the 
same experiment showed that both SeNPs and Se(IV) were 
equally absorbed, distributed, metabolized, and excreted. 
The minor size of SeNPs allowed them to cross membrane 
barriers and accumulate in tissues, resulting in more 
reactivity.16 Metal nanoparticles, including SeNPs, have 
been recently used in the prevention and/or treatment 
of neurodegenerative disorders due to their high 

bioavailability, low adverse effects, and promising thera-
peutic activity.17

Selenium is a fundamental micronutrient that is incor-
porated in the structure of the active center of selenopro-
teins as selenocysteine moiety. Selenium is necessary for 
various physiological functions such as regulating thyroid 
hormones production, redox homeostasis, and immune 
response.18 The deficiency of selenium and selenoproteins 
was associated with permanent brain injury.19 Previous 
studies demonstrated the neuroprotective activity of 
SeNPs against stroke murine model. The authors reported 
that these particles were transferred to the brain through 
transferrin receptor-mediated endocytosis and were found 
to inhibit the inflammatory response and enhanced hippo-
campal neuronal survival.20 Additionally, SeNPs showed 
high antioxidant properties and was found to enhance the 
selenoproteins-based endogenous antioxidant system.21 

Moreover, SeNPs were found to enhance recovery of 
Alzheimer’s disease through suppression of amyloid-β 
accumulation, in vitro.22 Furthermore, therapeutic nano-
technology-based interventions can inhibit oxidative 
stress, neuroinflammation, and neuronal apoptosis may 
provide neuroprotection23 and thus prevent the develop-
ment of epileptic seizures.24 Here, we aimed to investigate 
the potential neuroprotective and anticonvulsant activity of 
SeNPs against pentylenetetrazole (PTZ)-induced epileptic 
seizures through estimating the oxidative damage, neu-
roinflammation, neuronal apoptosis, cholinergic, as well 
as monoaminergic and amino acidergic transmission in 
the hippocampal tissue of mice.

Materials and Methods
Pentylenetetrazole (PTZ) was purchased from Sigma 
Chemical Co. (St. Louis, MO, USA). SeNPs, with 
a particle size <100 nm, a 99.9% trace metals basis and 
Stock No: NS6130-01-171 and CAS: 7782–49-2, was 
purchased from Nanoshel (Wilmington, DE, USA). 
According to the provider, the prepared SeNPs were char-
acterized using Transmission Electron Microscopy (TEM), 
Dynamic Light Scattering (DLS), and Zeta Potential 
Measurements (ZPMs) to guarantee consistent materials. 
For an additional characterization, the particle size distri-
bution was estimated by a Zetasizer (Figure 1). SeNPs in 
the administered doses were distributed more uniformly by 
sonication for 10 minutes prior to administration, to be 
taken by systemic circulation. All used solvents and other 
chemicals used in the study were of analytical grade.
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Experimental Protocol
Sixty adult male Swiss mice weighing 25–32 g each were 
purchased from VACSERA, Egypt. Mice were given free 
access to water and commercial pelleted rodent feed ad 
libitum. The mice were maintained in the animal lab 
facility of the Zoology Department at Helwan University, 
Cairo, Egypt under standard laboratory conditions at 
a temperature of 22–25°C and a 12 h artificial light/dark 
cycle.

The animals were treated according to the criteria of 
Investigations and Ethics for Laboratory Animal Care at 
the Zoology Department, Faculty of Science, Helwan 
University (approval No.HU2019/Z/RK0419-04). To 
explore the possible neuroprotective efficiency of SeNPs 
in epileptic mouse mode mediated by PTZ, mice were 
allocated randomly into five groups (n = 15) after 7 days 
of acclimatization. The five groups were divided as 
follows:

Control group (Cont): Mice were introduced to normal 
saline (0.9% NaCl) daily for 10 days. On the 10th day, they 
were injected intraperitoneally (i.p.) with saline 1 h after 
the oral administration of saline.

Selenium nanoparticles treated group (SeNPs): This 
group received oral administration of SeNPs (0.5 mg/kg) 
according to Dkhil et al25 daily for 10 days. On the 10th 

day, they were injected intraperitoneally (i.p.) with saline 
1 h after the oral administration of SeNPs.

PTZ-injected group (PTZ): Mice were introduced to 
normal saline daily for 10 days. On the 10th day, these 
animals received a single i.p. dose of PTZ (60 mg/kg) 

according to Abdel-Rahman et al,10 1 h after the oral 
administration of saline.

SeNPs + PTZ-treated group (SeNPs + PTZ): This 
group received daily oral administration of SeNPs 
(0.5 mg/kg) and were injected with a single dose of PTZ 
(60 mg/kg) on the 10th day.

Sodium valproate (VPA)+ PTZ-treated group (VPA + 
PTZ): Mice administered orally with VPA (200 mg/Kg) 
according to Arafa et al9 and injected with a single dose of 
PTZ (60 mg/kg) on the 10th day.

In this investigation, both PTZ and SeNPs were dis-
solved in normal saline. Mice were euthanized 24 h after 
the last treatment. The hippocampus was immediately 
separated and washed with isotonic saline. To evaluate 
biochemical markers, the hippocampal tissue of seven 
mice was homogenized in ice-cold 10mM phosphate buf-
fer (pH 7.4) to produce a 10% (w/v) homogenate. 
Meanwhile, to estimate the monoamines and amino acids 
neurotransmitters, Hippocampal tissue was homogenized 
in 75% methanolic HPLC (10% w/v), then centrifuged at 
4000 rpm for 10 minutes. For histopathological examina-
tion, the hippocampal tissue of three mice was fixed in 
10% neutral buffered formalin and the CA1 hippocampal 
region was selected to examine the histopathological 
changes in different experimental groups. In addition, the 
protein level in the hippocampal tissue was estimated 
using the method described by Lowry et al.26

PTZ-Induced Seizures
PTZ (60 mg/kg) was i.p. injected to induce epileptic con-
vulsions in mice. SeNPs administration, at a dose of 
(0.5 mg/kg, orally), was administered 30minprior to PTZ 
injection. The seizure index was observed and recorded 
carefully for 40 min after PTZ injection according to the 
modified Racine scale27 as follows:

Phase 0: no response; Phase 1: ear and facial twitching; 
Phase 2: myoclonic jerks without rearing; Phase 3: myo-
clonic jerks, rearing; Phase 4: turning over onto side posi-
tion, tonic-clonic seizures; Phase 5: turning over onto back 
position, generalized tonic-clonic seizures.

1. Latency: the time between PTZ injection and the 
onset of seizures.28

2. Duration: the time interval from the onset to termi-
nation of seizures or death of the animal.

3. Percent of death: the number of mice that died after 
PTZ injection among the mice of a particular group.

Figure 1 The histogram of size distribution measured by a Malvern Zetasizer.
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Estimation of Oxidative Stress Indices
The hippocampal level of lipoperoxidation in terms of 
malondialdehyde (MDA) was assessed using the thiobar-
bituric acid method. The thiobarbituric acid reactive sub-
stances were measured at 535 nm and then presented in 
terms of MDA produced, as illustrated by Ohkawa et al.29 

Heat shock protein 70 (Hsp70) was quantified using 
ELISA kit sourced from LifeSpanBioSciences, USA with 
Catalogue number: LS-F9139. Hippocampal nitric oxide 
(NO) level was determined by using the Griess reagent 
(sulfanilic acid and N-(1-naphthyl)ethylenediamine), and 
the formed azo dye was evaluated at 540 nm.30 The 
hippocampal glutathione (GSH) level was demonstrated 
using Ellman’s reagent, and the developed yellow chroma-
gen was estimated at 412 nm.31

Estimation of Antioxidant Enzyme 
Activities
Glutathione Reductase (GR)
The activity of GR in hippocampal tissue was investigated 
based on the protocol illustrated by Factor et al.32 Briefly, 
20 µL of hippocampal homogenate was added to oxidized 
glutathione (0.44 mM), EDTA (0.30 M), in phosphate 
buffer (0.1 M) at pH 7.0. The reaction was developed by 
pipetting NADPH (0.036 M). The oxidation rate of 
NADPH was followed by the reduction in absorbance at 
340nm with duration. One unit of the enzyme was known 
as the quantity of enzyme required to oxidize 1 µmol of 
NADPH per minute.

Glutathione Peroxidase (GPx)
Based on the procedures described by Paglia and Valentine,33 

the hippocampal activity of GPx was assayed. In brief, hippo-
campal supernatant (200 µL) was added to 1 mL phosphate 
buffer (75 mM) at pH 7.0, 10 mL glutathione (150 mM), 
10 mL glutathione reductase (340 U/mL), 30 mL (25 mM 
EDTA), 30 mL NADPH (5 mM), 10 mL Triton X-100 (20%), 
and 50 µL H2O2 (7.5mM). The oxidation of NADPH to 
NADP+ was examined at 340 nm for 3 minutes. One unit of 
GPx activity was presented as the amount of GSH (nano-
moles) oxidized/minute/milligram of protein (U/mg protein).

Catalase (CAT) Activity
CAT activity in the hippocampal supernatant was esti-
mated according to the method illustrated by Aebi.34 In 
order to evaluate the CAT activity, the enzymatic reaction 
mixture (total volume 1 mL) contained 50 mM potassium 
phosphate (pH 7.0), 19 mM H2O2, and 50 µL of 

homogenate supernatant was employed. The molar 
attenuation coefficient of H2O2 was examined by a UV- 
VIS spectrophotometer at 240 nm. One unit of catalase 
activity was determined as the level of enzyme decompos-
ing H2O2 (1 µmol)/minute/milligram of hippocampal tis-
sue protein (U/mg protein).

Superoxide Dismutase (SOD) Activity
The determination of Hippocampal SOD activity was per-
formed following Misra and Fridovich’s technique.35 This 
method depended on the capacity of epinephrine oxidation 
at pH 10.2 resulting in the formation of adrenochrome and 
superoxide radicals (O2.−). The suppression of SOD activ-
ity was investigated based on reducing the absorbance at 
480 nm.

Estimation of Pro-Inflammation Cytokines
Hippocampal level of interleukin-1β (IL-1β) and tumor necro-
sis factor-α (TNF-α) were measured using enzyme-linked 
immunosorbent assay kits sourced from ThermoFisher 
Scientific (Catalogue number ERIL1B) and R&D Systems 
(Catalogue number RTA00) following the manufacturers’ 
protocol.

Estimation of Apoptotic Proteins
The apoptotic proteins in the hippocampal tissue were esti-
mated using enzyme-linked immunosorbent assay kits; Bax 
(BioVision, Inc., catalog number E4513) and Bcl-2 
(BioVision, Inc., catalog number CSB-E08854r), whereas 
caspase 3 activity was measured by using a colorimetric kit 
(Sigma-Aldrich, CASP3C-1KT).

Reverse Transcription-Quantitative 
Polymerase Chain Reaction (RT-qPCR) 
Analysis
Total hippocampal RNA was isolated using the standard 
TRIzol®method (Invitrogen, Carlsbad, CA, USA). RNA 
was reverse transcribed to cDNA. The primer sequences 
employed to estimate Gpx1, Gsr, Sod2, and Cat gene 
expressions are listed in Table 1 according to Abdel 
Moneim.36 Power SYBR® Green Master Mix was used 
for RT-qPCR analysis, which was performed in triplicate. 
The RT-qPCR cycling conditions were 10 min at 95°C 
followed by 40 cycles involving denaturation at 94°C for 
10 s, annealing at 60°C for 30 s, and extension at 72°C for 
20 s. Gene expression in the experimented groups is 
expressed as a fold change in expression relative to that 
of the control group. Glyceraldehyde-3-phosphate 
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dehydrogenase was used as the standard gene; its expres-
sion remained unaltered throughout the experiment.

Determination of Acetylcholinesterase 
(AChE)
The activity of AChE in the hippocampal homogenate was 
assessed based on the procedure described by Elman et al.37 

The produced thiocholine by the action of AChE creates 5,5′- 
dithiobis (2-nitrobenzoic acid) which further reduced to 
thionitrobenzoic acid, a yellow-colored anion. The level of 
thionitrobenzoic acid yellow color was quantified at 412 nm 
and was relative to the activity of AChE in the hippocampal 
tissue.

Estimation of Monoamines and Free 
Amino Acids Neurotransmitters
The HPLC system consisted of a quaternary pump; a column 
oven, a Rheodine injector, 20 μL loop, and a UV variable 
wavelength detector. The reports and chromatogram were 
taken from the data acquisition program (ChemStation). 
The hippocampal supernatant was extracted from the trace 
elements and lipids by the use of solid-phase extraction 
CHROMABOND column NH2 phase cat. No. 730031. The 
sample was then injected directly into an AQUA column 
150 mm 5 μ C18 (Phenomenex, USA) using the following 
settings: mobile phase 20 mM potassium phosphate, pH 2.5, 
flow rate 1.5 mL/min, UV 190 nm. Dopamine (DA), norepi-
nephrine (NE) and serotonin (5-HT) were separated after 
12 minutes. The resulting chromatogram identified each 
monoamine position and concentration from the sample as 
compared with that of the standard (Sigma Chemical Co., 
St. Louis, MO, USA), and finally, the estimation of the 
concentration of each monoamine as μg per gram brain tissue 
was quantified according to Pagel et al.38 Meanwhile, the 
levels of glutamate and γ-aminobutyric acid (GABA) were 
estimated by the precolumn PITC derivatization technique 
illustrated by Heinrikson and Meredith.39

Western Blotting Analyses
Protein extraction from the hippocampal tissue and blotting 
analyses were performed as previously illustrated.40 Nuclear 
factor erythroid 2-related factor 2 (Nrf2) (MAB3925, 1:1000; 
R&D System), heme oxygenase-1 (HO-1) (sc-390991, 
1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
and β-actin (MAB8929, 1:2000; R&D System, Minneapolis, 
MN, USA) were used as a primary antibody, whereas goat 
anti-mouse IgG (sc-2039, 1:5000; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) conjugated with horseradish perox-
idase (HRP) was used a secondary antibody. The protein 
bands were visualized using a chemiluminescence HRP sub-
strate (Bio-Rad, Hercules, CA, USA). The blot intensity was 
then quantified using Image J software referenced to β-actin.

Histopathological Investigation
The hippocampal tissue was kept for 24 h at room tempera-
ture in 10% neutral-buffered formalin as a fixative, then 
dehydrated, paraffinized, and sectioned (4–5μm). Sections 
were stained with hematoxylin and eosin for light micro-
scopy analysis. Light microscope photomicrographs were 
captured using a Nikon microscope (Eclipse E200-LED, 
Tokyo, Japan) at an original magnification of × 400. The 
severity of the brain injury was graded using the numerical 
method that described by Al-Quraishy et al41 with five 
grades of severity of injury specified as follows: 1 = mini-
mal (<1%); 2 = slight (1%–25%); 3 = moderate (26%– 
50%); 4 = moderate/severe (51%–75%); and 5 = severe 
(76%–100%).

Statistical Analysis
Data are illustrated as means ± standard error of the mean 
(SEM). The recorded results from the performed biochemical 
measurements were examined by one-way analysis of var-
iance and post hoc Duncan’s test, while Mann Whitney U and 
Student’s t-tests were applied to the analysis of behavioral 

Table 1 Primer Sequences of Genes Analyzed in Real-Time PCR

Name Accession Number Forward Primer (5ʹ—3ʹ) Reverse Primer (5ʹ—3ʹ)

GAPDH NM_017008.4 AGTGCCAGCCTCGTCTCATA GATGGTGATGGGTTTCCCGT
SOD2 NM_017051.2 TAAGGGTGGTGGAGAACCCA TGATGACAGTGACAGCGTCC

CAT NM_012520.2 TTTTCACCGACGAGATGGCA AAGGTGTGTGAGCCATAGCC

GPx1 NM_030826.4 CAGTCCACCGTGTATGCCTT GTAAAGAGCGGGTGAGCCTT
GR NM_053906.2 TACTGCACTTCCCGGTAGGA TGGATGCCAACCACCTTCTC

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SOD2, superoxide dismutase 2 mitochondrial (MnSOD); CAT, catalase; GPx1, glutathione 
peroxidase 1; GR, glutathione reductase.
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scores using the statistical package program (SPSS version 
14.0); P values <0.05 represent statistical significance.

Results
PTZ-Induced Epileptic Seizures
According to Racine scale, PTZ injection (60 mg/kg) 
enhanced the development of tonic, myoclonic and gener-
alized seizures in all treated mice. Pre-administration of 
SeNPs at a dose of 5 mg/kg for 14 consecutive days 
delayed significantly (P<0.05) the onset and decreased 
the duration of these convulsions; reflecting its anticonvul-
sant effect against PTZ-induced seizures (Table 2).

Effect of SeNPs on Redox Status in the 
Hippocampal Tissue Following PTZ 
Injection
To evaluate the redox status in the hippocampal tissue, levels 
of pro-oxidants and antioxidant enzymes were evaluated. 
PTZ injection was found to provoke a state of oxidative stress 
as characterized by the increased neuronal lipoperoxidation 
in terms of MDA, Hsp70 and NO levels, and the decreased 
GSH level. This was accompanied by a decrease in the 
activity and mRNA expression of antioxidant enzymes 
(GPx, GR, SOD, and CAT) with respect to their control 
levels. SeNPs administered group exhibited a significant 
increase in the activity and mRNA expression of GPx and 
SOD. However, mice treated with SeNPs before PTZ sup-
pressed significantly (P<0.05) the oxidative damage through 
decreasing MDA production, Hsp70, and NO levels and 
enhancing the activity and mRNA expression of endogenous 
antioxidant molecules in the hippocampal tissue as compared 

to the epileptic group; confirming the antioxidant impact of 
SeNPs against oxidative insults mediated following PTZ 
injection (Figures. 2 and 3).

In order to assess the molecular antioxidant mechanism 
provided by SeNPs in the hippocampal tissue of epileptic 
mice, Nrf2 and HO-1 expression was experimented using the 
Western blotting technique. PTZ injection was associated with 
down-regulation of Nrf2 and HO-1 as compared to their 
expression in the control group. Notably, SeNPs supplementa-
tion enhanced the expression of these antioxidant regulators as 
compared to PTZ-treated mice; which may explain its antiox-
idant capacity against oxidative stress developed following the 
onset of epileptic seizures (Figure 4).

The Anti-Inflammatory Activity of SeNPs 
in the Hippocampal Tissue Following PTZ 
Injection
To elucidate the potential anti-inflammatory effect of SeNPs 
against PTZ-induced neuroinflammation, the level of TNF-α 
and IL-1β were determined. The epileptic group recorded 
a significant (P<0.05) elevation in the measured inflammatory 
cytokines when compared to the control group. No statistical 
change was observed in these pro-inflammatory mediators in 
the treated group with SeNPs. However, SeNPs inhibited 
significantly the inflammatory response developed upon PTZ 
injection, indicating the anti-inflammatory effect of SeNPs 
against PTZ-mediated neuroinflammation (Figure 5).

SeNPs Inhibits Neuronal Loss in the 
Hippocampal Tissue Following PTZ Injection
PTZ injection was found to enhance neuronal apoptosis in 
the examined brain tissue as presented by the increased pro- 
apoptotic proteins and their mRNA expression including Bax 
and caspase-3, and the decreased anti-apoptotic proteins and 
its mRNA expression, Bcl2. SeNPs alone did not affect the 
levels and expression of the examined apoptotic markers. 
Meanwhile, pre-administration with SeNPs was found to 
protect the brain tissue through inhibiting the neuronal apop-
tosis triggered following PTZ injection (Figure 6).

Effect of SeNPs Administration on 
Cholinergic, Monoamines and Amino Acids 
Neurotransmitters in the Hippocampal 
Tissue Following PTZ Injection
PTZ-injected mice showed a significant (P<0.05) decrease in 
DA, NE, 5-HT, GABA levels, and AChE activity in the 

Table 2 The Effect of Selenium Nanoparticles (SeNPs) on 
Behavioral Alterations Induced Following Pentylenetetrazole 
(PTZ) Injection in Mice

Groups Duration of Seizure (sec.) Mortality 

%
Onset Myoclonic Tonic Tonic- 

Clonic

Cont — — — — —

SeNPs — — — — —

PTZ 12±3# 15±5# 13±23# 98±43# 85#

SeNPs + 

PTZ

36±7#$ 6±2#$ 5±3#$ 43±11#$ 0$

Notes: Results are presented as mean ± SD (n = 10); significant change was recorded 
following analysis with Mann Whitney U and Student’s t-tests at P < 0.05. #Represents 
a significant change against the control mice; $Represents a significant change against 
the PTZ-injected mice.
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hippocampal tissue, accompanied by a significant increase in 
the glutamate content as compared to the control group. In 
addition, the levels of these neurotransmitters remained 
unchanged when compared to their corresponding level in 
SeNPs supplemented group. Meanwhile, SeNPs administra-
tion prior to PTZ protected the examined neurotransmitters in 
the hippocampal tissue when compared to PTZ-treated group; 
reflecting its neuroprotective effect against PTZ-induced neu-
rochemical alterations (Figures. 7 and 8).

Effect of SeNPs Administration on 
Histopathological Changes in the CA1 
Hippocampal Tissue Following PTZ 
Injection
Neither vehicle nor SeNPs administration affected the mor-
phology of CA1 hippocampal tissue, in both control and 
SeNPs-treated alone groups, where the neurons displayed 
normal structure with intact shapes, and vesicular nuclei 
(Figure 9A and B). Conversely, the PTZ-injected mice 
exhibited frequent neuronal damages and increased the 

number of dark neurons in CA1 (Figure 9C). However, the 
neurons in the SeNPs+ PTZ and VPA+PTZ groups showed 
near-normal morphology compared to the PTZ-injected 
mice (Figure 9D and E) (Supplementary data: Table S1).

Discussion
Application of metal nanotechnology in medicine is 
a promising approach in terms of improving delivery, 
bioavailability, and release of drugs to the target tissue.42 

In the current study, we explored the potential neuropro-
tective and anticonvulsant activity of SeNPs against PTZ- 
mediated epileptic seizures. PTZ is widely employed to 
induce epileptic experimental model and its associated 
behavioral, molecular, and neurochemical alterations in 
order to screen novel potential antiepileptic drugs. PTZ is 
known to enhance the development of seizures by block-
ing the benzodiazepine recognition sites in GABAA 

receptors.43

Our findings showed that a single convulsive dose of 
PTZ potentiated a state of oxidative stress in the hippo-
campal tissue as represented by the increased neuronal 

Figure 2 Effect of selenium nanoparticles (SeNPs) on pro-oxidants level [malondialdehyde (MDA) and nitric oxide (NO)], heat shock protein 70 (Hsp70), glutathione (GSH) 
level in the hippocampal tissue following pentylenetetrazole (PTZ) injection. Results are figured as mean ± SD (n = 10); significant change was recorded following analysis 
with Duncan’s test as a post hoc test (P < 0.05). #Represents a significant change against the control mice; $Represents a significant change against the PTZ-injected mice.
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lipoperoxidation level in terms of MDA, Hsp70 level and 
NO production, while GSH content was decreased. This 
was accompanied by a decrease in antioxidant enzymes 

and their mRNA expression. Brain tissue is liable to the 
progression of oxidative damage due to its high unsatu-
rated fatty acids constituent, high oxygen demand and low 

Figure 3 Effect of selenium nanoparticles (SeNPs) on mRNA and activity of antioxidant enzymes [glutathione peroxidase (GPx, Gpx1), glutathione reductase (GR, Gsr), 
superoxide dismutase (SOD, Sod2) and catalase (CAT, Cat)] in the hippocampal tissue following pentylenetetrazole (PTZ) injection. Biochemical results are figured as mean ± 
SD (n = 10); significant change was recorded following analysis with Duncan’s test as a post hoc test (P < 0.05). #Represents a significant change against the control mice; 
$Represents a significant change against the PTZ-injected mice. qRT-PCR results are presented as mean ± SD of triplicate assays.
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antioxidant content.44 Neuronal hyperexcitability and epi-
leptogenesis are associated with oxidative stress result 
from mitochondrial and endoplasmic reticulum 

dysfunction leading to free radicals overproduction that 
exhausts and depletes the neuronal antioxidant 
molecules.45,46 Lipoperoxidation results from the 

Figure 4 Effect of selenium nanoparticles (SeNPs) on the protein expression of nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) in the 
hippocampal tissue following pentylenetetrazole (PTZ) injection. #Represents a significant change against the control mice; $Represents a significant change against the PTZ- 
injected mice.

Figure 5 Effect of selenium nanoparticles (SeNPs) on inflammatory markers TNF-α and IL-1β in the hippocampal tissue following pentylenetetrazole (PTZ) injection. Results 
are figured as mean ± SD (n = 10); significant change was recorded following analysis with Duncan’s test as a post hoc test (P < 0.05). #Represents a significant change against 
the control mice; $Represents a significant change against the PTZ-injected mice.

Figure 6 Effect of selenium nanoparticles (SeNPs) on apoptotic markers Bax, caspase-3 and Bcl2 in the hippocampal tissue following pentylenetetrazole (PTZ) injection. 
Results are figured as mean ± SD (n = 10); significant change was recorded following analysis with Duncan’s test as a post hoc test (P < 0.05). #Represents a significant change 
against the control mice; $Represents a significant change against the PTZ-injected mice.
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interaction of hydroxyl radicals with unsaturated fatty 
acids in the neuronal membrane resulted in the formation 
of lipid peroxide, hydroxide radicals and MDA.47,48 Heat 
shock proteins (HSPs) including Hsp70are playing cyto-
protective activities in response to pathological conditions 
including oxidative stress through their chaperoning 
activities.49 It has been shown that neuronal cells are 
able to produce HSPs. Accumulative evidences reported 
the relationship between the development of epileptic sei-
zures and the upregulation of Hsp70 in animal models50 

and in humans.51 The authors described the upregulation 
of Hsp70 as a protective effect potentiated to protect 
neurons against hyperexcitability coupled with the devel-
opment of epileptic seizures. The excessive secretion of 
NO has been reported following epileptic convulsions. 
This elevation may be attributed due to over-expression 
of nitric oxide synthase (NOS) that responsible for NO 
formation. The deleterious effect of the increased NO 
came from its interaction with superoxide anions to form 
peroxynitrite radicals that are associated with various neu-
rological consequences.52 The antioxidant system 

including GSH, GPx, GR, SOD, and CAT protected 
against free radicals accumulation in the cell.23 Depletion 
of GSH content and antioxidant enzymes activity in brain 
tissue is associated with epileptic seizures in human and 
animal models due to the excessive generation of ROS and 
this decrease was shown to increase with repetitive 
seizures.24,53,54

On the other hand, SeNPs administration prior to PTZ was 
found to protect neuronal oxidative injury through inhibiting 
lipoperoxidation by-product (MDA), decreasing Hsp70 and 
NO formation accompanied by increasing GSH level. 
Additionally, SeNPs activated and upregulated mRNA expres-
sion of GPx, GR, SOD, and CAT in the hippocampus. 
Selenium is incorporated in the structure of selenoproteins 
and selenoenzymes that are able to quench ROS and conse-
quently suppress the development of oxidative damage.55 

SeNPs are characterized by small size and large surface area. 
This structure allows more selenium atoms to scavenge more 
free radicals. Therefore, SeNPs have more powerful scaven-
ging activity and able to enhance endogenous antioxidant 
proteins.56 SeNPs inhibited the neuronal oxidative damage in 

Figure 7 Effect of selenium nanoparticles (SeNPs) on dopamine (DA), norepinephrine (NE) and serotonin (5-HT) in the hippocampal tissue following pentylenetetrazole 
(PTZ) injection. Results are figured as mean ± SD (n = 10); significant change was recorded following analysis with Duncan’s test as a post hoc test (P < 0.05). #Represents 
a significant change against the control mice; $Represents a significant change against the PTZ-injected mice.

Figure 8 Effect of selenium nanoparticles (SeNPs) on acetylcholinesterase activity (AChE), GABA and glutamate levels in the hippocampal tissue following pentylenete-
trazole (PTZ) injection. Results are figured as mean ± SD (n = 10); significant change was recorded following analysis with Duncan’s test as a post hoc test (P < 0.05). 
#Represents a significant change against the control mice; $Represents a significant change against the PTZ-injected mice.
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Alzheimer’s disease through inhibiting ROS production and 
increasing the endogenous antioxidant molecules including 
GPx, SOD, and CAT.57 In another experimental model, 
SeNPs were found to inhibit lipid peroxidation product in 
the renal tissue, suggesting its ability to protect the membrane 
structure and integrity in response to glycerol injection- 
induced acute kidney injury.58 The authors also recorded an 
increase in GSH content and, level and mRNA expression of 
its based enzymes (GPx and GR) along with SOD and CAT. 
Selenium administration is known to quench ROS and RNS in 
different experimental studies. It has been demonstrated that 
the epileptic mice treated with selenium showed a decrease in 
NO generation due to the inhibition of NOS. Cao et al59 

reported that dietary administration of selenium reversed the 
increased NO in the cerebral tissue following aluminum expo-
sure. The authors attributed this reduction to the ability of 
selenium to down-regulate NOS.60 Selenium-enriched probio-
tics were found to inhibit oxidative stress following heat stress 
through stimulating the activity of antioxidant molecules along 
with Hsp70.61

Neuroinflammation is tightly linked with epileptic sei-
zures. In the current study, a marked increase in the pro-
duction of pro-inflammatory cytokines was obvious in the 
hippocampal tissue upon PTZ injection. Previous reports 
have demonstrated the development of inflammatory 
response in epileptic model.7,62 The authors attributed 
this effect to the disturbance in the oxidative status and 
the overproduction of ROS which activates nuclear factor 
kappa B (NF-κB) resulting in the elevation in pro- 
inflammatory cytokines. Meanwhile, the SeNPs adminis-
tration suppressed the inflammation in the hippocampal 
tissue. It was reported that selenium protected the brain 
tissue in different neurodegenerative models against the 
activation of microglial inflammatory responses and the 
over release of pro-inflammatory cytokines through inhi-
biting the expression of NF-κB.63

Neuronal loss is a characteristic feature following epi-
leptic seizures. PTZ injection was found to trigger neuro-
nal apoptosis in the hippocampal tissue as represented by 
the increased Bax and caspase-3 levels and the decreased 
Bcl2 level. The obtained results are in line with previous 

Figure 9 Effect of selenium nanoparticles (SeNPs) on hippocampal histological deformations following pentylenetetrazole (PTZ) injection. Scale bar = 100 μm. (A) Control 
group, (B) SeNPs group, (C) PTZ-injected group, (D) Co-treated group with SeNPs and PTZ, and (E) Co-treated group with sodium valproate (VPA) and PTZ. Degenerated 
neuron (white arrow). Scale bar = 80 μm.
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reports.24,64 The authors recorded a decrease in Bcl2, the 
anti-apoptotic protein associated with an increase in the 
pro-apoptotic protein (Bax) upon epileptic convulsions 
induced by PTZ. Previous reports have shown a link 
between the incidence of oxidative stress and inflamma-
tion and the development of neuronal apoptosis. The 
authors attributed the neuronal cell death to the overpro-
duction of ROS following mitochondrial dysfunction.65 

On the other hand, SeNPs supplementation inhibited the 
hippocampal neurons loss through increasing Bcl2 and 
decreasing Bax levels. The anti-apoptotic effect of sele-
nium application and its nano-sized particles has been 
demonstrated in different experimental protocols through 
enhancing the anti-apoptotic markers and suppressing the 
pro-apoptotic markers.25,66

In the current study, PTZ was found to induce epileptic 
seizures via decreasing AChE activity, NE, DA, 5-HT, gly-
cine and GABA content, and increasing glutamate level in 
the hippocampal tissue. Alterations in the cholinergic, mono-
aminergic and amino acidergic transmission have been 
reported upon epileptic seizures.10 Crosstalk has been 
recorded between the neurochemical alterations and the 
imbalance between pro-oxidants and antioxidants following 
epileptic seizures.67 Inhibition of AChE activity is associated 
with the accumulation of acetylcholine resulting in the devel-
opment of neurological consequences including convulsions 
and tremors.68 Monoamines are known to play an essential 
role in the development of epileptogenesis. The deficiency of 
monoamines was found to promote neuronal hyperexcitabil-
ity in human and animal studies.10,69 The decrease in 5-HT 
content has been linked with a decrease in its synaptosomal 
uptake, inhibition of tryptophan hydroxylase activity and the 
decrease of tryptophan level in epileptic model.70,71 

Meanwhile, the reduced DA level in epileptic patients has 
been attributed to the increased monoamine oxidase activity 
and the decreased reuptake.72 Furthermore, NE is 
a neuromodulator act as an anticonvulsant agent and its 
decrease in epileptic patients is due to the downregulation 
of α1 receptors’ density in the brain tissue.73 The decrease 
may be also due to the decrease in Dopamine-β-hydroxylase, 
the rate-limiting enzyme in NE synthesis.74

GABA is the predominant inhibitory amino acid neuro-
transmitter in the neuronal tissue and its reduction was 
associated with the development of seizures that also 
coupled with the blockade of GABA receptors and the 
inhibition of chloride ions influx resulting in hyperexcit-
ability and neuronal death.75 Glutamate represents the main 
excitatory amino acid neurotransmitter in the mammalian 

brain. The excessive release of glutamate over activates 
glutamatergic receptors including NMDARs that enhance 
the development of seizure.76 Moreover, the neurochemical 
alteration following the progression of seizures may be 
responsible for the recorded behavioral changes.

Enhancing the activity of AChE and monoaminergic trans-
mission is associated with inhibition of epileptogenesis.10 In 
the current study, SeNPs administration increased AChE activ-
ity and DA, NE and 5-HT content in the hippocampal tissue; 
indicating its anticonvulsant impact against PTZ-induced epi-
leptic seizures. Selenium depletion is associated with the 
development of neurodegenerative diseases including epileptic 
seizures, while its supplementation decreases the risk of sei-
zure progression.19 SeNPs was found to protect against cad-
mium-mediated neuronal impairments by modulating levels of 
AChE activity and monoaminergic transmission, along with 
increasing GABA content and decreasing glutamate level in 
the hippocampus that may be due to its potent antioxidant 
activity.77 Selenium supplementation increased neurotransmit-
ters level through inhibiting monoamine oxidase (MAO) 
activity.78–80 SeNPs administration increased NE and 5-HT 
in the brain tissue following acrylamide intoxication, authors 
attributed this effect to the inhibition of MAO activity which 
may be through its ROS scavenging capacity.79 Moreover, 
selenium administration prevented dopamine loss and degen-
eration in Parkinson’s disease model.81 Additionally, the antic-
onvulsant activity of SeNPs in the present study was extended 
to enhance the GABAergic transmission and suppressing glu-
tamatergic transmission in the hippocampus. Solovyev82 sug-
gested that selenoproteins play a role in the development and 
functioning of GABAergic neurons. Selenium was found to 
protect against neuronal hyperexcitability results from exces-
sive production of glutamate.83 In the same context, Ma et al84 

showed that selenium blocked neuronal loss and protected the 

Figure 10 Schematic diagram shows the protective role of selenium nanoparticles 
(SeNPs) against epileptic model induced by pentylenetetrazole (PTZ).
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hippocampal HT22 nerve cells against glutamate-induced 
mitochondrial dysfunction.

Conclusion
In the current work, PTZ injection-induced behavioral changes 
coupled with oxidative stress in the hippocampal tissue as 
indicated by the increased neuronal lipoperoxidation and nitric 
oxide formation, accompanied by a decrease in the level and 
mRNA expression of the antioxidant enzymes. Additionally, 
a state of neuroinflammation was recorded represented by the 
elevated pro-inflammatory cytokines (TNF-α and IL-1β). 
Neuronal apoptosis was also observed as indicated by the 
increased pro-apoptotic markers and the decreased anti- 
apoptotic marker. Moreover, a disturbance in acetylcholines-
terase activity, monoaminergic neurotransmission, and imbal-
ance between GABA and glutamate were also recorded. 
However, SeNPs supplementation reversed the behavioral 
changes, oxidative damage, histopathological, neurochemical 
alterations following PTZ-induced epileptic seizures, suggest-
ing that SeNPs may use as an anticonvulsant agent (Figure 10).
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