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Abstract

Background and purpose: Epilepsy is a group of chronic neurological diseases caused by a complex set of
neuronal hyper electrical activities and oxidative stress of neurons. Crocin is a natural bioactive agent of saffron
with different pharmacological properties and low bioavailability. This study aimed to evaluate crocin-loaded
solid lipid nanoparticles (SLNC) for neuroprotection activity and efficacy against pentylenetetrazol (PTZ)-
induced epilepsy.

Experimental approach: The rats were pretreated with SLNC and pure-crocin (PC; 25 and 50 mg/kg/day;
P.O.) for 28 days before PTZ induction. Behavioral functions were evaluated by passive avoidance learning
(PAL) tasks. Then, total antioxidant capacity (TAC), malondialdehyde (MDA), and pro-inflammatory factors
were measured in the brain tissue using ELISA kits. Gene expression levels were analyzed with real-time
polymerase chain reaction and immunohistochemical assay was used to assess the protein expression of
sirtuinl SIRT 1).

Findings/Results: SLNC was prepared with an average particle size of 98.25 nm and 98.33% encapsulation
efficiency. Memory deficit improved in rats treated with SLNC. Administering SLNC at 25 and 50 mg/kg
significantly reduced MDA and proinflammatory cytokines while increasing TAC. Additionally, administering
SLNC before treatment increased the levels of SIRT1, peroxisome proliferator-activated receptor coactivator
lo, cAMP-regulated enhancer binding protein, and brain-derived neurotrophic factor. Furthermore, SLNC
administration resulted in the downregulation of caspase-3 and inflammation factor expression.

Conclusion and implications: Overall, the obtained results showed that SLNC has better protective effects
on oxidative stress in neurons, neurocognitive function, and anti-apoptotic and neuromodulatory activity than
PC, suggesting that it is a promising therapeutic strategy for inhibiting seizures.
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INTRODUCTION system (CNS) that involves an uncontrollable
] o - electrical discharge from a group of neurons,
The mitochondrion is an organelle critical accompanied by recurrent, unexcitable
for energy supply and a site for the production seizures. Epileptic attacks can be tied to damage
of reactive oxygen species (ROS) and their to the cerebrovascular system, brain damage,
accumulation. It plays an affirmative role in the inflammation, tumors, and hypoxia (3,4).
development of neurodegenerative disorders,
including  epilepsy (1,2). Epilepsy is a Access this article online

devastating disturbance of the central nervous
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Peroxisome proliferator-activated receptor
coactivator 1a (PGC-1a) signaling pathway is a
significant modulator of glucose homeostasis,
lipid catabolism, and mitochondrial biogenesis,
enhancing  mitochondrial  efficacy  and
intracellular ATP production. The upregulation
of ROS of detoxification enzymes reduces the
oxidative stress that induces epilepsy (1,5).
Mammals have seven sirtuins (sirt1-7). Sirtuin
is NAD"-dependent deacetylases, which show
principal roles in responding to neuronal
degeneration  pathways by  regulating
axonogenesis, neuron outgrowth, and neuron
survival (6). Oxidative stress creates a
disturbance in the overgeneration and
agglomeration of ROS, combined with the
diminution of the antioxidant action,
highlighting notable signs of epileptogenesis
(7). Seizures are accompanied by the
overexpression of proinflammatory cytokines,
including interleukin-1 beta (IL-1B), tumor
necrosis factor-alpha (TNF-a), nuclear factor
kappa B (NF-kB), and nitric oxide synthase
(INOS), which eventually leads to neuronal
hyperexcitability and cell death (8,9). Saffron
(Crocus sativus L.) has broadly been used as a
condiment, food coloring, and for herbal
medicine aims in the Mediterranean region for
centuries. Its protective effects result from its
effective ingredients, €.g. crocin and crocetin.
Crocin, a high water solubility carotenoid-rich,
is saffron's most hallmark and plentiful
antioxidant compound (10). Studies have

proven that crocin possesses different
pharmacological properties such as anti-
inflammatory, anti-tumor, antioxidant,

antianxiety and hypnotic, and antidepressant
effects, improves neurological disorders and
cognition, and enhances learning capability
(10-13). On the other hand, another study
showed that crocin is effectless on PTZ-induced
clonic seizures (14). Due to this contradiction,
further  investigation to evaluate the
antiepileptic effects of crocin in animal models
is required. Advancement and biological
properties of nanotechnology-based drug
delivery have led to the progression of solid
lipid nanoparticles (SLN), liposomes,
nanoencapsulation, and micelles that have
lately been used for transferring therapeutic
agents in diverse CNS-related diseases (15).
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SLNs are proper nanocarrier systems for the
distribution of hydrophobic and lipophilic
combinations. SLNs are a novel prototype of
nano/submicron-sized particles (50-1000 nm)
where an illiquid lipid has interchanged with
the fluid lipid (oil) (16,17). SLNs have emerged
as a new type of carrier system in recent years.
They offer an alternative to traditional carriers
like emulsions, liposomes, and polymeric
nanoparticles. Unlike these older carriers, SLNs
use solid lipids instead of liquid lipids. This
shift has resulted in submicron-sized lipid
emulsions that possess several advantages.
SLNs have small particle sizes, providing a
large surface area for interactions. They also
have a high capacity for drug loading and offer
interfacial ~ phase  interactions. = These
characteristics make SLNs an attractive option
for improving the effectiveness  of
pharmaceuticals, nutraceuticals, and other
materials (18). Encapsulating crocin in SLNs
can enhance its ability to cross the brain.

Furthermore, this approach may help
address its rapid metabolism and low
bioavailability.

This is the first time the antiepileptic effects
of crocin-loaded SLNs (SLNC) have been
examined on memory and inflammatory
profiles. Previous studies have shown that
crocetin, a related compound, can cross the
blood-brain barrier (BBB) (19). However, no
concrete evidence has confirmed whether this
bioactive compound can behave similarly.
Nano-antioxidants can create an emerging
strategy in passing antioxidants to enhance the
potential of neurologic disorders' prevention
and therapy due to oxidative damage (20).
Therefore, this study investigates the
improvement to the neuroprotective role of
SLNC against PTZ-induced acute epileptic
seizures in the adult rat model, overcoming the
problems of low solubility of PC, protecting it
from the destructive effect of GI tract and
improving delivery of active substance by
crossing the blood-brain barrier (BBB) to
enhance the SIRT1, PGC-la, brain-derived
neurotrophic factor (BDNF), and cAMP-
regulated enhancer binding protein (CREB-1)
expression in the hippocampus area, and to
decrease the oxidation, apoptosis (caspase3),
and inflammation markers.



MATERIALS AND METHODS

Chemicals

Crocin (purity > 98%), PTZ, stearic acid,
lecithin, chloroform, polysorbate 80 (Tween®
80), a dialysis bag (molecular weight cut off of
12 KD), -ethylenediaminetetraacetic acid
(EDTA), and ethanol are purchased from
Sigma-Aldrich (Germany). The anti-sirtl
antibody (Cat. No. ab110304) is obtained from
Abcam (Cambridge, UK). All chemicals or
solvents used in the research were of analytical
grade.

Preparation of SLN and SLNC

The fabrication of SLNC was freshly
performed in pure water. Briefly, stearic acid
(10 mM) was dissolved at 75 °C in pure water
(lipid phase), and then crocin (3 g), lecithin
(10 mM), and Tween® 80 were dissolved in
10 mL pure water (the aqueous phase). After
the lipid phase was dissolved, The aqueous
phase was then added to the lipid phase stirring
on a magnet stirrer for 25 min. Afterward, the
final dispersion was homogenized on ice for
I5 min at 80 W wusing an ultrasonic
homogenizer (Fanbolun Company, China). The
supernatant of the final mixture was analyzed
by a UV-VIS spectrophotometer at 470 nm.
Plain SLN (blank) was manufactured using the
same method without incorporating the
crocin (21).

Physicochemical characterization of SLNC
Particle size, polydispersity index, and zeta
potential

The polydispersity index (PDI), particle
average (Z-average), and zeta potential of
the nanoparticles (SLNC) in suspension
were assessed by Zetasizer (Malvern,
Worcestershire, UK) using a dynamic light
scattering (DLS) mode at 25 °C. The evaluations
were reduplicated thrice for each sample.

Drug loading content and entrapment efficiency

The amount of crocin loaded into SLNCs
was assessed as follows: the mixture (SLNC)
was centrifuged (rpm, 30 min), and the
supernatant containing the free crocin (un-
entrapped in nanoparticles) was evaluated for
free crocin measurements using a UV-VIS
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spectrophotometer (Philips PU 8620, USA) at
470 nm. The entrapment efficiency (EE%; Eq.
1) and the drug loading percent (DL%; Eq. 2)
were computed using the following equations
(22):

EE (%) =

Total drug —free drug

X 100 1)

Total drug

Total drug —free drug
Total weight of nanoparticles

DL (%) = x 100 ©)
Transmission electron microscopy

The morphological characterization of
SLNC was examined using transmission
electron microscopy (TEM) for aggregation
and uniformity in size and shape. In summary,
SLNC was spread onto the copper grid and
observed under TEM (Zeiss, Sigma VP,
Germany). Photo-micrographs of SLNC were
taken at an appropriate magnification.

Field emission scanning el ectron microscopy

The surface and shape of SLNC were
visualized using field-emission scanning
electron microscopy (FE-SEM; Zeiss, Sigma
VP, Germany). The SLNC was covered with
gold using an ion sputter. Photo-micrographs of
SLNC are taken at an appropriate
magnification.

Fourier transform infrared spectroscopy

The pure crocin, SLNC, and SLN were
analyzed using a Fourier transform infrared
spectroscopy (FT-IR; Shimadzu Co., Japan) to
determine the intermolecular interaction of
various functional groups (potassium bromide
method). The spectra of crocin, SLN, and
SLNC were measured over the scanning range
0f 200-4000 cm'!.

In vitro release study

In vitro release patterns of the drug from
nanoparticles (SLNC) were examined as
follows: Briefly, the SLNC was diffused in 80
mL of phosphate-buffered saline (PBS; pH 7.4)
in dialysis bags, under stirring for 72 h at
37 £ 0.5 °C. At appropriate time intervals
(0,0.5,1,2,3,4,5,6,12,24, 48, and 72 h), one
mL of the release medium was removed and
replaced with an equal volume of fresh PBS.
The concentration of crocin released from the
nanoparticles was measured by a UV-VIS
spectrophotometer set at 470 nm.
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Calculation of lethal dose of SLNC

The median lethal dose (LDso) of SLNC was
determined using the oral procedure on Wistar
rats according to the Reed and Muench method

(23).

Animals and treatment schedule

Fifty-six male Wistar rats weighing 180-200
g were procured from the Pasteur Institute of
Iran, Tehran. The rats were acclimatized for
seven days before starting the study. All the
experimental protocols used in the study were
confirmed by the Ethics Committee of the
Kermanshah University of  Medical
Sciences, Kermanshah, Iran (Ethic No.
IR.KUMS.AEC.1401.008). The animals were
distributed into seven groups of 8 each
(Table 1). Rats (except the naive control group
(D) and PTZ-group (II) that orally received 0.9%
NaCl) were given PC and SLNC orally at 25
and 50 mg/kg once a day for 28 days. After
4 weeks of SLNC or saline administration,
epileptic ~ seizures  were induced by
intraperitoneal injection of a single dose of PTZ
at 75 mg/kg. Based on a previous study, the
seizure severity was scored as follows (24). 0,
no change in behavior; 1, contraction of the face
and hands’ muscles; 2, diffusion of contractile
wave around the body; 3, myoclonic jerks and
standing on two feet; 4, tonic-clonic attacks and
falling on the side; 5, tonic-clonic attacks and
falling on the back. Animals that reached
phases 4/5 were included in the experiment.

Passive avoidance learning and memory
Passive avoidance learning (PAL) was
assessed using a shuttle box. This device is
made of two black and white chambers of the
same size (22 x 22 x 32 cm). The two chambers
are separated by a barrier. The floor of the two
rooms is worn by steel rods (0.5 cm diameter)

spaced 1 cm independently. At the bottom of
the black chamber, there is an electrifying grid
floor (50 Hz, 3 s), with an intensity of 0.7 mA.
At this stage (24 h after the last training phase),
the retention test was assessed. Each rat was
sustained in the white chamber for 10 s, and
then the barrier was raised. The latency time of
the rat to enter the black box (step-through
latency (STL)) was registered. The retention
phase followed for 600 s. In this course, no
electric shock was delivered.

Estimation of inflammatory cytokines
Determination of proinflammatory factors
IL-1B, TNF-a, and NF-kB in brain tissue was
evaluated using the required ELISA kits
(Fivephoton Biochemicals, CA 92117, USA).

Total antioxidant capacity

To evaluate total antioxidant capacity
(TAC), the brain tissue was homogenized in
PBS (pH 7.0) and centrifuged, and then the
supernatant was frozen at -80 °C. Ferric
reducing antioxidant power (FRAP) was made
by a combination of 300 mmol/L acetate buffer
with 10 mM 4,6-tripyridyl-S-triazine (TPTZ) in
HCI and FeCls. Then, the FRAP reagent was
added to the samples and incubated. The
absorbance was measured at 593 nm using a
spectrophotometer.

Lipid peroxidation assay

Tissue brain homogenization was used to
assess malondialdehyde (MDA) levels in PBS
solution (pH 7.4). The homogenized tissues
were centrifuged at 3000 rpm for 15 min.
Accordingly, thiobarbituric acid reactive
substances (TBARS; 5.2 mg/mL) were added to
the supernatant and incubated at 95 °C for 45
min and centrifuged again at 3000 rpm. The
absorbance was recorded at 532 nm.

Table 1. Treatment schedule for different experimental groups.

Number Groups Treatment (PO/IP, rat)

I Naive control 0.9% NaCl for 4 weeks

1L PTZ 0.9% NaCl + PTZ (75 mg/kg)

e SLNC 25 +PTZ SLNC (25 mg/kg/day) + PTZ (75 mg/kg)
v? SLNC 50 +PTZ SLNC (50 mg/kg/day) + PTZ (75 mg/kg)
\A PC25+PTZ PC (25 mg/kg/day) + PTZ (75 mg/kg)
VI* PC 50 + PTZ PC (50 mg/kg/day) + PTZ (75 mg/kg)
VII? Blank-SLN + PTZ Blank-SLN + PTZ (75 mg/kg)

a, Groups III-VII received SLNC, PC and blank-SLN for 4 weeks through oral gavage, and then on day 28, the rats were administrated a single dose
of PTZ (75 mg/kg); b, group Il received 0.9% NaCl for 4 weeks and on day 28, the rats were administrated a single dose of PTZ (75 mg/kg); SLNC,
crocin-loaded solid lipid nanoparticle; PTZ, pentylenetetrazol; PC, pure crocin.
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Table 2. Sequence of the primers used for real-time polymerase chain reaction analysis.

Gene name Primer’s sequence Size
Forward: AGTTCAACGGCACAGTCAAG

GAPDH Reverse: TACTCAGCACCAGCATCACC 19

PGC-1a Forward: GCAACATGCTCAAGCCAAAC 133
Reverse: TGCAGTTCCAGAGAGTTCCA

Sirtl Forward: CCAGAACAGTTTCATAGAGCCA 126
Reverse: CACTTCATGGGGTATAGAACTTGG

BDNF Forward: TGCTTTGGGGCAGACGA 126
Reverse: ACCTGGTGGAACTCAGGG

CREB-1 Forward: CGAGAACCAGCAGAGTGGAG 135
Reverse: TTCACTGACATCCTGCTTTACAAT

TNF-a Forward: GTCTTCTGCCTGCTGCACTTTG 136
Reverse: ATGGGCTACAGGCTTGTCACTC

IL-1 Forward: CAGAGCCACATGCTCCTAGA 118

-1B Reverse: TGTCCAGCTGGTCCTTTGTT

Forward: GCAGCAGCCTCAAATTGTTGAC

Caspase-3 144

Reverse: TGCTCCGGCTCAAACCATC

PGC-1a, proliferator-activated receptor coactivator 1a; Sirt, sirtuins; BDNF, brain-derived neurotrophic factor; CREB-1, cAMP-regulated enhancer
binding protein; TNF-a, tumor necrosis factor-alpha; IL-1p, interleukin-1 beta.

Real-time polymerase chain reaction

To evaluate the effect SLNC and PC on the
expression of BDNF, CREB-1, SIRTI1, PGC-
la, caspase-3, TNF-a, and IL-1p, the mRNA in
the rat's hippocampal tissue was isolated using
TRIZOL and chloroform methods, and then the
purity of mRNA samples was determined by
Nanodrop (ThermoFisher Scientific, USA).
Complementary DNA (cDNA) was synthesized
using a reverse transcriptase kit (Takara,
Japan). Quantitative real-time polymerase
chain reaction (qQPCR) was carried out using
Stem Gene Realtime SYBR Green 2x Master
(Takara, Japan) on RunMei Q200. The forward
and reverse primer sequences are shown in
Table 2. mRNA expression was assessed as the
relative fold changes according to the 2-4ACt
formula.

Immunohistochemical examinations

The hippocampal tissue sections were
incubated for 25 min at 60 °C and then
deparaffinized and rehydrated. The tissues are
immersed in sodium citrate buffer staining,
which was performed according to the
manufacturer's protocol (Abcam, USA) and the
previously reported method (25). The tissue
sections were covered with dH20 and incubated
with peroxidase blocking reagent (0.03%) for 1
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h. The slides were coated with the anti-sirtl
primary antibodies (2 h at 4 °C) and then
incubated with streptavidin conjugated to
horseradish peroxidase and 3,3"-
diaminobenzidine (DAB) for 10 min. The tissue
sections are counterstained with hematoxylin.
Scoring of immunohistochemically-stained
neurocytes was done under light microscopy.
The SIRTI-positive cells were counted in 5
fields of the hippocampal tissue randomly, at
400 x magnification. Finally, the software
calculated the cellular distribution.

Statistical analyses

The data are expressed as mean = SEM.
One-way analysis of variance (ANOVA)
followed by Tukey post-hoc test was employed
to analyze the parametric data using GraphPad
Prism software 9.5.1 (LaJolla, USA). Data from
the PAL method was assessed using the
Kruskal-Wallis nonparametric test followed
by Dunn’s test. The P-values < 0.05 were
considered statistically significant.

RESULTS

Physiochemical properties of SLNs and SLNC
The physicochemical properties of plain
and crocin-loaded SLNs are shown in Table 3.



Kakebaraei et al. / RPS2024; 19(4): 397-414

Table 3. Physicochemical features of the different nanoparticles. Data are presented as mean + SD. The experiment

is repeated three times.

. Z-average . . Zeta potential Entrapment Drug loading
Particles diameter (nm) ' olydispersity (mV) efficiency (%) (%)
Blank-SLN 66.2 + 1.5 0.17 £ 0.047 -22.03 +6.43 - ---

SLNC 98.25+0.5 0.11+0.13 -33.45+8.15 98.33 26.8
SLNC, crocin-loaded solid lipid nanoparticle
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Fig. 1. Physicochemical characterization of SLNC by Zetasizer instrument: (A) the particle size and (B) zeta potential.

SLNC, Crocin-loaded solid lipid nanoparticle.
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Fig. 2. (A and B) Transmission electron microscopy and (C) field emission scanning electron microscopy analysis of the
optimized SLNC. SLNC is presented with red arrows. SLNC, Crocin-loaded solid lipid nanoparticle.

The average particle size and zeta potential
of the SLNC were approximately 98.25 nm and
-33.45 mV, respectively (Fig. 1A and B). For
all formulations, the PDI was less than 0.2. The
shape and morphology examination of the
SLNC with a regular spherical construction was
revealed by TEM and FE-SEM (Fig. 2A-C).
The DL% and EE% in SLNC formulations
were 26.8% and 98.33%, respectively (Table 3)

FT-IR analysis

As shown in Fig. 3, the FT-IR spectrum of
the prepared SLN indicated the characteristic
peaks for N-H symmetric stretch in the lecithin
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at 3381 cm’'. The SLN spectra also showed
peaks at 1734 cm! representing C=0 of the
ester compound in lecithin and 2918 and 2852
cm! indicating the stretching of the C-H
groups. The SLN spectra had various specific
peaks analogous to the lecithin spectra without
variation, but the intensity of the peaks related
to lecithin was significantly reduced when they
were inserted into SLN. This feature may be
due to the shielding efficacy of the surfactant
and its hydrophilic environment. Six
characterization peaks were seen in the FT-IR
spectrum of PC: sharp bands at 3427, 2922,
1492, 1193, 1118, 1041, and 684 cm™ and a



broad band at 400-3900 cm™'. FT-IR spectra of
PC also showed bands at 1635 cm™! due to the
C=C bond, 1492 cm’' corresponding to the
C=0 bond, and 2922 cm’! related to the C-H
bond. The peaks at 1492 cm™' and 1041 ¢cm’!
could be attributed to the stretching oscillations
of C=0 in the carbonyl group and the C-O
stretching vibration, respectively, which can be
related to the sugar functional groups in crocin
structures (Fig. 3). The broad stretch 3427 and
3419 cm! correspond to the presence of group
OH. FT-IR spectrum of crocin-coated SLN
showed the unique bands of OH at 3427 and
3419 cm’!, which were present only in crocin.
This confirms the successful interaction of SLN
with  crocin  indicating  the  strong
hydrophobicity character of the samples. Thus,
the characteristic peaks between SLN and

&
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SLNC could be due to the hydrogen bond
constitution when crocin is implanted into SLN
(21,26).

The in vitro release

According to our results, the SLNC
formulation showed sustained release behavior
with an accumulative percent of crocin release
(SLNC) of about 29% of the drug over 10 h.
Then, about 40% after 24 h, and eventually 45%
of the crocin was released from the
nanoparticles after 48 h (Fig. 4).

LDsg of SLNC

From the results of LDso, the content of the
tested SLNC was found to be 25 and 50 mg/kg
of the drug after oral administration. These
doses did not cause any adverse effects.

'_';t
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Fig. 3. Fourier-transform infrared spectroscopy diagrams of the single pure crocin, blank, and SLNC. SLNC, Crocin-

loaded solid lipid nanoparticle.
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Fig. 4. Invitro drug release profiles of crocin from single SLNC and with the dialysis bag system in the PBS medium pH
7.4 at 37 °C after 72 h. SLNC, Crocin-loaded solid lipid nanoparticle.
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Fig. 5. Comparison of the mean step-through latency in the performance of the passive avoidance learning task in different
experimental groups. Values are expressed as mean + SEM. ***P < 0.001 indicates significant difference compared to
the control group; P < 0.001 versus the PTZ-treated group. SLNC, Crocin-loaded solid lipid nanoparticle; PTZ,

pentylenetetrazol; PC, pure crocin.

Effects of SLNC and PC on the acquisition of
PAL

The effect of SLNC and PC on the
acquisition of PAL was analyzed using the
Kruskal-Wallis statistical test. According to
Fig. 5, STL values were significantly reduced
in the PTZ group compared to the control
group. In addition, STL values in the groups
treated with PTZ + SLNC (25 and 50 mg/kg)
exhibited a significant increase compared to the
PTZ group.

Anti-inflammatory effects of SLNC and PC
following PTZ injection
The levels of NF-«xB, TNF-a, and IL-1fB
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estimate the anti-inflammatory efficacies
related to SLNC and PC administration in
response to PTZ-induced neuroinflammation.
The PTZ group demonstrated a remarkable
elevation of all assessed pro-inflammatory
biomarkers including NF-kB, TNF-a, and IL-
1B in brain tissues compared to the control
group. In contrast, the PTZ + SLNC (25 and 50
mg/kg) pretreated  groups displayed
significantly decreased levels of NF-kB, TNF-
a, and IL-1P in the brain tissue compared to
PTZ-mediated neuronal inflammation. There
were no significant differences between the
PTZ + PC (25, 50 mg/kg) groups compared to
the PTZ group (Fig. 6).
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Fig. 6. Effects of orally administered SLNC and PC on the levels of inflammatory mediators (A) NF-kB, (B) IL-1p, and
(C) TNF-a in brain tissue following PTZ-induced epileptic seizures. Values are expressed as mean + SEM. ***P < 0.001
indicates significant difference compared to the control group; *#P < 0.001 versus the PTZ-treated group. SLNC, Crocin-
loaded solid lipid nanoparticle; PTZ, pentylenetetrazol; PC, pure crocin; IL-1p, interleukin-1 beta; TNF-a, tumor necrosis

factor-alpha; NF-«xB, nuclear factor kappa B.
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Fig. 7. Effect of the orally administered SLNC and PC on (A) total antioxidant capacity and (B) malondialdehyde. Values
are expressed as mean + SEM. ***P < (.001 indicates significant difference compared to the control group; **P < 0.001
versus the PTZ-treated group. SLNC, Crocin-loaded solid lipid nanoparticle; PTZ, pentylenetetrazol; PC, pure crocin.

Effect of SLNC and PC treatment on TAC and
MDA levels in the brain tissue

The present data disclosed a statistically
significant reduction in the TAC in the brain
tissue of rats treated with PTZ compared to the
control group. In addition, a significant
elevation was found in the PTZ + SLNC
(50 and 25 mg/kg) compared to the PTZ group
(Fig. 7A). MDA level increased in the PTZ
group compared to the control group. A
significant decrease was observed in MDA
levels of the PTZ + SLNC (50, 25 mg/kg)
compared to the PTZ group (Fig. 7B). There is
no meaningful difference between the PTZ +
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PC (25 and 50 mg/kg) groups compared to the
PTZ group.

The effect of SLNC and PC treatment on the
expression of BDNF and CREB-1

The mRNA expression of the BDNF
and CREB-1 receptors in hippocampal
tissue  significantly decreased in rats
receiving PTZ compared to the control
group. The expression of BDNF and CREB-1
had a meaningful increase in the groups that
received PTZ + SLNC (25 and 50 mg/kg)
in comparison with the PTZ group
(Fig. 8A and B).
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Fig. 8. Effect of the orally administered SLNC and PC on the mRNA expression of (A) BDNF, (B) CREB-1, (C) SIRT1, (D)
PGC-1a, (E) caspase-3, (F) TNF-0, and (G) IL-1B in hippocampal tissue of brain in controlled and treated groups. Values are
expressed as mean + SEM. ***P < 0.001 indicates significant difference compared to the control group; “*P < 0.001 versus the
PTZ-treated group. SLNC, Crocin-loaded solid lipid nanoparticle; PTZ, pentylenetetrazol; PC, pure crocin; BDNF, brain-
derived neurotrophic factor; CREB, cAMP responsive element binding protein; SIRTI, sirtuinl; PGC-lo, peroxisome
proliferator-activated receptor coactivator 1a; TNF-a, tumor necrosis factor-alpha; IL-1p, interleukin-1 beta.

The effect of SLNC and PC treatment on the
expression of SIRTI and PGC-1a

PGC-1la and SIRT1 gene expression, which
potentially  regulates  oxidative = damage,
significantly reduced in the hippocampal tissue of
rats receiving PTZ compared with the control
group. Results showed that the expression of
these two genes was remarkably enhanced in the
hippocampal tissue of rats receiving PTZ plus
SLNC (25 and 50 mg/kg) compared with the PTZ
group (Fig. 8C and D).

The effect of SLNC and PC treatment on the
expression of genes involved in inflammation
and apoptosis

In the present study, the anti-apoptotic and
anti-inflammatory effects of various doses of
SLNC and PC on PTZ-induced epileptic seizures
were evaluated through the assessment of mRNA
expression of TNF-a, IL-1f, and caspase-3 in the
hippocampal tissue. Expression of TNF-a, IL-1p,
and caspase-3 significantly increased in the
hippocampal tissue of rats receiving PTZ
compared to the control group (Fig. 8E-G). The
expression of these genes performs a crucial role
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in the extension of inflammatory hallmarks
induced by injections of PTZ. The results showed
that the expression of these three genes
significantly decreased in the hippocampal tissue
of rats receiving PTZ in combination with SLNC
(25 and 50 mg/kg) compared with the PTZ group.

Immunohistochemical analysis of SIRTI

expression in the CAIl region of the
hippocampus
Figure 9A shows the

immunohistochemically staining variations of
SIRT1 expression in all rats” hippocampal CA1
and CA3 regions of all groups. In the CA1 and
CA3 regions of rats treated with PTZ a
significant decrease in SIRT1 area percentage
was observed compared to the control group.
Likewise, the evaluation of the hippocampal
CA1 and CA3 areas of rats receiving PTZ +
SINC (25 and 50 mgkg) revealed a
considerable elevation of SIRT1 percentage
compared to the PTZ group, while no meaningful
difference between PTZ + PC (25 and 50 mg/kg)
compared to the PTZ in CA1l and CA3 regions
was observed (Fig. 9B and C).
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Fig. 9. (A) Representative photomicrograph showing SIRT1 immunohistochemical staining for neurons in hippocampal
CALl and CA3 regions, between different groups. Neurons showed a positive brownish reaction. Scale bars: ~50 um;
(B and C) area percentage for dark neurons SIRT1 in both CA1l and CA3 regions of the hippocampus. Values are
expressed as mean + SEM. ***P < 0.001 indicates significant difference compared to the control group; **P < 0.001
versus the PTZ-treated group. SLNC, Crocin-loaded solid lipid nanoparticle; PTZ, pentylenetetrazol; PC, pure crocin;

SIRT]1, sirtuinl.

DISCUSSION

The reaction of brain cells against excessive
oxidative stress and the depletion of
endogenous antioxidant enzymes eventually
leads to cell death and some nervous system
disorders, including epilepsy (27-29). Epileptic
states may be related to many causes, including
mitochondrial impairment and excessive
amounts of ROS, which may perform a
fundamental role in activating inflammatory
cytokines in the brain and progressive memory
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impairment (30,31). Our study's results showed
that after injection of the PTZ-induced seizure
model, oxidative stress in brain tissue is
potentiated, as determined by elevated MDA
levels, formation of ROS, and reduced TAC.
The study conducted by Maes et al. showed that
repetitive seizures are related to high levels of
inflammatory  biomarkers and oxidative
damage, including TNF-a, IL-1B, and MDA
(32). In contrast, pretreatment with SLNC
decreased seizure-induced neuronal injury in
the brain by reducing the formation of MDA
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and significantly increasing the TAC
production level in the brain tissue compared to
the PTZ group. Therefore, antioxidants may
protect neurons from seizures. In addition, the
beneficial effects of antioxidants have been
reported to preserve memory and hippocampal
and cortical neurons from seizure-progressive
oxidative damage (33). Nevertheless, the
results showed the neuroprotective ability of
crocin against many neurodegenerative and
cognitive impairments. In addition to its
pharmacological properties, especially as an
antioxidant that scavenges free radicals, crocin
has anti-inflammatory and anti-apoptotic
effects (34,35). Crocin treatment prevented the
decrease in TAC levels and inhibited the
increase in MDA. SLNC treatment completely
restored TAC and MDA levels in brain tissue.
Likely, the prolonged circulation time of crocin
is due to another modulatory effect of SLNC.
Consistent with the results of the current study,
Gokce et al. expressed that resveratrol
encapsulated with SLN and nanostructured
lipid carriers (NLC) decreased the ROS in
fibroblast cells (36). The results of this study
revealed that PTZ induces a state of
neuroinflammation  determined by  high
secretion of inflammatory cytokines (TNF-a
and IL-1PB) and activation of NF-kB in brain
tissue. Neuroinflammation and oxidative
damage amplify each other in the temporal
promotion of epileptic seizures (37). Excessive
ROS production after the seizure begins has
been confirmed to activate NF-«xB, further
increasing the secretion and release of TNF-a
and IL-1P (38). Based on our results at mRNA
level expression, PTZ injection led to the
elevation of the gene expression of TNF-a and
IL-1PB. Indeed, NF-xB activation leads to an
increase in the expression of mRNAs encoding
inflammatory cytokines such as IL-1p and
TNF-a, which may play a role in seizure-
mediated neuronal excitability and
neurodegeneration (39,40). Moreover,
inhibiting gene expression of TNF-a and IL-1f3
and reduced levels of TNF-a, IL-10, and NF-kB
in brain tissue mediated by administration of
SLNC may attenuate the hippocampal neuronal
cell death following PTZ. These results are
consistent with those of Jin et al. that crocin
could suppress the mRNA expression of
proinflammatory cytokines (IL-1B, TNF-q,
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NF-kB, and IL-6) expression (41). Although
crocin is a promising platform antioxidant, its
principal obstacles are its poor absorption and
limited oral bioavailability (42,43). In the
current study, SLNC was shown to protect the
neuron's cell with antioxidant properties, anti-
inflammatory, and anti-apoptotic activities
against the PTZ-induced epileptic models in
rats. This shows that different doses of SLNC
could significantly exert their anti-apoptotic
and anti-inflammatory effects on hippocampal
tissue. Thus, crocin possessed potent
neuroprotective effects promoted by SLNs as a
promising carrier system. The prepared SLNC
and blank SLNs had good physical and
chemical properties. The prepared SLNC has a
spherical morphology, a uniform average size
of about 98 nm without accumulation, an EE%
of 98.33%, and a DL% of 26.8%. The increase
in particle size and zeta potential when loading
the drug occurs primarily because the drug
becomes incorporated into the nanoparticle's
structure. This growth also happens due to the
interactions between the drug and the
nanoparticle's surface and the concentration of
the material used in the formulation. The results
indicate that the drug's interaction with the
functional groups on the nanoparticle's surface,
such as hydrogen bonding, can influence the
zeta potential. This interaction leads to a higher
charge on the nanoparticle's surface, increasing
the zeta potential value. Additionally,
measuring the zeta potential of the
nanoparticles provides valuable information
about their storage stability and behavior within
the body. Generally, when the zeta potential

values are high, the aggregation of
nanoparticles decreases. The strong
electrostatic  repulsion between particles

prevents them from clumping together (44,45).
Over the past few years, nanocarriers have
gained importance for potential drug delivery in
the treatment and prevention of central nervous
system diseases. The synthesized SLNs having
a mean particle size of less than 200 nm make
them desirable for prolonged blood circulation,
target-specific binding, high stability, and
increased permeability of nanoparticles through
the BBB, which enhances the likelihood of
uptake by the brain (46). A PDI of less than
0.3 represents that the lipid nanoparticles have
a uniform size and are in a condition of



monodispersity, with low variation and without
aggregation, which is desirable for drug
delivery (47). These results of the current
showed that the prepared SLNC had uniform
particle sizes and spherical shapes. The
acquisition of PAL was performed to
investigate the cognition-enhancing potential of
SLNC. The results showed that PTZ induction
impaired memory stabilization and recovery,
which may reduce PAL acquisition. Our results
indicated that rats with PTZ-induced memory
impairment treated with SLNC showed better
exploratory ability than those treated with PC,
indicating improvement in the PAL acquisition.
The neuroprotective effect of crocin can
attenuate aversive learning and memory
impairment induced by lipopolysaccharide-
treated rats (48). Thus, part of the advantageous
effects of crocin on cognition function has been
related to its brain inhibition of oxidative
damage and neuroinflammation (49). Recent
research has indicated that increased oxidative
damage may perform a key role in the mRNA
expression of acetylcholinesterase (AchE),
leading to nervous system dysfunction and a
gradual decline in cognitive function (50,51).
Zhou et al. reported that crocin can regulate the
levels of Ach and AchE in the region of the
cortex and hypothalamus of the AD model,
indicating the functioning of the cholinergic
system (52). The results also suggest a possible
mechanism between the effects of crocin on
long-term potentiation in the CAl area, the
inhibitory effect on AChE, and the anti-
amyloidogenic activity related to the impact on
cognition (53-55). Subsequently, crocin could
ameliorate memory and cognitive impairments
in mouse models induced by oxidative damage
and cerebral hypoperfusion (56,57). In another
study, crocin is reported to be weak in
improving post-seizure cognitive behavior
while significantly reducing the number of
recurrent seizures (14). The data of this study
indicated that PC may have a weak function in
improving cognitive behaviors following
injection of PTZ in rats. SLNs are suitable drug
delivery  systems for enhancing the
bioavailability of different phytochemical
antioxidants that help alleviate crocin's
permeability across the BBB and improve
membrane stabilization. However, lipid-based
nanocarriers are a key factor in drug-delivery
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technologies due to their physicochemical
properties, including non-toxicity,
biocompatibility, success in crossing the body's
biological barriers, small size, pharmacokinetic
properties, and ability to carry various
molecules, transfer of drugs to a target site, and
high stability (58,59). The reduction of BDNF
expression as an important neurogenic factor
for the growth and development of the central
nervous system can affect the process of
aggravating damage and destruction of nerve
tissue (60). Likely enhanced absorption of
crocin through SLNC administration may
increase the chance of SLNC reaching the brain
tissue and crossing the BBB which leads to a
better regulatory effect on BDNF and CREB
gene expression. As illustrated in Fig. 8A and
B, PTZ injection-induced seizures are
associated with the downregulation of BDNF
and CREB mRNA expression. SLNC
administration increased BDNF and CREB
mRNA expression in hippocampal tissue more
than that of the pure form of crocin.
Accordingly, the nuclear transcription factor
CREB performs a pivotal role in regulating
brain development, neuron survival, the
biological function of neuronal cells, and
differentiation in the nervous tissue (61). In
epileptogenesis, studies have shown that
decreasing the activity of the CREB-BDNF
pathways is strongly related to the onset of
seizures. Based on our outcomes, it has been
expressed that the administration of crocin as an
antidepressant significantly elevated CREB and
BDNF mRNA levels in the hippocampus of rats
compared with the saline group. The results of
our study were consistent with the research
conducted by Vahdati Hassani et al. which
showed that the administration of crocin as an
antidepressant significantly increases CREB
and BDNF mRNA levels in the hippocampus of
rats compared to the saline group (63). In
nervous tissue, SIRT 1 is highly expressed and
performs a substantial role in many
physiological processes and deacetylation of
target proteins such as tumor suppressor p53,
PGC-10, and Forkhead box O1 (1). As PGC-1a
is an important regulator in mitochondrial
biogenesis, and downregulation of SIRT 1 also
reduced PGC-la expression, it is tempting to
identify the obvious relationship between
SIRT1/PGC-la.  pathways and  directly
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influence mitochondrial biogenesis that is
reasonable for neuron protection in long-lasting
seizures (64,65). The effect of epileptogenesis
due to increased apoptosis in neurons is caused
by the activation of apoptotic proteins such as
p53 and caspase-3 (66). Moreover, Chen et al.
reported that the wupregulation of SIRTI
expression inhibits apoptosis-related gene
expression, including p53, caspase-3, and Bax
(67). The results of the present research
demonstrated that PTZ-induced seizure is
associated with significantly decreased SIRT 1
and PGC-1la expression, whereas the mRNA
level of caspase-3 increased. In addition, we
found that SLNC can increase the expression of
SIRT1 and PGC-1a and decrease the level of
caspase-3 compared with the PTZ group.
Besides, SLNC administration appeared to be
more effective in activating SIRT1/PGC-la

signaling pathways and inhibiting the
apoptosis-associated caspase-3, thereby
providing  greater protection for the

hippocampal neurons in the epilepsy mouse
model, when compared to the administration of
PC alone. This finding suggests that the SLNC
formulation may offer a more favorable
therapeutic approach for addressing the
neuronal damage associated with epilepsy.
Furthermore, the immunohistochemical results
in the present study showed that in the CA1 and
CA3 regions of rats received SLNC plus PTZ
significantly the percentage of SIRT 1
increased compared to the PTZ-treated group.
Moreover, there is no meaningful difference
between the PC and PTZ groups in CAl and
CA3 regions. A recent report using the
schizophrenia model has shown that crocin
administration  alleviates  apoptosis  via
increasing the levels of SIRT 1, nuclear factor
erythroid 2-related factor 2, and BDNF in the
hippocampus of rats (68). Moreover, our results
demonstrated that pretreatment of rats with
SLNC upregulates the expression of SIRT 1 in
CA1l and CA3 hippocampal areas, suggesting
that activation of SIRT 1 by SLNC could be a
mechanism  that  accounts  for  the
neuroprotective effects against PTZ-induced
epileptic models in male rats. As given, SLNs
are used to improve drug bioavailability,
permeability, and absorbability. SLNs are non-
toxic, biocompatible, and highly biodegradable
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small particles. They are lipid-containing,
which can be used as a nanocarrier for drugs,
making them an excellent option for treating
neurological disorders (69,70). Research
indicates that SLNs can improve intracellular
drug delivery, controlled and sustained release,
BBB overcoming, and cerebral bioavailability

(71).
CONCLUSION

Given the results of this study, SLNC, a
novel formulation strategy, could significantly
improve PTZ-induced cognitive decline and
oxidative damage. This improvement was
attributed to the activation of the SIRT 1/PGC-
la pathway and the decrease in inflammation
cytokines. Importantly, the efficacy of crocin
was significantly augmented through the
utilization of SLNs, as a delivery mechanism.
This innovative approach enhanced the
bioavailability and targeted delivery of crocin,
thereby improving its therapeutic efficacy.
Consequently, the combination of crocin and
SLNs emerges as a promising treatment option
for individuals suffering from epilepsy,
offering a potential solution to this debilitating
neurological condition.
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