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Simple Summary: Epilepsy is a chronic neurological disease characterized by neuronal hyper elec-
trical activity and the development of unprovoked seizures. Although several antiepileptic drugs
are currently available, their application is associated with undesirable adverse effects. In an at-
tempt to find a novel antiepileptic medication with minimum side effects, we have investigated
the potential neuroprotective activity of prodigiosin, a red pigment produced by bacterial species
that have important pharmaceutical and biological activities biosynthesized with selenium formu-
lation (SeNPs-PDG) against a murine epileptic model mediated by pentylenetetrazole. The main
recorded findings revealed that SeNPs-PDG delayed the onset of epileptic seizures and decreased
their duration significantly. Additionally, SeNPs-PDG prevented hippocampal cell loss, oxidative
stress, neuroinflammation, restored the balance between excitatory and inhibitory neurotransmitters,
and notably normalized the monoaminergic and cholinergic transmission. These promising findings
indicate that SeNPs-PDG might serve as a naturally derived anticonvulsant agent due to their active
antioxidant, anti-inflammatory, anti-apoptotic, and neuromodulatory properties.

Abstract: Background: Prodigiosin (PDG) is a red pigment synthesized by bacterial species with
important pharmaceutical and biological activities. Here, we investigated the neuroprotective and
anticonvulsant activities of green biosynthesized selenium formulations with PDG (SeNPs-PDG)
versus pentylenetetrazole (PTZ)-induced epileptic seizures. Methods: Rats were assigned into six ex-
perimental groups: control; PTZ (60 mg/kg, epileptic model); sodium valproate (200 mg/kg) + PTZ;
PDG (300 mg/kg) + PTZ; sodium selenite (0.5 mg/kg) + PTZ; and SeNPs-PDG (0.5 mg/kg) + PTZ.
The treatment duration is extended to 28 days. Results: SeNPs-PDG pre-treatment delayed seizures
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onset and reduced duration upon PTZ injection. Additionally, SeNPs-PDG enhanced the antioxidant
capacity of hippocampal tissue by activating the expression of nuclear factor erythroid 2–related
factor 2 and innate antioxidants (glutathione and glutathione derivatives, in addition to superox-
ide dismutase and catalase) and decreasing the levels of pro-oxidants (lipoperoxidation products
and nitric oxide). SeNPs-PDG administration inhibited inflammatory reactions associated with
epileptic seizure development by suppressing the production and activity of glial fibrillary acidic
protein and pro-inflammatory mediators, including interleukin-1 beta, tumor necrosis factor-alpha,
cyclooxygenase-2, inducible nitric oxide synthase, and nuclear factor kappa B. Moreover, SeNPs-PDG
protected against hippocampal cell loss following PTZ injection by decreasing the levels of cytosolic
cytochrome c, Bax, and caspase-3 and enhancing the expression of anti-apoptotic Bcl-2. Interestingly,
SeNPs-PDG restored the PTZ-induced imbalance between excitatory and inhibitory amino acids and
improved monoaminergic and cholinergic transmission. Conclusions: These promising antioxidative,
anti-inflammatory, anti-apoptotic, and neuromodulatory activities indicate that SeNPs-PDG might
serve as a naturally derived anticonvulsant agent.

Keywords: prodigiosin; selenium nanoparticles; epilepsy; oxidative stress; neuroinflammation;
apoptosis; neurotransmission

1. Introduction

Epilepsy is a neurodegenerative condition characterized by neuronal hyperexcitability
accompanied by repetitive and unprovoked convulsions [1]. Epileptic seizures are primar-
ily accompanied by cerebrovascular dysfunction, brain injury, tumors, and hypoxia [2];
however, the underlying mechanisms that develop epileptic seizures remain unclear. An
imbalance between neuronal excitation and inhibition, oxidative insults, inflammation, neu-
ronal cell loss, and dysregulated neurotransmission are hypothesized to play fundamental
roles in the development of epilepsy [3,4]. Oxidative stress and the resulting overproduc-
tion of reactive oxygen (ROS) and nitrogen species (RNS), combined with the depletion of
the cellular antioxidant capacity, are important hallmarks of epileptogenesis [5]. Nuclear
factor erythroid 2–related factor 2 (Nrf2) is a transcriptional factor that modulates the
expression of several proteins involved in cellular antioxidant protection and detoxification
processes, such as heme oxygenase-1 (HO-1), superoxide dismutase (SOD), and glutathione
(GSH)-derived enzymes [6]. Nrf2 activation in response to ROS overproduction is associ-
ated with the initiation and progression of epileptic seizures, and Nrf2 has been considered
a prospective target for antiepileptic drugs [6]. Oxidative stress-mediated neuronal cell
death plays a crucial role in epilepsy pathogenesis [7]. Accumulating evidence suggests
that seizure propagation is associated with a neuroinflammatory state characterized by
the activation of neuroglial cells that produce excessive quantities of pro-inflammatory
mediators, including glial fibrillary acidic protein (GFAP), interleukin-1 beta (IL-1β), tumor
necrosis factor-alpha (TNF-α), cyclooxygenase-2 (Cox-2), inducible nitric oxide synthase
(iNOS), and nuclear factor kappa B (NF-κB), resulting in neuronal hyperexcitability and
cell death [8]. Disruptions in brain monoamines, free amino acids, and acetylcholine
transmission have also been reported during epileptogenesis [9].

Currently available antiepileptic medications cause many adverse events, including
memory disturbances, gastrointestinal distress, osteoporosis, depression, fatigue, nausea,
and dizziness [10]. Formulating efficient anticonvulsant drugs with minimal side effects
remains an urgent and unmet need. Progress in nanotechnology has led to the development
of various metal-based nanoformulations that have recently been used to treat neurode-
generative disorders [11]. The effects of nanoparticles (NPs) on targeted tissues depend
on the NP size, shape, concentration, and type, in addition to the tissue structure and
duration of exposure [12]. Selenium nanoparticles (SeNPs) are absorbed more effectively
than Se (IV), and their relatively small sizes allow them to cross membrane barriers and
accumulate in tissues, leading to increased reactivity [13]. SeNPs have recently been used
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to prevent and treat neurological conditions due to their relatively high bioavailability, low
occurrence of adverse effects, and potential therapeutic activities [14], which include potent
antioxidant, anti-inflammatory, anti-apoptotic, and neuromodulatory activities, as reported
when administered to an epileptic rat model [4].

Prodigiosin (PDG) is a red dye naturally produced by various bacterial species and
is characterized by a typical pyrrolyl pyrromethene skeleton [15]. PDG has several bio-
logical and pharmaceutical activities, including antioxidant, antimalarial, antibacterial,
anticancer, anti-inflammatory, and immunosuppressive [16]. To the best of our knowledge,
the antiepileptic properties of PDG, either alone or when delivered using SeNPs, have not
yet been investigated. We aimed to explore the potential antiepileptic effects of biosyn-
thesized SeNPs with PDG (SeNPs-PDG) against pentylenetetrazole (PTZ)-induced acute
epileptic seizures by examining the oxidative, inflammatory, and apoptotic profiles and
exploring neurochemical and histopathological changes in the hippocampus.

2. Materials and Methods
2.1. Chemicals

PTZ was purchased from Sigma Chemical Co. (St. Louis, MO, USA). The synthesis
of SeNPs-PDG was performed as follows. 10 mL sodium selenite (Na2SeO3, 10 mM) was
swirled with 10 mL PDG (3.5 mg/mL). Under stirring magnetic conditions overnight, the
obtained mixture (SeNPs-PDG) was lyophilized using a vacuum freeze dryer (Labcon-
coFreezone 4.5 Liter Freeze Dry System, Marshall Scientific, Hampton, NH, USA). The
developed powder was used in the current investigation. Our recent report showed that
the obtained nanoformulation (SeNPs-PDG) are characterized with 109.3 average diameters
and −13.9 mV as a mean zeta potential record [17]. In addition, TEM analysis revealed that
the size of the developed nanoformulation is smaller than 200 nm (Figure S1).

2.2. Experimental Animals and Study Design

Ten-week-old male albino Wistar rats (180–200 g) were sourced from the animal
facilities of King Fahd Center for Medical Research, King Abdulaziz University, Jeddah,
Saudi Arabia. Under standard lab conditions, rats were placed in wire polypropylene
cages (12-h light/dark cycle; 25 ± 2 ◦C). Standard diet and water were provided ad libitum.
The rats were acclimatized for seven days prior to the start of the study. All experimental
protocols were approved by the Committee of Research Ethics for Laboratory Animal Care,
Taif University (approval no. 43-068).

Rats were randomly distributed into six groups (n = 9/group):
Group I, control group: Rats received a daily oral dose of 0.9% NaCl for 28 days.

On Day 28, rats were injected intraperitoneal (i.p.) with 0.9% NaCl, 1 h after the oral
administration of saline.

Group II, PTZ-treated group (PTZ): Rats received a daily oral dose of normal saline
for 28 days. On Day 28, animals received a single i.p. injection of PTZ (60 mg/kg) to
induce acute epileptic seizures, 1 h after the oral administration of saline, as described by
Abdel-Rahman et al. [18].

Group III, sodium valproate (VPA) + PTZ-treated group (VPA + PTZ): Rats received
a daily oral dose of VPA (200 mg/kg) for 28 days, based on the methodology described
by Arafa et al. [19]. On Day 28, the rats received a single i.p. injection of PTZ (60 mg/kg),
1hafter VPA administration.

Group IV, PDG+ PTZ-treated group (PDG+PTZ): Rats received a daily oral dose of
PDG (300 mg/kg, [20]) for 28 days. On Day 28, animals received a single i.p. injection of
PTZ (60 mg/kg), 1 h after the oral administration of PDG.

Group V, Na2SeO3 + PTZ-treated group (Na2SeO3 + PTZ): Rats received a daily oral
dose of Na2SeO3 (0.5 mg/kg) for 28 days, as previously described [21]. On Day 28, animals
received a single i.p. injection of PTZ (60 mg/kg), 1 h after the oral administration of Na2SeO3.

Group VI, SeNPs-PDG + PTZ-treated group (SeNPs-PDG + PTZ): Rats received a daily
oral dose of SeNPs-PDG (0.5 mg/kg) for 28 days, as described by Yuan et al. [4]. On Day 28,
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animals received a single i.p. injection of PTZ (60 mg/kg), 1 h after the oral administration
of SeNPs-PDG.

PTZ, Na2SeO3, SeNPs-PDG, and VPA were administered after dissolving in normal
saline. Rats were euthanized one day after the last dose. The hippocampus was immediately
separated and washed with isotonic saline. Hippocampal tissue was homogenized in ice-
cold 10 mM phosphate buffer (pH 7.4) to produce a 10% (w/v) homogenate for biochemical
evaluations. To assess monoamine and amino acid-based neurotransmitters, hippocampal
tissue was homogenized in 75% HPLC grade methanol (10% w/v) and centrifuged for
10 min at 4000 rpm, and the supernatant was subjected to HPLC. To examine histopatho-
logical changes, hippocampal tissues were fixed in 10% neutral buffered formalin, and the
CA1 region was assessed for histopathological changes. The methodology described by
Lowry et al. was used to estimate the protein level in the hippocampal tissue [22].

2.3. Behavioral Record

Animals were monitored immediately after PTZ injection for forty minutes, and a
seizure index score was determined based on the revised Racine scale [23] as follow:

0 = no behavioral change, 1 = Whisker trembling, 2 = Facial jerking, 3 = Neck jerking,
4 = Clonic seizures, 5 = Lying on side and wild jumping and 6= death. Additionally, the
duration of seizures was recorded.

2.4. Estimation of Redox Status
2.4.1. Oxidative Stress Index Evaluation

Malondialdehyde (MDA) was assessed to reflect the level of lipid peroxidation using
the thiobarbituric acid method described by Ohkawa et al. [24]. Dye formation following the
addition of Griess reagent was measured at 540 nm to assess the nitric oxide (NO) level in
the hippocampus, as previously described [25]. GSH levels were estimated using Ellman’s
reagent, and the yellow chromogen was estimated at 412 nm, as previously described [26].

2.4.2. Antioxidant Activity Assessment

The hippocampal activity of glutathione reductase (GR) was investigated as described
by Factor et al. [27]. Glutathione peroxidase (GPx) was assessed according to the proce-
dures described by Paglia and Valentine [28]. Hippocampal catalase (CAT) activity was
estimated according to the method described by Aebi [29]. Hippocampal SOD activity was
determined at 480 nm using the technique described by Misra and Fridovich [30].

2.5. Estimation of Inflammatory Cytokines

For the determination of hippocampal levels of different pro-inflammatory mediators,
commercial enzyme-linked immunosorbent assay (ELISA) kits were utilized for Cox-2,
IL-1β, TNF-α, and NF-κB (Novus Biologicals, Centennial, CO, USA; catalog numbers:
NB600-971, NBP1-92702, NBP1-92681, and NB100-2176, respectively), according to the
manufacturer’s instructions.

2.6. Assessment of Pro-Apoptotic and Anti-Apoptotic Proteins

Hippocampal apoptotic proteins were assayed using ELISA kits for Bax and Bcl-2
(BioVision, Inc., Milpitas, CA, USA; catalog numbers E4513 and CSB-E08854r, respectively).
A colorimetric kit was used to measure caspase-3 activity (Sigma-Aldrich: CASP3C-1KT).
Cytochrome c and brain-derived neurotrophic factor (BDNF) were determined using ELISA
kits sourced from Abcam (catalog numbers: ab210575 and ab213899, respectively). All
assays were performed according to the manufacturer’s instructions.

2.7. Assessment of Acetylcholinesterase, Monoamines, and Free Amino Acid Neurotransmitters

The hippocampal activity of acetylcholinesterase (AChE) was assessed according to
the procedure described by Elman et al. [31]. AChE activity was determined based on
the yellow color developed following the addition of thionitrobenzoic acid, measured
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at 412 nm. HPLC reports and chromatograms were obtained using the data acquisition
program (ChemStation, Dayton, OH, USA). Hippocampal samples were subjected to a
solid-phase extraction using a CHROMABOND column (Cat. No. 730031) to remove trace
elements and lipids, and the NH2 phase was retrieved. The NH2 phase was injected into an
AQUA column (150 mm; 5 µm; C18, Phenomenex, CA, USA). After 12 min, dopamine (DA),
norepinephrine (NE), and serotonin (5-HT) were separated. Each monoamine position and
concentration in the sample was identified by comparing the resulting chromatogram with
that of the corresponding standard (Sigma Chemical Co., St. Louis, MO, USA). According to
Pagel et al. [32], the concentration of each monoamine was quantified relative to total brain
tissue (µg/g). Glutamate and γ-aminobutyric acid (GABA) levels were estimated using
the precolumn phenylisothiocyanate derivatization technique described by Heinrikson
and Meredith [33].

2.8. Real-Time PCR

The RNeasy Plus Mini-kit extracted total RNA from hippocampal tissue (Qiagen,
Valencia, CA, USA). A cDNA synthesis kit was used to synthesize first-stranded cDNA
(Bio-Rad, CA, USA), then amplified in three technical replicates using Power SYBR Green
(Life Technologies, CA, USA) and measured using an Applied Biosystems 7500 instrument
(Roche Molecular Systems, Inc., Foster City, CA, USA). The PCR conditions were 95 ◦C for
4 min, followed by 40 cycles of 94 ◦C for 60 s and 55 ◦C for 60 s, and a final extension at 72 ◦C
for 10 min. After amplification, cycle numbers at the linear amplification threshold (Ct) for
the reference gene Gapdh were determined for each sample, and relative gene expression
was determined using the comparative Ct method [34]. The Primer-Blast program provided
by the National Center for Biotechnology Information (NCBI) was used to design PCR
primers for Nrf2, Nos2, Creb1, and Gapdh, which were then synthesized by Jena Bioscience
GmbH (Jena, Germany). Table 1 shows the primer sequences and accession numbers for
the genes examined in the current study.

Table 1. Primer sequences of genes analyzed in Real Time-PCR.

Name Accession Number Sense (5′—3′) Antisense (5′—3′)

Gapdh NM_017008.4 AGTGCCAGCCTCGTCTCATA TCCCGTTGATGACCAGCTTC
Nrf2 NM_031789.2 CAGCATGATGGACTTGGAATTG GCAAGCGACTCATGGTCATC
Nos2 NM_012611.3 GGTGAGGGGACTGGACTTTTAG TTGTTGGGCTGGGAATAGCA

Creb-1 NM_001320793.2 CGAGAACCAGCAGAGTGGAG TTCACTGACATCCTGCTTTACAAT

The abbreviations of the genes; Gapdh: Glyceraldehyde 3-phosphate dehydrogenase; Nrf2: Nuclear factor-erythroid
2-related factor 2; Creb-1: cAMP responsive element binding protein 1; Nos2: Nitric oxide synthase 2.

2.9. Histopathological and Immunohistochemical Examinations

Hippocampal tissue was fixed in 10% neutral buffered formalin, dehydrated, and
paraffinized at room temperature for 24h, followed by sectioning (4–5 µm). Sections were
stained with hematoxylin and eosin for light microscopy analysis.

For GFAP immunohistochemistry, brain sections were incubated in 10% H2O2 for
30 min to eliminate endogenous peroxidase activity and blocked for one hour with 10%
normal goat serum at room temperature. Sections were then incubated in primary anti-
GFAP antibodies (Abcam, Cambridge, MA, USA; 1/1000) for 24 h at 4 ◦C. Antibody
detection was performed using the Histostain-Plus Bulk kit (Invitrogen, Camarillo, CA,
USA) against rabbit IgG, and finally, 3,3′-diaminobenzidine was used for visualization. A
Nikon microscope was used to capture photomicrographs at 400×magnification (Eclipse
E200-LED, Tokyo, Japan). GFAP expression was estimated by counting GFAP (+) cells in
random sections of each rat.
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2.10. Statistical Analysis

Data are expressed as the mean ± standard deviation (SD). Measurements were
examined by one-way analysis of variance (ANOVA), followed by Duncan’s post hoc test,
using the statistical package SPSS version 23.0. p-values < 0.05 were considered significant.

3. Results
3.1. Induction of Epileptic Seizures Using PTZ

PTZ injection (60 mg/kg, i.p.) induced tonic, myoclonic, and generalized seizures
as assessed using the Racine scale (Table 2). Similar to the standard antiepileptic drug
(VPA), the pre-administration of PDG alone or SeNPs-PDG for 28 consecutive days
significantly reduced seizure duration, flexion, extension, and clonus, indicating an
anticonvulsant activity.

Table 2. Effects of orally administered prodigiosin (PDG), sodium selenite (Na2SeO3), and green
biosynthesized SeNPs with PDG (SeNPs-PDG) on pentylenetetrazole (PTZ)-induced behavioral
changes and seizure latency and duration.

Groups No. of Convulsion/No. of
Animals Used

Duration of the Seizure
(min)

Flexion
(min)

Extension
(min)

Clonus
(min)

Cont 0/6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
PTZ 6/6 29.3 ± 2.73 a 7.0 ± 1.41 a 13.17 ± 1.94 a 8.8 ± 0.98 a

VPA + PTZ 1/6 3.3 ± 8.16 b 0.7 ± 1.63 b 1.67 ± 4.08 b 1.2 ± 2.86 ab

PDG + PTZ 4/6 15.3 ± 12.13 ab 4.5 ± 3.56 ab 7.67 ± 6.02 ab 3.4 ± 3.43 ab

Na2SeO3 + PTZ 3/6 11.0 ± 12.12 ab 2.5 ± 2.81 ab 5.17 ± 5.74 ab 3.3 ± 3.78 ab

SeNPs-PDG + PTZ 1/6 3.7 ± 8.98 1.0 ± 2.45 ab 1.5 ± 3.67 b 1.3 ± 3.27 ab

a and b denote significant differences (p < 0.05) compared with the untreated control and PTZ-injected groups,
respectively. All records are presented as the mean ± standard deviation (SD).

3.2. SeNPs-PDG Administration Induces Antioxidant Effects Following PTZ Injection

The levels of both pro-oxidants and antioxidant molecules were estimated to evaluate
the hippocampal redox status in all experimental groups. A single PTZ injection at
60 mg/kg provoked an oxidative challenge in hippocampal slices, characterized by
high ROS levels; increased lipid peroxidation, determined by the MDA levels; and the
formation of NO. An accompanying decrease in the cellular antioxidant capacity was
also observed, including decreased levels of GSH, GPx, GR, SOD, and CAT activities
compared with control levels. Expectedly, all applied treatments, especially SeNPs-PDG,
were able to restore the balance between pro-oxidants and cellular antioxidants compared
with the epileptic group (Figure 1).

To elucidate the antioxidant impacts of SeNPs-PDG against oxidative insults fol-
lowing the PTZ injection, the mRNA expression level of Nrf2 was estimated in the
hippocampal tissue. The results indicated that the PTZ injection downregulated the
mRNA expression of Nrf2 compared with its expression levels in the control group. The
pre-administration of SeNPs-PDG upregulated Nrf2 expression levels above those in the
PTZ group, which may mediate the increased cellular antioxidant capacity observed for
the administration of SeNPs-PDG against oxidative stress produced by PTZ (Figure 2).
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Figure 1. Effects of orally administered prodigiosin (PDG), sodium selenite (Na2SeO3), and green
biosynthesized SeNPs with PDG (SeNPs-PDG) on the hippocampal levels of (A) reactive oxygen
species (ROS), (B) malondialdehyde (MDA), (C) nitric oxide (NO), (D) glutathione (GSH), (E) glu-
tathione peroxidase (GPx), (F) glutathione reductase (GR), (G) superoxide dismutase (SOD), and
(H) catalase (CAT) following pentylenetetrazole (PTZ)-induced epileptic seizures. a and b denote
significant differences (p < 0.05) compared with the untreated control and PTZ-injected groups,
respectively. All records are presented as the mean ± standard deviation (SD).
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3.3. SeNPs-PDG Administration Induces Anti-Inflammatory Effects Following PTZ Injection

The levels of TNF-α, IL-1β, Cox-2, and NF-κB and the mRNA expression level of Nos2
were estimated to investigate the potential anti-inflammatory effects associated with SeNPs-
PDG administration in response to PTZ-induced neuroinflammation. The PTZ treatment
group demonstrated a significant elevation of all measured pro-inflammatory biomarkers in
hippocampal tissue compared with the control group. By contrast, the SeNPs-PDG pretreated
group displayed normalized levels of these pro-inflammatory mediators compared with
the PTZ-treated group. These results indicated the promising anti-inflammatory effects of
SeNPs-PDG against PTZ-mediated neuronal inflammation (Figure 3).
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Figure 3. Effects of orally administered prodigiosin (PDG), sodium selenite (Na2SeO3), and green
biosynthesized SeNPs with PDG (SeNPs-PDG) on the levels of inflammatory mediators, including
(A) TNF-α, (B) IL-1β, (C) Cox-2, (D) Nos2 mRNA expression, and (E) NF-κB in hippocampal tissue
following pentylenetetrazole (PTZ)-induced epileptic seizures. a and b denote significant differences
(p < 0.05) compared with the untreated control and PTZ-injected groups, respectively. All results are
presented as the mean ± standard deviation (SD).

3.4. SeNPs-PDG Administration Inhibits Neuronal Loss and Modulates Neuronal Maintenance in
Hippocampal Tissue Following PTZ Injection

Neuronal apoptosis was assessed in the hippocampal tissues of all experimented
groups by evaluating the levels of Bax, caspase-3, Bcl-2, and both cytosolic and mitochon-
drial cytochrome c. The results revealed that PTZ injection enhanced neuronal apoptosis in
the examined brain tissue, as indicated by the elevation of pro-apoptotic proteins, including
Bax and caspase-3, and the diminished expression levels of the anti-apoptotic protein Bcl-2
relative to control rats. Additionally, the PTZ injection enhanced the release of cytochrome
c from the mitochondria into the cytoplasm, associated with increased neuronal apoptosis
in the hippocampal tissue and the development of epileptic seizures. Supplementation
with both PDG and SeNPs-PDG protected hippocampal tissue by blocking the release of
mitochondrial cytochrome c, suppressing neuronal apoptosis, which was accompanied by
decreased levels of Bax and caspase-3 and increased levels of Bcl-2 compared with those in
the PTZ-treated group (Figure 4).

Additionally, as shown in Figure 5, significant reductions were observed in the mRNA
expression of Creb-1 and the level of BDNF in hippocampal tissue from the PTZ-injected
group. Pre-treatment with SeNPs-PDG elevated both BDNF and Creb-1 expression levels
compared with PTZ-injected rats, reflecting the ability of SeNPs-PDG to promote neuron
growth and neuron maintenance.
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Figure 5. Effects of orally administered prodigiosin (PDG), sodium selenite (Na2SeO3), and green
biosynthesized SeNPs with PDG (SeNPs-PDG) on (A) BDNF and (B) Creb-1 mRNA expression levels
in hippocampal tissue following pentylenetetrazole (PTZ)-induced epileptic seizures. a and b denote
significant differences (p < 0.05) relative to the untreated control and PTZ-injected groups, respectively.
All results are presented as the mean ± standard deviation (SD).

3.5. SeNPs-PDG Administration Alters Neurochemical Levels in Hippocampal Tissue Following
PTZ Injection

Significant reductions in the hippocampal levels of 5-HT, the 5-HT metabolite 5-HIAA,
DA, NE, and GABA, in addition to reduced AChE activity, were reported in PTZ-treated
rats, accompanied by increased levels of DA metabolites, including dihydroxyphenylacetic
acid (DOPAC), homovanillic acid (HVA), and glutamate, compared with those in the control
rats. Pre-treatment with PDG alone or as SeNPs-PDG significantly modulated the levels
of examined neurotransmitters in hippocampal tissue during epileptogenesis, as shown
in Table 3.
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Table 3. Effects of orally administered prodigiosin (PDG), sodium selenite (Na2SeO3), and green
biosynthesized SeNPs with PDG (SeNPs-PDG) on the levels of monoamines, metabolites, and
acetylcholinesterase activity in pentylenetetrazole (PTZ)-treated rats.

Parameters Cont PTZ VPA + PTZ PDG + PTZ Na2SeO3 + PTZ SeNPs-PDG + PTZ

5-HT (µg/g tissue) 8.76 ± 0.92 4.04 ± 0.64 a 7.21 ± 0.71 b 6.46 ± 0.86 ab 7.55 ± 0.95 b 8.50 ± 1.02 b

DA (µg/g tissue) 0.161 ± 0.02 0.091 ± 0.01 a 0.139 ± 0.02 b 0.121 ± 0.02 ab 0.133 ± 0.02 ab 0.159 ± 0.01 b

NE (µg/g tissue) 0.35 ± 0.04 0.12 ± 0.02 a 0.34 ± 0.05 b 0.18 ± 0.05 ab 0.25 ± 0.04 ab 0.28 ± 0.04 b

GABA 120.3 ± 11.2 45.0 ± 7.8 a 106.8 ± 12.6 b 76.1 ± 12.9 ab 90.8 ± 7.7 ab 117.9 ± 10.1 b

5-HIAA 37.6 ± 4.06 14.3 ± 3.86 a 31.3 ± 5.70 b 20.0 ± 4.38 ab 23.64 ± 4.26 ab 26.8 ± 4.01 ab

DOPAC 2.9 ± 0.77 6.0 ± 0.92 a 2.6 ± 0.70 b 3.9 ± 0.75 ab 3.8 ± 0.76 ab 4.2 ± 0.58 ab

HVA 13.4 ± 2.63 33.77 ± 4.53 a 14.84 ± 5.47 b 30.97 ± 5.17 ab 24.57 ± 5.37 ab 22.35 ± 3.30 ab

Glutamate 617.0 ± 57.4 1122.9 ± 193.4 a 600.5 ± 111.6 b 817.3 ± 113.9 ab 678.2 ± 72.5 b 639.8 ± 58.0 b

AChE activity
(µmol/min/mg

protein)
6.82 ± 1.35 4.29 ± 1.37 a 7.68 ± 1.38 b 4.95 ± 1.40 a 6.99 ± 1.64 b 6.65 ± 1.27 b

a and b denote significant differences (p < 0.05) compared with the untreated control and PTZ-injected groups,
respectively. All results are presented as the mean ± standard deviation (SD).

3.6. SeNPs-PDG Administration Protects against Histopathological and Immunohistochemical
Changes Associated with the Development of Epileptic Seizures

The control (untreated group) showed normal hippocampal architecture, whereas
the PTZ-injected group displayed neuronal degeneration and necrosis associated with
pyknotic nuclei in the CA1 region. By contrast, PTZ treatment in rats pretreated with VPA,
PDG, Na2SeO3, and SeNPs-PDG showed near-normal morphology (Figure 6). Addition-
ally, the immunohistochemical examination of the PTZ-treated group showed positive
immunostaining for GFAP in the hippocampal tissue, indicating astrocytes activation,
supporting the observation of increased inflammatory markers in this group. The experi-
mented groups, especially the SeNPs-PDG-treated group, displayed a marked decrease in
GFAP immunoreactivity compared with the PTZ-treated group (Figure 6).
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4. Discussion

Recently, nanomaterials have received increasing attention as potential and promis-
ing co-therapeutic agents against several disorders due to enhanced bioavailability and
improved drug delivery to targeted tissues relative to other drug delivery mechanisms [4].
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In the present study, we examined the potential neuroprotective and anticonvulsant effects
of SeNPs-PDG against PTZ-induced epileptic seizures in rats.

The findings from this study indicated that a single acute dose (60 mg/kg) of PTZ
potentiated hippocampal oxidative damage, as characterized by increased ROS production,
lipid peroxidation represented by MDA levels, and NO synthesis. By contrast, innate
antioxidant molecules, including GSH, GPX, GR, SOD, and CAT, decreased following PTZ
injection. At the molecular level, PTZ injection resulted in the downregulation of Nrf2
mRNA expression. Oxidative stress plays a crucial role in the pathogenesis of epileptic
seizures, and neuronal oxidative stress occurs in response to the overproduction of ROS
and RNS and the depletion of endogenous antioxidants during status epilepticus [4]. Both
ROS and RNS can impair cellular macromolecules and inhibit cellular enzymatic and
non-enzymatic antioxidants, eventually resulting in neuronal cell death [35]. Zhu et al. [36]
reported that neuronal hyperexcitability associated with epileptic seizures might be at-
tributed to the development of oxidative stress caused by mitochondrial and endoplasmic
reticulum dysfunction, resulting in ROS overproduction that exhausts and depletes the
cellular antioxidant molecules. Lipid peroxidation occurs when hydroxyl radicals inter-
act with neuronal membrane unsaturated fatty acids, resulting in the formation of lipid
peroxide, hydroxide radicals, and MDA [4]. Increased NO levels observed following
PTZ-mediated epileptic seizures may be due to the overexpression of iNOS, which is the
rate-limiting enzyme involved in NO formation. When produced in large quantities, NO
interacts with O2

•− to produce ONOO−, which causes deleterious neurological effects,
further supporting our findings [37]. Nrf2 is a transcriptional mediator that protects against
neuronal oxidative insults by regulating the expression and activity of cellular antioxidants.
The downregulation of Nrf2 in the current study may be associated with the observed
decrease in cellular antioxidant capacity following PTZ injection [38].

However, SeNPs-PDG supplementation prevented PTZ-induced changes in the redox
status of hippocampal tissue, as demonstrated by the inhibition of ROS production and
MDA and NO formation and the enhancement of Nrf2 and antioxidant-related protein
expression. These findings support the promising neuroprotective and antioxidative prop-
erties of SeNPs-PDG. In their earlier study, Chang et al. [39] reported that PDG prevented
neuronal oxidative and nitrosative insults induced by hypoxia and ischemia by inhibiting
NADPH oxidase2 activity and ROS production. Additionally, PDG suppressed microcystin-
LR–mediated oxidative stress in HepG2 cells by inhibiting ROS production and activating
Nrf2 [40]. Moreover, PDG attenuated the development of oxidative damage associated
with a gastric ulcer model, as demonstrated by decreased levels of lipid peroxidation and
NO production and elevated levels of cellular antioxidant defense system components [20].
This effect may be due to the free radical-scavenging activity of PDG [41].

Selenium is included in the structures of selenoproteins and selenoenzymes, and
selenium-based nanoformulations are small in size with large surface areas. These charac-
teristics confer SeNPs with potent antioxidative capacity by allowing for the enhanced scav-
enging of free radicals, inhibiting the induction of oxidative reactions [42]. Yuan et al. [4]
indicated that the administration of SeNPs prior to PTZ injection protected against neu-
ronal oxidative damage by inhibiting MDA, NO, and ROS formation, accompanied by the
upregulation of Nrf2, in addition to increasing GSH levels and antioxidant enzyme activity
in the hippocampus. Additionally, chitosan-stabilized SeNPs displayed neuroprotective
activity and attenuated cortical oxidative injury following acrylamide intoxication through
the inhibition of lipid peroxidation and NO production, as well as enhancing the pool of
available GSH. Moreover, SeNPs combined with metformin alleviated neurobehavioral
changes and blunted lipid peroxidation, in addition to activating Nrf2 and downstream
antioxidants (GSH, GPx, GST, SOD, and CAT) in the brain tissue of diabetic model rats [43].

Accumulating evidence has strongly suggested that changes in monoaminergic, amino
acidergic, and cholinergic transmission play crucial roles in regulating epileptogene-
sis [17,20]. In line with previous reports, the current study identified marked decreases in
the levels of 5-HT and its metabolite (5-HIAA), DA, and NE and reduced AChE activity
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in PTZ-injected rats, which was accompanied by apparent increases in the DOPAC and
HVA levels. Deficiencies in the levels of biogenic amines have been demonstrated to trigger
seizure susceptibility and the development of behavioral deficits and neuropathological
deficits in clinical and experimental studies [44–46]. Earlier reports showed a disturbance
in the synthesis, release, and reuptake of monoamines following the initiation of epileptic
seizures [47]. Additionally, excessive ROS generation and neuronal apoptosis triggered
neurodegeneration and the depletion of monoamines and their metabolites [48]. Cholin-
ergic dysfunction plays a crucial role in the pathogenesis of epilepsy. AChE hydrolyzes
acetylcholine into acetic acid and choline at the synaptic cleft, and a decrease in AChE
activity results in the accumulation of acetylcholine, inducing neuronal hyperexcitability
and the development of status epilepticus [49]. The enhancement of monoaminergic trans-
mission may also be implicated in the mechanisms of action underlying the efficacy of
several clinically prescribed antiepileptic medications [4].

In this study, pre-treatment with SeNPs-PDG demonstrated antiepileptic activity via
the modulation of monoaminergic and cholinergic transmission following PTZ injection–
mediated status epilepticus. Although the neuroprotective effects of PDG have received
little attention, selenium is well known as a neuroprotective agent in either its metal form
or as nanoformulations. Similar to antioxidants, experimental treatment with selenium
has demonstrated positive responses against various neurological diseases associated
with the development of oxidative injury [4,50]. In line with the results of the present
study, Yuan et al. [4] reported that SeNPs pre-treatment markedly modulated the levels
of monoamines and activated AChE in an epileptic rat model due to antioxidant effects.
In addition to antioxidant activity, organoselenium compounds showed antidepressant-
like actions by modulating 5-HT, DA, and NE transmission in cortical and hippocampal
tissue [51,52]. Additionally, selenium administration attenuated reduction in DA and
its metabolites (DOPAC and HVA) in vivo and in vitro following methamphetamine ex-
posure [53,54]. In agreement with the obtained findings, Ji et al. [55] revealed that the
neuroprotective impacts of selenium nanoformulations are primarily mediated by the
activation of AChE in an Alzheimer’s disease model.

Associated with these changes in neurotransmitters, we also recorded a significant
decrease in the GABA contents, accompanied by a marked increase in glutamate levels
in hippocampal tissue following PTZ injection. An accepted pathophysiological mecha-
nism associated with epileptogenesis is the imbalance between excitatory and inhibitory
neurotransmitters [4]. Glutamate and GABA represent the predominant excitatory and
inhibitory neurotransmitters in the central nervous system, respectively. Studies have
demonstrated that the induction of tonic and clonic seizures is correlated with the blockade
of GABAergic transmission, resulting in neuronal hyperexcitability and action potential
discharges [56]. Decreased inhibitory activity has been attributed to the downregulation
of GABAA receptors and glutamic acid decarboxylase, the rate-limiting enzyme during
GABA synthesis [57]. When released in excessive amounts, glutamate induces neurotoxic
effects, including the development of epileptic seizures and neuronal death, through the
overactivation of glutamate receptors [58,59]. Therefore, agents that inhibit glutamate
release and enhance GABAergic transmission are expected to show antiepileptic activities.
In the current study, SeNPs-PDG administration restored the glutamate/GABA balance in
the hippocampus, which is reflected by the observed anti-seizure activity in response to
PTZ-mediated neuronal hyperexcitability. Sodium selenite was found to protect neurons
against excitotoxic insults, ROS production, and apoptotic events in response to glutamate-
mediated neurotoxicity [60]. Interestingly, SeNPs administration also increased the GABA
levels in the brain following exposure to cypermethrin, which the authors attributed to its
antioxidant and anti-inflammatory properties [61].

CREB is a leucine zipper transcription factor that regulates neuronal proliferation,
differentiation, and survival and maintains synaptogenesis in the adult brain. Phospho-
rylated CREB regulates neurotrophic factors, including BDNF [62]. In accordance with
previous reports [9], PTZ injection-induced epileptic seizures, accompanied by reduced
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CREB mRNA expression and BDNF levels in hippocampal tissue. The downregulation of
CREB and BDNF are strongly associated with the initiation of seizures, and agents that
increase these neuronal regulators could be used as antiepileptic drugs [62]. SeNPs-PDG
administration increased CREB and BDNF levels compared with PTZ-injected rats, indi-
cating neuroprotective effects. Abd Al Haleem and El-Bakly [63] reported that selenium
treatment significantly increased the hippocampal expression of CREB and BDNF in a high
fat/high cholesterol diet-mediated model of behavioral and neurological deficits.

The current study revealed that PTZ induced a neuroinflammatory state characterized
by high GFAP immunoreactivity, excessive pro-inflammatory cytokine secretion (TNF-α
and IL-1β), and the activation of Nos2, Cox-2, and NF-κB in hippocampal tissue. Ox-
idative stress and neuroinflammation reinforce each other during the development of
epileptic seizures [64]. ROS overproduction following seizure onset has been suggested
to activate NF-κB, further enhancing the release of TNF-α and IL-1β [65]. Moreover, IL-
1β upregulates the neuronal mRNA expression of Cox-2 [66], resulting in prostaglandin
production, which may play a role in seizure-mediated neuronal excitability and death
by stimulating astrocytes to produce glutamate [67]. Furthermore, increased detection of
GFAP reflects the proliferation and activation of astrocytes, which cause neurodegeneration
and apoptosis by stimulating the release of pro-inflammatory mediators and ROS [68].
We found that SeNPs-PDG downregulated GFAP and inhibited the production of TNF-
α and IL-1β while simultaneously preventing Nos2 and Cox-2 mRNA expression and
NF-κB nuclear translocation. The obtained data indicated that SeNPs-PDG attenuates PTZ-
induced seizures by modulating neuroglia-mediated inflammatory reactions. PDG and its
derivatives showed immunomodulatory effects and decreased elevated pro-inflammatory
mediators in an atherosclerosis mouse model. Additionally, PDG derived from a marine
sponge-associated actinomycete decreased the levels and expression of various inflamma-
tory markers, including myeloperoxidase, IL-1β, TNF-α, iNOS, Cox-2, and NF-κB in a
murine gastritis model [20].

Previous studies have demonstrated that seizures induce transient cerebral ischemia,
leading to neuronal death in the brain [69]. We found that PTZ-induced epilepsy in mice
was associated with increased cytosolic cytochrome c contents and pro-apoptotic protein ex-
pression (Bax and caspase-3), in addition to a decrease in anti-apoptotic protein expression
(Bcl-2). Seizures cause both oxidative stress and inflammation, which induce widespread
neuronal loss due to ROS and cytokine upregulation. Furthermore, ROS production
disrupts mitochondrial Ca2+ homeostasis, resulting in the opening of the mitochondrial
permeability transition pore and subsequent mitochondrial swelling. Mitochondrial mem-
brane rupture releases cytochrome c into the cytosol, activating caspase-9 and caspase-3,
resulting in the activation of various cell death pathways [5]. Thus, administering an
antiepileptogenic agent with antioxidant and anti-inflammatory properties is expected to
exert beneficial effects by preventing neuronal death in the brain.

Interestingly, pre-treatment with SeNPs-PDG protected hippocampal neurons, sup-
pressing apoptotic events associated with seizure propagation. The anti-apoptotic activity
of PDG was explored previously by Abdelfattah et al. [20], who reported that PDG blocked
the apoptotic cascade associated with gastric lesions induced by acidified ethanol injections
through the upregulation of Bcl-2 and the downregulation of Bax and caspase-3. In agree-
ment with the results of the present study, Yuan et al. [4] showed that SeNPs administration
exhibited anticonvulsant activity through the inhibition of pro-apoptotic protein expression
(Bax and caspase-3) and the enhancement of anti-apoptotic protein expression (Bcl-2) in
hippocampal tissue. Additionally, selenium and its nanoform suppressed neuronal loss
caused by cadmium by decreasing Bax and increasing Bcl-2 [70].

5. Conclusions

The findings of this study revealed that SeNPs-PDG presents potent neuroprotective
and anticonvulsant activities against PTZ-mediated epileptic seizures in rats through
normalizing the behavioral changes associated with the development of epileptic seizures,



Biology 2022, 11, 354 15 of 18

inhibiting pro-oxidative insults (ROS, NO, and MDA), enhancing antioxidative defense
systems (GSH, GPx, GR, SOD, CAT, and Nrf2), suppressing neuronal inflammation (TNF-α,
IL-1β, Cox2, Nos2, and NF-κB), preventing the neuronal apoptosis by decreasing the pro-
apoptotic factors and increasing the anti-apoptotic protein, and modulating monoaminergic,
aminoacidergic, and cholinergic transmission significantly in the hippocampal tissue.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biology11030354/s1, Figure S1: Morphological shape of SeNPs-PDG as examined by TEM.

Author Contributions: Conceptualization, N.E.A.O. and A.A.; methodology, K.F.A., A.S.A. and
Z.Y.A.E.; software, W.A.; validation, D.Z., M.S.L. and A.A.; formal analysis, A.A.B. and A.E.A.M.;
investigation, A.A.; resources, A.A.; data curation, K.F.A., M.M.A.-D. and A.E.A.M.; writing-original
draft preparation, A.A., A.E.A.M. and R.B.K.; writing—review and editing, H.A., A.A.B. and M.S.L.;
visualization, N.E.A.O.; supervision, W.A., S.K.B. and Z.Y.A.E.; All authors have read and agreed to
the published version of the manuscript.

Funding: The authors extend their appreciation to the Deputyship for Research and Innovation,
Ministry of Education in Saudi Arabia, for funding this research work through project number
[135-1441-1].

Institutional Review Board Statement: All experimental protocols, including the use of animals,
were approved by the Committee of Research Ethics for Laboratory Animal Care, Taif University
(approval no. HAO-02-T-105).

Informed Consent Statement: Not applicable.

Data Availability Statement: Available upon request.

Acknowledgments: The authors extend their appreciation to the Deputyship for Research and
Innovation, Ministry of Education in Saudi Arabia, for funding this research work through project
number [135-1441-1].

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kramer, M.A.; Cash, S.S. Epilepsy as a disorder of cortical network organization. Neuroscientist 2012, 18, 360–372. [CrossRef]
2. Liu, S.; Yu, W.; Lü, Y. The causes of new-onset epilepsy and seizures in the elderly. Neuropsychiatr. Dis. Treat. 2016, 12, 1425.

[CrossRef]
3. Goldberg, E.M.; Coulter, D.A. Mechanisms of epileptogenesis: A convergence on neural circuit dysfunction. Nat. Rev. Neurosci.

2013, 14, 337–349. [CrossRef] [PubMed]
4. Yuan, X.; Fu, Z.; Ji, P.; Guo, L.; Al-Ghamdy, A.O.; Alkandiri, A.; Habotta, O.A.; Moneim, A.E.A.; Kassab, R.B. Selenium nanopar-

ticles pre-treatment reverse behavioral, oxidative damage, neuronal loss and neurochemical alterations in pentylenetetrazole-
induced epileptic seizures in mice. Int. J. Nanomed. 2020, 15, 6339. [CrossRef] [PubMed]

5. Méndez-Armenta, M.; Nava-Ruíz, C.; Juárez-Rebollar, D.; Rodríguez-Martínez, E.; Yescas Gómez, P. Oxidative stress associated
with neuronal apoptosis in experimental models of epilepsy. Oxidative Med. Cell. Longev. 2014, 2014, 293689. [CrossRef] [PubMed]

6. Carmona-Aparicio, L.; Pérez-Cruz, C.; Zavala-Tecuapetla, C.; Granados-Rojas, L.; Rivera-Espinosa, L.; Montesinos-Correa, H.;
Hernández-Damián, J.; Pedraza-Chaverri, J.; Sampieri III, A.; Coballase-Urrutia, E. Overview of Nrf2 as therapeutic target in
epilepsy. Int. J. Mol. Sci. 2015, 16, 18348–18367. [CrossRef] [PubMed]

7. Mao, X.-Y.; Zhou, H.-H.; Jin, W.-L. Redox-related neuronal death and crosstalk as drug targets: Focus on epilepsy. Front. Neurosci.
2019, 13, 512. [CrossRef] [PubMed]

8. Shimada, T.; Takemiya, T.; Sugiura, H.; Yamagata, K. Role of inflammatory mediators in the pathogenesis of epilepsy. Mediat.
Inflamm. 2014, 2014, 901902. [CrossRef]

9. Yu, X.; Guan, Q.; Wang, Y.; Shen, H.; Zhai, L.; Lu, X.; Jin, Y. Anticonvulsant and anti-apoptosis effects of salvianolic acid B on
pentylenetetrazole-kindled rats via AKT/CREB/BDNF signaling. Epilepsy Res. 2019, 154, 90–96. [CrossRef]

10. de Kinderen, R.J.; Evers, S.M.; Rinkens, R.; Postulart, D.; Vader, C.I.; Majoie, M.H.; Aldenkamp, A.P. Side-effects of antiepileptic
drugs: The economic burden. Seizure 2014, 23, 184–190. [CrossRef]

11. Gupta, J.; Fatima, M.T.; Islam, Z.; Khan, R.H.; Uversky, V.N.; Salahuddin, P. Nanoparticle formulations in the diagnosis and
therapy of Alzheimer’s disease. Int. J. Biol. Macromol. 2019, 130, 515–526. [CrossRef] [PubMed]

12. Barua, S.; Mitragotri, S. Challenges associated with penetration of nanoparticles across cell and tissue barriers: A review of
current status and future prospects. Nano Today 2014, 9, 223–243. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biology11030354/s1
https://www.mdpi.com/article/10.3390/biology11030354/s1
http://doi.org/10.1177/1073858411422754
http://doi.org/10.2147/NDT.S107905
http://doi.org/10.1038/nrn3482
http://www.ncbi.nlm.nih.gov/pubmed/23595016
http://doi.org/10.2147/IJN.S259134
http://www.ncbi.nlm.nih.gov/pubmed/32922005
http://doi.org/10.1155/2014/293689
http://www.ncbi.nlm.nih.gov/pubmed/25614776
http://doi.org/10.3390/ijms160818348
http://www.ncbi.nlm.nih.gov/pubmed/26262608
http://doi.org/10.3389/fnins.2019.00512
http://www.ncbi.nlm.nih.gov/pubmed/31191222
http://doi.org/10.1155/2014/901902
http://doi.org/10.1016/j.eplepsyres.2019.05.007
http://doi.org/10.1016/j.seizure.2013.11.009
http://doi.org/10.1016/j.ijbiomac.2019.02.156
http://www.ncbi.nlm.nih.gov/pubmed/30826404
http://doi.org/10.1016/j.nantod.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25132862


Biology 2022, 11, 354 16 of 18

13. Alajmi, R.A.; Al-Megrin, W.A.; Metwally, D.; Al-Subaie, H.; Altamrah, N.; Barakat, A.M.; Abdel Moneim, A.E.; Al-Otaibi, T.T.;
El-Khadragy, M. Anti-Toxoplasma activity of silver nanoparticles green synthesized with Phoenix dactylifera and Ziziphus
spina-christi extracts which inhibits inflammation through liver regulation of cytokines in Balb/c mice. Biosci. Rep. 2019, 39,
BSR20190379. [CrossRef] [PubMed]

14. Huo, X.; Zhang, Y.; Jin, X.; Li, Y.; Zhang, L. A novel synthesis of selenium nanoparticles encapsulated PLGA nanospheres with
curcumin molecules for the inhibition of amyloid β aggregation in Alzheimer’s disease. J. Photochem. Photobiol. B Biol. 2019, 190,
98–102. [CrossRef] [PubMed]

15. Gholap, S.S. Pyrrole: An emerging scaffold for construction of valuable therapeutic agents. Eur. J. Med. Chem. 2016, 110, 13–31.
[CrossRef] [PubMed]

16. Darshan, N.; Manonmani, H. Prodigiosin and its potential applications. J. Food Sci. Technol. 2015, 52, 5393–5407. [CrossRef]
17. Albrakati, A.; Alsharif, K.F.; Alomairi, N.E.; Alsanie, W.F.; Almalki, A.S.A.; Abd Elmageed, Z.Y.; Elshopakey, G.E.; Lokman, M.S.;

Bauomy, A.A.; Abdel Moneim, A.E.; et al. Neuroprotective Efficiency of Prodigiosins Conjugated with Selenium Nanoparticles in
Rats Exposed to Chronic Unpredictable Mild Stress is Mediated Through Antioxidative, Anti-Inflammatory, Anti-Apoptotic, and
Neuromodulatory Activities. Int. J. Nanomed. 2021, 16, 8447–8464. [CrossRef]

18. Abdel-Rahman, M.; Arafa, N.M.; El-khadragy, M.F.; Kassab, R.B. The neuroprotective role of Nigella sativa extract on ciprofloxacin
and pentylenetetrazole treated rats. Afr. J. Pharm. Pharmacol. 2013, 7, 1660–1670. [CrossRef]

19. Arafa, N.M.; Abdel-Rahman, M.; El-khadragy, M.F.; Kassab, R.B. Evaluation of the possible epileptogenic activity of ciprofloxacin:
The role of Nigella sativa on amino acids neurotransmitters. Neurochem. Res. 2013, 38, 174–185. [CrossRef]

20. Abdelfattah, M.S.; Elmallah, M.I.; Ebrahim, H.Y.; Almeer, R.S.; Eltanany, R.M.; Abdel Moneim, A.E. Prodigiosins from a marine
sponge-associated actinomycete attenuate HCl/ethanol-induced gastric lesion via antioxidant and anti-inflammatory mechanisms.
PLoS ONE 2019, 14, e0216737. [CrossRef]
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