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Background: Despite the numerous pharmacological activities of quercetin, its biomedical

application has been hampered, because of poor water solubility and low oral bioavailability.

In the present study, we fabricated a novel form of quercetin-conjugated Fe3O4–β-cyclodex-

trin (βCD) nanoparticles (NPs), and the effect of these prepared NPs was evaluated in a

chronic model of epilepsy.

Methods: Quercetin-loaded NPs were prepared using an iron oxide core coated with βCD

and pluronic F68 polymer. The chronic model of epilepsy was developed by intraperitoneal

injection of pentylenetetrazole (PTZ) at dose of 36.5 mg/kg every second day. Quercetin or

its nanoformulation at doses of 25 or 50 mg/kg were administered intraperitoneally 10 days

before PTZ injections and their applications continued 1 hour before each PTZ injection.

Immunostaining was performed to evaluate the neuronal density and astrocyte activation of

hippocampi.

Results: Our data showed successful fabrication of quercetin onto Fe3O4–βCD NPs. In

comparison to free quercetin, quercetin NPs markedly reduced seizure behavior, neuronal

loss, and astrocyte activation in a PTZ-induced kindling model.

Conclusion: Overall, quercetin–Fe3O4–βCD NPs might be regarded as an ideal therapeutic

approach in epilepsy disorder.

Keywords: quercetin, Fe3O4 nanoparticles, anticonvulsant, neuroprotection, astrocyte

activation

Introduction
Epilepsy is considered one of the most common neurological disorders, and is

characterized by recurrent and unpredicted epileptic seizures.1 Although numerous

antiepileptic drugs have been designed in recent years, available therapies are

inefficient for control of seizure attacks in around 30% of patients. Therefore,

several approaches have emerged to design novel drugs for treatment of epileptic

patients.2 Most recently, in order to overcome the side effects of existing chemical

drugs,3 natural products have been introduced as effective supplementary agents in

the treatment of several neurological disorders by modulating reactive oxygen

species (ROS) generation and inflammation.4

Among natural compounds, quercetin is regarded as the most widely existing flavo-

noid in fruits and vegetables. It possesses a wide range of pharmacological activities,

including anti-ischemic effects,5 neuroprotective activity, antioxidant properties,6 and

antiapoptotic applications7 in different kinds of neurological disorders.8–10 There are
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some controversies about the beneficial anticonvulsant activity

of quercetin.2,11,12 It has been demonstrated that application of

quercetin reduces seizure severity in a pentylenetetrazole

(PTZ)-induced kindling model.13 In an interesting study, Sefil

et al showed that administration of quercetin at low doses,

especially 10 mg/kg, prolonged the onset of seizures and

decreased seizure duration, while its application at a higher

dose (40 mg/kg) could not prevent PTZ-induced seizures.12

Conversely, Nieoczym et al suggested that quercetin and rutin

possess only weak and short-term anticonvulsant potential in

some acute seizure models in mice.2Despite the numerous

biological effects of quercetin, its action in the central nervous

system is limited, due to its low water solubility and bioavail-

ability, poor absorption, and difficulty in passage from the

blood–brain barrier (BBB).14–16 Therefore, several strategies

have been developed to overcome these drawbacks in the

usage of quercetin and providing an elevated pool of this

bioflavonoid in the brain.17

Nanotechnology-based drug-delivery systems have

emerged as a novel and promising strategy for enhancing

the bioavailability of drugs.18,19 Furthermore, nanotechnol-

ogy can establish a suitable system for targeting of drugs to

desirable tissue, as well as sustained drug release.20 It has

been shown that a nanoencapsulated form of quercetin

remarkably reduces oxidative stress in a cerebral ische-

mia–induced injury model and improves neuronal preserva-

tion in the hippocampus.17 Furthermore, Ahmad et al

demonstrated that intranasal delivery of a quercetin-loaded

mucoadhesive nanoemulsion enhances quercetin bioavail-

ability and its passage through the BBB.15

Nanoparticles (NPs) are well accepted as effective drug

carriers, due to various technological advantages, includ-

ing high carrier capacity, feasibility of various routes of

administration, and sustained drug-release ability in the

body.17 Moreover, NPs are generally considered atoxic,

biodegradable, and nonimmunogenic.21 It has been

shown that solid-lipid quercetin NPs effectively attenuate

PTZ-induced neurocognitive impairment, along with ame-

lioration of acetylcholinesterase activity, lipid peroxida-

tion, and augmentation of glutathione levels in brains of

zebrafish.22 Among NPs, magnetic NPs (MNPs) are

widely utilized as nanocarriers for drugs, contrast imaging

agents in magnetic resonance imaging, local hyperthermia,

and magnetic targeting.23,24 However, because of high

surface, volume ratios and van der Waals forces that trig-

ger opsonization, extensive aggregation of MNPs com-

monly occurrs, which hampers their biomedical

application.24 Interestingly, it has been shown that surface

engineering of MNPs via various stabilizer coatings,

including surfactants and synthetic and natural polymers,

can solve the problem of MNP aggregation.25

Superparamagnetic iron oxide NPs (SPIONs) have

recently attracted considerable attention, due to their bio-

compatibility, biodegradability, and safety.24,25 Sadhokha

et al showed the beneficial effects of SPIONs in cancer

stem cell therapy.27 Similarly, Kumar et al introduced

SPIONs as promising anticancer agents.31 In addition,

hyperthermia resulting from SPIONs can effectively

destroy cancer stem cells.30 More recently, it has been

shown that conjugation of quercetin with SPIONs signifi-

cantly enhances its bioavailability in brain tissue.26 Further

studies have also demonstrated that quercetin SPIONs

markedly improve spatial learning and memory.27,28 The

present study aimed to fabricate quercetin-loaded NPs

using an iron oxide core coated with β-cyclodextrin
(βCD) and pluronic F68 polymer. This formulation was

evaluated for its anticonvulsant effect in a model of

chronic epilepsy. Levels of neuronal loss and astrocyte

activation were examined in PTZ receiving mice.

Methods
Chemicals
Quercetin powder (≥95% purity) and PTZ were purchased

from Sigma-Aldrich. Fe(II) and Fe(III) ions, βCD, and pluro-
nic F68 polymer (polyethylene oxide-co-polypropylene

oxide-co-polyethylene oxide) were obtained from Merck.

Quercetin dosages were selected based on previous study

by Nassiri-Asl et al.13

Preparation of quercetin-loaded MNPs
MNPs were prepared by coprecipitating an aqueous solu-

tion of Fe(II) and Fe(III) ions in the presence of an aqu-

eous ammonia solution under a nitrogen atmosphere, as

previously reported.24,29 Briefly, 100 mg βCD and 45 mL

deionized (DI) water containing 810 mg FeCl3 and 297 mg

FeCl2 (molar ratio 2:1) were poured into a 100 mL beaker

and stirred at 400 rpm under a nitrogen atmosphere for 20

minutes. After that, 3 mL ammonium hydroxide (28%

ammonia in water) was added slowly at a stirring speed

of 900 rpm. After 6 hours, 200 mg pluronic F68 in 5 mL

water was added to the suspension under a nitrogen atmo-

sphere, and the resulting solution was stirred overnight.

The precipitate was washed five times with DI water and

collected by magnet to obtain MNPs. In order to load

quercetin in the MNPs, 1 mg quercetin in 400 μL acetone
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was added dropwise to an aqueous dispersion of MNPs

and the mixture stirred overnight at 400 rpm on a magnetic

stirrer to facilitate the penetration of quercetin molecules

into the βCD–F68 polymer layers. The quercetin-loaded

MNPs were washed three times by resuspension of MNPs

in DI water and separated using a magnet.

Characterization of quercetin-loaded

MNPs
The crystalline nature and phase analysis of prepared MNPs

were investigated using X-ray diffraction (Rigaku Ultima IV)

at 2θ=10°–80°. The morphology of samples was investigated

by field-emission scanning electron microscopy (FE-SEM)

(Mira3, Tescan). Elemental composition of quercetin-loaded

MNPs was analyzed using energy-dispersive X-ray spectro-

scopy. Atomic force microscopy (AFM) (Ara 0101) was also

used to obtain more information about the size and morphol-

ogy of synthesized MNPs. Fourier-transform infrared (FTIR)

spectroscopy (Vector 22; Bruker) was used to investigate the

structural information of quercetin-loaded MNPs.

Animals
In the present study, male NMRI mice (6–8 weeks, 20–30 g)

were obtained from the animal house of Babol University

of Medical Sciences (Babol, Iran). Animals were kept in a

12-hour light–dark cycle with free access to food and water.

All experimental procedures were approved by the local ethics

committee of Babol University of Medical Sciences which

was in accordance with the National Institutes of Health's

Guide for the Care and Use of Laboratory Animals (approval

number: MUBABOL.HRI.REC.1396.98).

Chemical kindling model
PTZ has been introduced as the most popular chemocon-

vulsant agent to establish experimental models of seizure.

Although, the mechanisms by which PTZ elicits its action

are not fully understood, a generally accepted mechanism

is noncompetitive antagonism of the γ-aminobutyric acid

type A–receptor complex.30 A PTZ-induced kindling

model was developed based on our previous reports.31–33

In brief, PTZ was intraperitoneally (IP) adminisered at a

dose of 36.5 mg/kg every second day, and mice were

monitored for 20 minutes after each injection. Seizure

stages were classified: stage 0, no response; stage 1, ear

and facial twitching; stage 2, myoclonic jerks (MJs); stage

3, clonic forelimb convulsions; stage 4, generalized clonic

seizures with turning to a side position; and stage 5,

generalized tonic–clonic seizures (GCTSs) or death.32

Behavioral manifestations of seizure, including mean sei-

zure stage, latency of MJs, latency of GTCSs, and duration

of GTCSs, were analyzed for each experimental group.

Experimental procedures
A total of 36micewere randomly assigned to six experimental

groups (n=6 in each group): group 1, saline + PTZ — mice

received the IP injections of saline as PTZ vehicle and then

PTZ was administrated every second day; group 2, blank

MNPs + PTZ, mice were treated by blank MNP injections

IP and then PTZwas administered every second day; groups 3

and 4, quercetin + PTZ — mice received free quercetin at

doses of 25 or 50 mg/kg; and groups 5 and 6, mice were

treated with quercetin-loaded MNPs at doses of 25 or 50 mg/

kg. All interventions were injected IP, and applications were

started 10 days before PTZ injection and continued for 1 hour

before each PTZ injection.

Immunostaining
Immunostaining was carried out as mentioned previously.21

Briefly, hippocampal sections were washed with (PBS), then

non-specific binding of antibodies to antigens was blocked by

incubation of tissue sections with blocking solution (10%

normal goat serum, 0.3% Triton X-100 in PBS) for 1 hour.

Then, sectionswere incubatedwith primary antibodies, includ-

ing rabbit anti-GFAP (1:400, Z0334; Dako) or rabbit anti-

NeuN (1:500, ab177487; Abcam) overnight at 4°C. After

washing with PBS, appropriate secondary antibodies, includ-

ing anti-rabbit IgG conjugated with Alexa 488 (1:1,000,

ab150077; Abcam) and anti-rabbit IgG conjugated with

Alexa 594 (1:1,000, ab150080; Abcam) were added to the

slides for 1 hour at room temperature. In the final step, after

washing with PBS, nuclear staining was done using DAPI and

sections were evaluated under fluorescence microscopy

(Olympus IX71). Quantification of immunostaining results

was carried out using Image J software as we reported

previously.21,32

Statistical analysis
Two-way repeated measure ANOVA followed by Tukey's

post hoc test was used for analyzing MJ latency, GTCS

latency, and duration of GTCS. Maximum seizure stage was

measured by Kruskal–Wallis nonparametric analysis followed

by Dunn’s post hoc test. Analysis of immunostaining results

was performed using one-way ANOVA followed by Tukey

post hoc test. All data are expressed as means ± SEM, and

P<0.05 was considered statistically significant.
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Results
Characterization of quercetin-loaded MNPs
In X-ray diffraction patterns, characteristic peaks were

observed at 2θ=30.5°, 35.7°, 43.4°, 53.4°, 57.3°, 63.2°,

and 74.7°, corresponding to (220), (311), (400), (422),

(511), (440), and (533), respectively, which were in accor-

dance with the standard sample of Fe3O4 (Joint

Committeeof Powder Diffraction Standards file 19–0629)

with inverse cubic spinel structure without any impurities

(Figure 1A). Figure 1B shows field-emission scanning

electron–microscopy of quercetin-loaded MNPs at two

magnifications. Nearly spherical MNPs (<50 nm in size)

and some degree of aggregation were observed

(Figure 1B).

Energy-dispersive X-ray spectroscopy was used to ana-

lyze the elemental composition of quercetin-loaded MNPs.

Appearances of characteristic Kα lines of C, O, and Fe in

the context of samples confirmed the presence of Fe3O4, as

well as quercetin, which contained only C and O elements

(Figure 2A). In addition, Figure 2B shows elemental ana-

lysis of samples.

Elemental mapping analysis was also performed for

selected areas of Fe3O4–quercetin samples (Figure 3A).

X-ray maps showed that Fe, O, and C elements were

distributed homogeneously on the surface of quercetin-

loaded MNPs (Figure 3, B–D).

Figure 4, A and B shows two dimensional (2D) and three

dimensional (3D) atomic force microscopy of quercetin-
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Figure 1 (A) X-raydiffraction of quercetin-loaded magnetic nanoparticles; (B) field-emission scanning electron microscop of quercetin-loaded MNPs at two magnifications.

Abbreviation: MNPs, magnetic nanoparticles.
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loaded MNPs. However, some larger particles can be

observed, which could be due to formation of aggregated

particles during loading of quercetin onto Fe3O4 NPs.

FTIR spectra of quercetin, CD–Fe3O4, and quercetin-

loadedMNPs are shown in Figure 5. The broad peaks around

3,300–3,500 cm−1 in spectra of three samples show the OH-

stretching vibration of hydroxyl groups in CD–Fe3O4, quer-

cetin-loaded MNPs, and quercetin. Quercetin FTIR spectro-

scopy, characteristic bands related to C=O stretching at 1,664

cm−1 and region corresponding to C-O stretching at 1150–

1070 cm−1 are observed. Also, C–H bending vibration of

aromatic groups for quercetin appeared at 932 cm−1. In quer-

cetin-loaded MNPs, the same bands with lower intensity are

observed, which confirmed the loading of quercetin on the

MNPs.

Quercetin-loaded MNPs attenuated seizure

behavior in PTZ-induced kindling model
In order to evaluate the possible antiepileptogenic effects of

quercetin-loaded MNPs on behavioral manifestations of

seizure, maximum seizure stage, MJ and GTCS latency

and GTCS duration were measured in mice following

repeated administration of PTZ. Analysis of mean seizures

stage showed that there was a significant difference between

quercetin-loaded MNPs and blank MNPs (50 mg/kg) at

injection 11 (P<0.05) of PTZ. Our data also indicated that

application of quercetin or quercetin-loaded MNPs did not

significantly reduce the seizure stage compared to the saline

or blank-MNPs experimental groups (Figure 6A).

Furthermore, analysis of MJ latency indicated that
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Figure 2 (A) Energy-dispersive X-ray spectra for quercetin-loaded MNPs; (B) Elemental analysis of synthesized nanoparticles.

Abbreviation: MNPs, magnetic nanoparticles.
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application of quercetin at a dose of 25 mg/kg significantly

increased MJ latency compared to saline + PTZ at PTZ

injections 7 (P<0.01), 9 (P<0.05), and 10 (P<0.001). Our

data showed that application of free quercetin 50 mg/kg

increased MJ latency compared to saline + PTZ only at PTZ

injection 11 (P<0.05). There was also a significant

difference in MJ latency between quercetin 50 mg/kg +

PTZ and blank MNPs + PTZ at PTZ injection 5 PTZ

(P<0.01). Interestingly, administration of quercetin-loaded

MNPs (50 mg/kg) significantly increased the MJ latency

compared to saline + PTZ at PTZ injections 7 (P<0.05), 9

(P<0.001), 10 (P<0.001), and 11 (P<0.01). There was also a

Figure 3 (A) Selected area for mapping analysis of quercetin-loaded mMNPs, with elemental distribution for (B) Fe, (C) O, and (D) C.

Abbreviation: MNPs, magnetic nanoparticles.
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Figure 4 (A) 2D and (B) 3D atomicforce microscopy of quercetin-loaded magnetic nanoparticles.

Abbreviations: 2D, two dimensional; 3D, three dimensional.
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Figure 5 Fourier-transforminfrared spectra of quercetin, CD–Fe3O4, and quercetin-loaded MNPs.

Abbreviations: CD, cyclodextrin; MNPs, magnetic nanoparticles.

Figure 6 Effect of quercetin (Qur)-loaded magnetic nanoparticles (MNPs) on (A) mean seizure stage and (B) S2 latency.

Notes: *P<0.05, **P<0.01, ***P<0.001 compared to saline + PTZ; #P<0.05, ##P<0.01, ###P<0.001 compared to blank NPs + PTZ; ^P<0.05, ^^^P<0.001 compared to nano-

Qur (25 mg/kg); &&&P<0.001 compared to Qur (50 mg/kg) + PTZ. n=6.
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significant increase in MJ latency following administration

of quercetin-loaded MNPs (50 mg/kg) compared to blank

MNPs + PTZ at PTZ injections 10 (P<0.001) and 11

(P<0.01). Quercetin-loaded MNPs (50 mg/kg) also signifi-

cantly augmented MJ latency compared to free quercetin

(50 mg/kg) at PTZ injections 9 and 10 (P<0.001). In com-

parison to quercetin-loaded MNPs (25 mg/kg), application

of quercetin MNPs at 50 mg/kg increased MJ latency at

PTZ injection 9 (P<0.05, Figure 6B).

In addition, analysis of GTCS latency indicated that appli-

cation of free quercetin (25 mg/kg) significantly increased

GTCS latency compared to saline + PTZ at PTZ injections 7

(P<0.01), 9 (P<0.05), and 10 (P<0.001). In comparison to

saline + PTZ, a significant increase in GTCS latency was

also found in quercetin (50 mg/kg)-treated mice at PTZ injec-

tions 5 (P<0.001), 10 (P<0.05), and 11 (P<0.05). A significant

difference in GTCS latency was observed between quercetin

(50 mg/kg) + PTZ and blank MNPs + PTZ at PTZ injection 5

(P<0.01). Application of quercetin-loaded MNPs (50 mg/kg)

significantly increased GTCS latency compared to saline +

PTZ at PTZ injections 7 (P<0.05), 9 (P<0.001), 10 (P<0.01),

and 11 (P<0.01). Additionally, in comparison to blank MNPs

and quercetin MNPs (25 mg/kg), quercetin-loaded MNPs (50

mg/kg) significantly increased GTCS latency (injection 9 for

quercetin MNPs [25 mg/kg], P<0.05); injection 10 for blank

MNPs, P<0.001). There was also a significant difference in

GTCS latency between free quercetin and quercetin-loaded

MNPs (50 mg/kg) at PTZ injections 9 and 10 (P<0.001)

(Figure 7A). Our results also demonstrated that application

of free quercetin at both doses (P<0.001) and quercetin MNPs

(25 mg/kg, P<0.01) significantly decreased GTCS duration

compared to blank MNPs at PTZ injection 10. A significant

reduction in GTCS duration was also found in quercetin-

loaded MNPs (50 mg/kg) compared to saline (injection 9,

P<0.05) and blank MNPs (injections 10 [P<0.001] and 11

[ P<0.01, Figure 7B).

Quercetin-loaded MNPs reduced

hippocampal neuronal loss following PTZ

administration
To determine the protective effect of quercetin or its nano-

formulation on the neuronal density of hippocampi, immu-

nostaining against NeuN as a mature neuronal marker was

done on hippocampal sections (Figure 8, A and B). The

intensity of NeuN fluorescent signals was significantly

increased in mice treated with free quercetin 25 or 50

mg/kg compared to saline + PTZ (CA1, quercetin 25 mg/

kg + PTZ, P<0.05, and quercetin 50 mg/kg, P<0.001;

CA3, quercetin 50 mg/kg + PTZ, P<0.01). In comparison

with blank NPs + PTZ, application of free quercetin at 50

mg/kg increased the intensity of NeuN-positive cells in the

CA1 region of hippocampi (P<0.05). There was also a

significant difference in the intensity of NeuN-positive

cells among quercetin-loaded NP–treated mice and the

blank MNPs + PTZ groups (CA1, quercetin MNPs 25

mg/kg, P<0.05, and quercetin MNPs 50 mg/kg, P<0.001;

CA3, quercetin MNPs 50 mg/kg, P<0.01). However, in

comparison with free quercetin at 50 mg/kg, application of

quercetin-loaded MNPs significantly attenuated levels of

hippocampal neuronal loss following PTZ administration,

no statistical significant difference was found between free

quercetin (50 mg/kg) and its nanoformulation (Figure 8C).

Quercetin-loaded MNPs ameliorated

hippocampal astrocyte activation in PTZ-

induced kindling model
In order to evaluate the effect of quercetin or quercetin nano-

formulation on glial activation, the level of astrocyte activation

was assessed using immunostaining against GFAP as astrocyte

marker (Figure 9, A and B). The inset of Figure 9A depicts the

change in morphology of hippocampal astrocytes following

application of PTZ. The activated astrocytes displayed

enlarged cell bodies and thick projections in the saline and

blank-MNPs experimental groups, while the smaller cell

bodies and thin processes of astrocytes were observed in

hippocampi of mice that had been treated with high-dose

quercetin–loaded MNPs. Analysis of immunostaining data

indicated that application of quercetin-loaded MNPs at 25

mg/kg significantly reduced levels of astrocyte activation in

the CA1 region of hippocampi compared to saline + PTZ

(P<0.01). A significant reduction in the number of GFAP-

expressing cells was also observed in free quercetin (50 mg/

kg)-treated mice compared to the saline (CA1, P<0.01) and

blank MNPs (CA1 and CA3, P<0.05) groups. However, in

comparison to blankMNPs + PTZ, administration of quercetin

MNPs at 25 mg/kg significantly ameliorated levels of astro-

cyte activation in the CA1 region of hippocampi (P<0.05), but

application of quercetin-loaded MNPs at 50 mg/kg exerted a

stronger inhibitory effect on astrocyte activation than saline

(CA1, P<0.001; CA3, P<0.001) and blank MNPs (CA1,

P<0.01; CA3, P<0.001). There was also a significant differ-

ence in number of GFAP-positive cells between free quercetin

and quercetin-loaded MNPs (50 mg/kg) in the CA3 region of

hippocampi (P<0.05, Figure 9C).
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Discussion
In recent years, encapsulation of drugs in various types of

NPs has emerged as a promising strategy for enhancing the

water solubility and bioavailability of hydrophobic com-

pounds. In the present study, a novel approach for fabrica-

tion of quercetin was developed using an iron oxide core

coated with βCD and pluronic F68 polymer. Quercetin-

loaded MNPs markedly inhibited the behavioral manifes-

tations of seizure and reduced levels of hippocampal neu-

ronal loss. Furthermore, astrocyte activation was

ameliorated in quercetin-loaded MNP–treated mice.

Sefil et al demonstrated that application of quercetin, espe-

cially at 10 mg/kg, prolonged onset of seizures and decreased

seizure stage and duration in PTZ-induced seizures.12

Furthermore, it has been shown that quercetin possesses a

narrow therapeutic dose range for its anticonvulsant activity

and exhibits different effects on the seizure threshold in acute

and chronic seizure models.34 In contrast to this evidence, we

did not observe a remarkable effect of free quercetin (25 or 50

mg/kg) on seizure behavior in a PTZ-induced kindling model.

In line with our results, it has also been shown that quercetin

and its glycosidic form as rutin display only weak and short-

term anticonvulsant activity in a model of psychomotor sei-

zures induced by 6 Hz stimulation.2 Several lines of evidence

have suggested that the beneficial effects of quercetin are

restricted because of its poor aqueous solubility and difficulty

to pass across the BBB.16,27 To overcome these limitations,

several approaches, such as complexation of quercetin with

CD or liposomes or its encapsulation into NPs, have been

developed.27 Most recently, quercetin conjugated with

SPIONs has been introduced as a promising strategy for

enhancing the half-life of quercetin in the blood and its bioa-

vailability in brain tissue.27 The results of the present study

showed that quercetin-loaded MNPs displayed stronger antic-

onvulsant effects than free quercetin. Interestingly, consistently

with our data, a previous report also indicated that solid-lipid

quercetin NPs reduce PTZ-induced neurocognitive impair-

ments in zebrafish.22 Additionally, it has been shown that

quercetin SPIONs can improve cognitive performance better

than free quercetin via increasing quercetin’s bioavailability in

the brain.27,28 In another study, Najafabadi et al showed that

conjugation of quercetin with SPIONs markedly increased the

Figure 7 Effect of quercetin (Qur)-loaded magnetic nanoparticles (MNPs) on (A) S4 or S5 latency and (B) S4 and S5 duration.

Notes: *P<0.05, **P<0.01, ***P<0.001 compared to saline + PTZ; ##P<0.01, ###P<0.001 compared to blank NPs + PTZ; ^P<0.05 compared to nano-Qur (25 mg/kg);
&&&P<0.001 compared to Qur (50 mg/kg) + PTZ. n=6.
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Figure 8 Effect of quercetin (Qur)-loaded magnetic nanoparticles (MNPs) on hippocampal neuronal density.

Notes: (A, B) Immunostaining against NeuN as mature neuronal marker in CA1 and CA3 regions of hippocampus. DAPI: nuclei stain. (C) Quantification of immunostaining

data. *P<0.05, **P<0.01, ***P<0.001 compared to saline + PTZ; #P<0.05, ##P<0.01, P<0.001 compared to blank NPs + PTZ. n=3.
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Figure 9 Effect of quercetin (Qur)-loaded magnetic nanoparticles (MNPs) on astrocyte activation in pentylenetetrazole (PTZ)-induced kindling model.

Notes: (A, B) Immunostaining against GFAP as astrocyte marker in CA1 and CA3 regions of hippocampus. Inset: morphology of astrocytes. DAPI: nuclei stain. (C)

Quantification of immunostaining data. **P<0.01, ***P<0.001 compared to saline + PTZ; #P<0.05, ##P<0.01, ###P<0.001 compared to blank NPs + PTZ; &P<0.05 compared

to quercetin (50 mg/kg) + PTZ. n=3.

Hashemian et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:146492

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


bioavailability of quercetin in the brain about tenfold higher

than free quercetin.26 Therefore, the better anticonvulsant

effect of quercetin-loaded MNPs in the present study was

presumably mediated through the smallness of the prepared

MNPs and the enhancement of quercetin bioavailability in

brain tissue.

It has been well documented that oxidative stress, inflam-

matory factors, and excessive release of excitatory amino

acids play an important role in the pathology of epilepsy

disorder.21 In parallel with previous reports,21,35,36 our data

also demonstrated that repetitive administration of PTZ led to

hippocampal neuronal loss and astrocyte activation.

Conversely, quercetin supplementation, especially its nano-

formulation form, significantly attenuated neuronal loss and

levels of astrocyte activation. Despite the beneficial effects of

SPIONs, it has been demonstrated that these NPs may induce

cell toxicity.37,38 The potential toxicity of SPIONs is highly

dependent on the size of the NPs, exposure time, type of

coating, and type of tissue.27 The present study does not

provide data on the toxicity of quercetin-loaded SPIONs,

but previous reports have shown that quercetin–Fe3O4 NPs

have no remarkable toxic effects on liver, kidney, or heart

samples of animals.28,39,40 Additionally, no cell toxicity was

found in brain tissue of rats treated with Qur-SPIONs.27

In line with our findings, Ghosh et al revealed that oral

treatment of nanoencapsulated quercetin downregulates the

inducible nitric oxide synthase and caspase 3 activity and

improves hippocampal neuronal density in combating ische-

mia reperfusion–induced neuronal damage.17 A previous

report also suggested that quercetin supplementation reduces

levels of apoptotic neurons in status epilepticus–induced neu-

ronal injury. It has been postulated that the neuroprotective

effects of quercetin may be associated with regulation of the

X-linked inhibitor of apoptosis protein and caspase 3 protein.-
41 Additionally, antioxidant levels in different brain regions

are increased in animals treated with quercetin NPs.17 Lee et

al showed that quercetin-loaded silica NPs significantly

reduced the production of proinflammatory cytokines by cul-

tured macrophages.42 It has also been reported that triphenyl

phosphonium–coated nanoquercetin attenuated histopatholo-

gical severity in brain tissue by preserving structural and

functional integrity of mitochondria in cerebral ischemia–

reperfusion injury. Moreover, quercetin NPs ameliorated

apoptotic cell numbers via reduction of ROS levels.43 In

another study, Gosh et al illustrated that encapsulation of

quercetin with arsenic-chelator nanocapsules reduced the gen-

eration of ROS and liver injury in a rat model of chronic

arsenic toxicity.44 In parallel with our study, a previous report

also indicated that quercetin-loaded zein NPs reduced mem-

ory impairment and ameliorated hippocampal astrocyte acti-

vation in a mouse model of Alzheimer’s disease.45

Figure 10 Schematic representation of quercetin-loaded magnetic nanoparticles (MNPs) and their effects on seizure behavior, neuronal loss and astrocyte activation.
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Conclusion
In the present study, quercetin-loaded MNPs were efficiently

fabricated using an iron oxide core coated with βCD and

pluronic F68 polymer. Quercetin-loaded MNPs reduced the

behavioral signs of seizure, neuronal loss, and astrocyte

activation in a PTZ-induced kindling model (Figure 10). It

is postulated that the stronger anticonvulsant activity of

quercetin-loadedMNPs might be resulted from enhancement

of water solubility and bioavailability of quercetin. However,

further studies are required to elucidate the stability, bioavail-

ability of synthetized NPs, and the precise anticonvulsant

mechanisms of quercetin-loaded MNPs in an experimental

model of epilepsy.
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