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ABSTRACT

Emerging evidence suggests a strong association between aluminum (Al) exposure and the development of Alz-
heimer’s disease (AD). Due to their nanoscale size and increased surface area, Al nanoparticles (ALNP) exhibit
greater neurotoxicity than bulk Al raising concerns about their role in neurodegenerative disorders. While quer-
cetin has been recognized for its neuroprotective effects, its ability to counteract ALNP-induced hippocampal
neurodegeneration and dysregulated MAPK signaling remains largely unexplored. This study investigated the
potential of quercetin to ameliorate ALNP-induced memory deficits, alterations in hippocampal stereological pa-
rameters, and disruptions in caspase-3 and MAPK signaling in male Swiss mice. Mice (SWR/J, aged 8—10 weeks)
received ALNP (10 mg/kg, intraperitoneally for 10 days) with or without quercetin at doses of 1, 10, or 100 mg/kg
(orally). Memory performance was assessed using the elevated plus maze (EPM), novel object recognition (NOR),
and Y-maze tasks, followed by stereological and western blot analyses of the hippocampus. Our findings revealed
that quercetin (100 mg/kg) significantly preserved hippocampal volume and neuronal integrity in the dentate gyrus
(DG) and Cornu Ammonis 1 (CA1)—key regions involved in memory processing and output signaling. Addition-
ally, quercetin modulated MAPK signaling by enhancing ERK phosphorylation while suppressing ALNP-induced
activation of p38 and cleaved caspase-3, suggesting a role in reducing neuroinflammation and apoptosis. This is
the first study to demonstrate that quercetin can counteract the neurotoxic effects of ALNP, highlighting its poten-
tial as a therapeutic strategy against nanoparticle-induced neurodegeneration in an Alzheimer’s-like model.

Keywords: Aluminum nanoparticles, quercetin, hippocampus, Alzheimer’s disease, MAPK signaling, stereology,
neuroprotection
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Figure 1: Graphical abstract
INTRODUCTION

Aluminum (Al) exposure has been implicated in the pathogenesis of Alzheimer’s disease
(AD), with postmortem analyses revealing elevated Al levels in the hippocampus and temporal
cortex of AD patients (Lukiw et al., 2019; Rusina et al., 2011). The neurotoxicity of Al is largely
attributed to AI** ions, which can promote the aggregation of amyloid-beta (AP) and hyper-
phosphorylated tau, impair cholinergic neurotransmission, and induce oxidative stress and in-
flammation, all of which are key hallmarks of AD pathology (Dey and Singh, 2022). Accord-
ingly, many experimental models of AD use Al salts such as AICls to mimic these neuropatho-
logical changes. However, increasing attention has been paid to Al-based nanomaterials, par-
ticularly Al oxide nanoparticles (ALNP), due to their widespread application and potential neu-
rotoxicity (Betzer et al., 2017; Shilo et al., 2014; Zhou et al., 2018b). Unlike ionic Al, ALNP
are largely insoluble under physiological conditions and exhibit distinct physicochemical prop-
erties that enable them to cross biological barriers, induce oxidative stress, and alter intracellu-
lar signaling pathways (Avramescu et al., 2022; Shah et al., 2015; Zhou et al., 2018a). Com-
pared to ionic forms, these nanoparticles exhibit greater surface reactivity and pro-oxidant ca-
pacity, potentially leading to heightened neurotoxicity (Abd-Elhakim et al., 2021). Recent in
vivo studies have demonstrated that exposure to ALNP can result in memory impairment, hip-
pocampal atrophy, and modulation of MAPK signaling- supporting their role as potent neuro-
toxicants (Esmaili et al., 2022; Mehrbeheshti et al., 2022; Shah et al., 2015). These nanoparti-
cle-specific effects merit investigation, as they may induce neurodegeneration through mecha-
nisms that are independent of free Al** ion release.

The hippocampus, a critical structure for learning and memory, is composed of the dentate
gyrus (DG) and Cornu Ammonis (CA) subfields, with DG serving as the primary input gateway
and CA1 functioning as a key output station (Rao et al., 2022). Structural and cellular damage
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within these regions correlates strongly with cognitive decline in AD (Kanagamani et al., 2023;
Rao et al., 2022). At the molecular level, hippocampal neurodegeneration is closely linked to
dysregulation of the mitogen-activated protein kinase (MAPK) pathway, which includes p38
MAPK, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase (ERK). While
ERK activation is associated with neuroprotection and synaptic plasticity, excessive p38 and
JNK activation contribute to inflammation, apoptosis, and neurodegeneration (Kheiri et al.,
2018; Kim and Choi, 2015; Yarza et al., 2015).

Given the limited efficacy and side effects of current AD pharmacotherapies, interest in
natural neuroprotective agents has surged (Hussain and Bloemer, 2023). Quercetin, a flavonoid
with potent antioxidant and anti-inflammatory properties, has shown promise in mitigating AD-
related pathology, including memory impairment and neuronal loss (Nishihira et al., 2021;
Sabogal-Guaqueta et al., 2015). Previous studies have reported that quercetin protects against
Al-induced neurotoxicity, but its effects against ALNP-induced hippocampal degeneration and
MAPK dysregulation remain largely unexplored (Alageel et al., 2022; Jadhav and Kulkarni,
2023). Notably, due to its nanoscale properties, ALNP may exert distinct toxic effects compared
to bulk Al necessitating targeted neuroprotective interventions.

This study aimed to evaluate the neuroprotective effects of quercetin against ALNP-induced
hippocampal damage using an advanced stereological approach, a technique that provides pre-
cise, unbiased estimations of hippocampal volume and neuronal counts, factors crucial for as-
sessing neurodegeneration. Furthermore, we investigated quercetin impact on MAPK signal-
ing, with a focus on ERK, p38, JNK, and caspase-3 activation, to delineate its potential mech-
anisms of neuroprotection. By addressing a critical gap in the literature, this study provides
novel insights into quercetin role in mitigating nanoparticle-induced neurotoxicity and high-
lights its therapeutic potential for AD-related neurodegeneration.

MATERIAL AND METHODS

Animals and ethics statement

Adult male Swiss mice (SWR/J, aged 8—10 weeks) were obtained from the animal facility
of Shiraz University of Medical Sciences, Shiraz, Iran. The animals were housed in a controlled
environment with a temperature of 24 + 1 °C and a relative humidity of 55 + 5%, with water
and food ad libitum. All studies were performed according to with the ARRIVE principles and
the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Pub-
lication No. 80-23, updated 1996). The Ethics Committee for Scientific Study at Kerman Uni-
versity of Medical Sciences has approved this work under the reference number IR.
KMU.AH.REC.1402.046.

Chemicals

Aluminum oxide nanoparticles (ALNP, Sigma-Aldrich, #544833, St. Louis, MO, USA)
were used in this study as a dry powder. The characteristics of the product include gamma-
phase alumina NPs with a particle size of less than 50 nm and a surface area of 40 m?/g (meas-
ured using the Brunauer-Emmett-Teller method). ALNP was dissolved in a normal saline solu-
tion. Quercetin was procured from Sigma (#Q4951, St. Louis, MO, United States) at a purity
exceeding 95% as determined by high performance liquid chromatography. The Western blot
antibodies consisted of phosphorylated-p38 (p-p38, Rabbit monoclonal antibody (mAb),
#4511), total p38 (t-p38, Rabbit mAb, #8690), phosphorylated-INK (p-JNK, Rabbit mAb,
#4671), total INK (t-JNK, Rabbit mAb, #9252), phosphorylated-ERK (p-ERK, Rabbit mAb,
#43771), total ERK (t-ERK, Rabbit mAb, #4695), caspase-3 (Rabbit mAb, #9665), and Anti-
Rabbit IgG, horseradish-peroxidase (HRP)-linked antibody (#7074), were sourced from Cell
Signaling Technology, Danvers, MA, USA. The GAPDH (Glyceraldehyde 3-phosphate
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dehydrogenase) antibody (mouse mAb, #sc-166574) was acquired from Santa Cruz Biotech-
nology, Dallas, TX, USA. Additionally, the anti-mouse HRP-linked antibody (#554002) was
obtained from the BD PharMingen, San Diego, USA. The Halt protease and phosphatase in-
hibitor cocktail was provided by Thermo Scientific (#78445); the Amersham ECL select rea-
gent kit (#RPN2235) was procured from GE Healthcare Life Sciences, UK, and the PVDF
membrane (#IPVHO00010) was sourced from Millipore. All other reagents were purchased from
typical commercial suppliers.

Drug administration and experimental design

The study included 40 mice, organized into five groups of eight each over a 10-day period.
ALNP (10 mg/kg, intraperitoneally (i.p.) was suspended in saline and sonicated for 30 minutes
prior to administration. Quercetin was suspended in 2% carboxymethyl cellulose (CMC) and
administered in doses of 1, 10, and 100 mg/kg orally. Quercetin and ALNP were administered
60 and 30 minutes, respectively, before each behavioral session (Fig. 2). The doses of ALNP
(Esmaili et al., 2022; Mehrbeheshti et al., 2022) and quercetin (Paula et al., 2019; Rishitha and
Muthuraman, 2018) were selected based on previous studies. The experimental groups were as
follows:

1. Control group: Mice in this group received isotonic saline (i.p.) and carboxymethyl
cellulose (CMC 2%) (oral gavage) as the vehicle of ALNP and quercetin, respec-
tively.

2. ALNP group: Mice in this group received CMC 2% (oral gavage) and ALNP (10
mg/kg/ i.p.).

3. ALNP+QI1 group: Mice in this group received ALNP (10 mg/kg/ i.p.) and quercetin
1 mg/kg (oral gavage).

4. ALNP+QI10 group: Mice in this group received ALNP (10 mg/kg/ i.p.) and querce-
tin 10 mg/kg (oral gavage) and ALNP (i.p.).

5. ALNP+Q100 group: Mice in this group received ALNP (10 mg/kg/ 1.p.) + quercetin
100 mg/kg (oral gavage).

Behavioral assessments

Experiment 1: Elevated plus maze test (EPM)

The elevated plus maze test was conducted on the fifth day of the experiment to assess
anxiety-like behaviors in the experimental groups. The maze, elevated 45 cm above the floor,
consisted of two open (30 % 5 x 0.2 cm) and two closed (30 x 5 X 15 cm) arms extending from
a central platform (5 x 5 cm). Animals were placed in the maze for 5 minutes, positioned in the
center towards an open arm. The number of entries into both types of arms were recorded

ALNP (10mg/kg) with/without Quercetin (1, 10,100 mg/kg) Western blot

&  J analysis
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Figure 2: The timeline of behavioral, stereological, and western blot experiments
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(Javurek et al., 2017). Arm entries were defined as the animal placing its forepaws into an
arm. The total number of close arm entries was used as measure of general activity (Walf and
Frye, 2007).

Experiment 2: Novel object recognition test (NOR)

The Novel Object Recognition (NOR) test was employed to evaluate cognitive ability in
mice (Lueptow, 2017). The NOR apparatus consisted of a Plexiglas open field arena (40 x 40
cm). Mice were allowed to acclimate to the empty arena over two sessions, each lasting 5
minutes, with a 1-hour interval between sessions across two days (Mehrbeheshti et al., 2022).
On the eighth day of the experiment, a familiarization session was conducted in which two
identical objects (A1 and A2) were placed in the arena, each positioned within 5 cm of the wall.
The mice were introduced to the arena facing away from the objects. Exploration was defined
as the use of the nose or forepaws to sniff or touch the objects. The familiarization session lasted
10 minutes, and mice that did not explore for a minimum duration of 20 seconds were excluded
from the study (Lueptow, 2017). Twenty-four hours later, during the test trial, which also lasted
10 minutes, one familiar object (A1) and one novel object (B) were presented. The objects and
arena were thoroughly cleaned with a 70% ethanol solution after each trial. The Discrimination
Index (DI) was calculated using established formulas:

DI = (Exploration time of novel object - Exploration time of familiar object) / Total explo-
ration time.

Experiment 3: Y-maze test

The Y-maze test was employed to evaluate reference spatial memory (Kraeuter et al., 2019).
The maze consisted of a Y-shaped compartment made of Plexiglass material, featuring equal-
length arms measuring 21 x 7 x 15.5 cm. The Plexiglas apparatus had three perpendicular arms
labeled A, B, and C, with a 120° angle between each arm. Three distinct visual cues were po-
sitioned around the maze arms. The test comprised two trials with an inter-trial interval of one
hour (Kraeuter et al., 2019). During the training trial, the mice were allowed to explore the A
(starting arm) and B arms for fifteen minutes, while in the test trial, all three arms were acces-
sible for five minutes (Kraeuter et al., 2019). The walls and floor of the maze were cleaned with
70% ethanol before proceeding to the next animal. The percentage of time spent in the novel
arm (C) and the proportion of entries into the novel arm were measured for each mouse. Since
the mice tend to remain in the start arm (A) during the initial seconds of the trials, this arm was
excluded from the comparison, and only arms B and C were compared (Kraeuter et al., 2019).

Stereological assessment

The stereological methods measured key quantitative parameters, including the total vol-
ume of the hippocampus and its CA1 and DG sub-regions, as well as the neural cell counts in
the CA1 and DG regions.

Tissue preparation

Following the behavioral tests, five mice per group were randomly selected (Zhang et al.,
2020). Considering that quercetin at a dosage of 100 mg/kg effectively mitigated memory im-
pairment in both the NOR and Y-maze tasks, this group was selected for further stereological
studies. The animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg).
Next, a transcardial infusion of saline solution (0.9%) was performed until the liver exhibited
complete blood clearance. Subsequently, buffered formalin (10%) was infused to fix the brain
tissue. After completing the perfusion method, the brain was extracted and post-fixed in a 10%
formalin solution. The paraffin-embedded brain blocks were sectioned into 25 pm coronal
slices and stained using the modified Giemsa procedure (Ifiiguez et al.,
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Figure 3: Coronal serial sections of a mouse brain stained with Giemsa.

1985). Using systematic random sampling, 10 to 11 brain sections (Fig. 3) were selected from
each mouse (Long et al., 1998).

Estimations of the volumes of the entire hippocampus, CAl, and dentate gyrus sub-regions

Using a 4x microscope, the entire hippocampal tissue was scanned, and the contours of the
whole hippocampus, as well as the CA1 and DG subfields (Fig. 4), were delineated using the
atlas of Paxinos and Watson (Paxinos and Franklin, 2012). The Cavalieri technique was em-
ployed to determine the volume of the entire hippocampus and its sub-regions, DG and CA1
(Kristiansen and Nyengaard, 2012). To achieve this, a point grid was superimposed on the im-
ages of each section using stereology software developed by Shiraz University of Medical Sci-
ences. The volumes of the entire hippocampus, as well as the CA1 and DG sub-regions, were
calculated by estimating the number of points that intersected with the sampled sections (3P)
and multiplying this sum by the area associated with each point (a/p) and the distance between
the sections (d). Ultimately, the volume was approximated using the following formula: V =
2P > (alp) x d.

Figure 4: The coronal section of the hippocampal formation (4x) showing the contours of the entire
hippocampus (black dotted line), Cornu ammonis1 (CA1) and dentate gyrus DG (red dotted line).
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Estimations of the neuronal number of CAl (pyramidal) and DG (granular) neural cells

The total number of the neural cells in the CA1 and DG was determined using a light mi-
croscope (Nikon E200, Japan) with an oil immersion lens (40X, numerical aperture = 1.3) con-
nected to a computer system. The optical dissector approach involved overlaying an unbiased
counting frame over brain section pictures with accepted (top and right) and banned borders
(bottom and left). Microscopic fields were investigated by moving the microscope stage in both
X and Y directions at equal intervals to provide a consistent and random sampling process
(Gundersen et al., 1988; Kristiansen and Nyengaard, 2012). Nuclei of the cells that were com-
pletely or partially positioned inside the counting frame and did not touch the left and bottom
borders were selected. The numerical density (Nv) in CA1 and DG was multiplied by V (CA1
or DG) to estimate the total number of cells. The formula for estimating the total number of
cells was Nv (cells / CA1 or DG) = [>.Q/> P x (a/f) x h] x [t/BA], where "XQ—" represents the
total number of nuclei in CA1 and DG that came into focus during scanning, "XP" refers to the
total number of counting frames in most fields, "h" is the height of the dissector, "a/f" is the
frame area, "t" is the mean section thickness determined in each sampled field using the micro-
cator (20 um on average), and "BA" is the block advance of the microtome set at 25 um
(Rubinow and Juraska, 2009)

Three-dimensional reconstruction (3DR)

To produce a three-dimensional reconstruction (3DR) of the hippocampal structure. The
tissue section photographs were prepared using Z-stacks at a magnification of 25x. To assess
the three-dimensional characteristics of the hippocampus, CA1 and DG, a 3DR representation
of the structures was generated using the "RECONSTRUCT" program (http://synap-
ses.clm.utexas.edu). This open-source program facilitates the creation of 3D figures by effec-
tively recreating the montage, alignment, and display of serial portions (Helander, 2006).

Western blot analysis

Following the behavioral tests, three mice per group were randomly selected for western
blot studies. Considering that quercetin at a dosage of 100 mg/kg effectively mitigated memory
impairment in both the NOR and Y-maze tasks, this group was selected for further western blot
studies. The animals were euthanized using CO2 inhalation. After decapitation using the guil-
lotine method, the brains were removed, and the hippocampi were isolated on ice, snap-frozen
in liquid nitrogen, and stored at -80°C for molecular assays. The tissues were lysed using cold
Radioimmunoprecipitation Assay (RIPA) lysis buffer, which included protease and phospha-
tase inhibitors. After centrifugation at 12,000 rpm for 20 minutes at 4°C, the supernatant was
collected, and the protein content was measured using the modified Lowry method (Hartree,
1972; Lowry et al., 1951). In summary, equal amounts of protein from each sample (50 ug)
were loaded onto 10% SDS-polyacrylamide gels, which included molecular weight markers
(Askari et al., 2022). The separated proteins were then transferred to polyvinylidene difluoride
(PVDF) membranes at 4°C using a cold pack and pre-chilled buffer. After blocking with 5%
bovine serum albumin in TBST (Tris-buffered saline with Tween-20), the membranes were
probed with primary antibodies overnight at 4°C. The membranes were washed three times
with TBST for 10 minutes each and subsequently incubated with horseradish peroxidase-con-
jugated anti-rabbit antibodies for 2 hours. The membranes were then washed three additional
times, and band detection was performed using the ECL kit. The signals on the developed films
were quantified using ImageJ software. Stripping and re-probing were conducted to assess the
levels of phosphorylated proteins before measuring the total levels of the same proteins (Bass
etal., 2017)
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Statistical analysis

GraphPad Prism 10 was utilized for statistical analysis. The normal distribution of data was
assessed using the Kolomogrov-Smirnov test. For normally-distributed data, a one-way
ANOVA followed by Tukey's post-hoc test was used for multiple comparisons between groups.
Pearson's correlation analysis was employed to investigate the potential associations between
neural cell number and the volumes of the CA1 and DG sub-regions. Results are presented as
mean + SEM. P<0.05 was considered statistically significant.

RESULTS

The Effects of quercetin on anxiety-like behaviors in the EPM test in ALNP treated mice

The behavioral results of the elevated plus maze (EPM) test are presented in Table 1. Col-
umns 1 and 2 represent the percentage of entries into the open and closed arms, respectively.
No significant differences were observed between groups. Column 3 displays the number of
entries into the closed arms, which serves as a measure of general activity (Walf and Frye,
2007) with no significant difference between groups. These results suggest that ALNP treat-
ment, whether administered alone or with quercetin, does not impact the anxiety levels of the
animals.

Quercetin prevents the impairing effect of ALNP on novel object recognition (NOR)
memory deficit

Figure 5 illustrates the behavioral results of the novel object recognition (NOR) test. During
the familiarization session (Fig. 5A), no significant differences were observed in the discrimi-
nation index (DI) across groups (F (4, 35) = 0.9230, P > 0.05). In the test session, a one-way
ANOVA revealed significant differences in the DI (Fig. 5B, F (4, 35) = 61.33, P < 0.0001).
Post hoc Tukey analysis indicated that ALNP significantly decreased the DI, while the querce-
tin-treated groups at doses of 10 and 100 mg/kg did not exhibit such a decrease and significantly
differed from the ALNP group. No significant difference was observed in the DI between the
ALNP+Q1 group and the ALNP group during test session. These results indicate that ALNP
negatively affects cognitive memory, whereas quercetin at doses of 10 and 100 mg/kg reduces
this effect.

Table 1: The effect of aluminum nanoparticle (ALNP) with and without quercetin (Q) on anxiety-like
behaviors measured using the elevated plus maze (EPM)

Group Open arm entries (%) Close arm entries (%) Number of close arm entry
Control 38.8+5.1 61.23+5.1 9.875+ 1.1

ALNP 36.6+2.6 59.01+2.6 10.75+ 1.5

ALNP+Q1 35.4+3.5 64.57+3.5 11.6£1.6

ALNP+Q10 40.9+2.7 59.74+ 5.4 9.6+ 1

ALNP+Q100 39.5£2.4 57.99+ 4.5 11+ 1.1

The data are presented as mean £ SEM (n = 8 per group). The groups include: control (saline + CMC
2%), ALNP (aluminum nanoparticles 10 mg/kg + CMC 2%), ALNP + Q1 (aluminum nanoparticles 10
mg/kg + quercetin 1 mg/kg), ALNP + Q10 (aluminum nanoparticles 10 mg/kg + quercetin 10 mg/kg),
and ALNP + Q100 (aluminum nanoparticles 10 mg/kg + quercetin 100 mg/kg).
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Figure 5: The effect of ALNP with or without quercetin on the performance in the novel object recognition
(NOR) test in mice. The discrimination index (D) for object A2 during the familiarization session (Fig.
5A) and the DI for the unfamiliar object (object B) during the test session (Fig. 5B) are presented. The
data are expressed as the mean + SEM (n = 8 per group). (****P < 0.0001) indicate significant differ-
ences between groups. The groups include: control (saline + CMC 2%), ALNP (aluminum nanoparticles
10 mg/kg + CMC 2%), ALNP + Q1 (aluminum nanoparticles 10 mg/kg + quercetin 1 mg/kg), ALNP +
Q10 (aluminum nanoparticles 10 mg/kg + quercetin 10 mg/kg), and ALNP + Q100 (aluminum nanopar-
ticles 10 mg/kg + quercetin 100 mg/kg).

Quercetin prevents the detrimental effects of ALNP on reference spatial memory in the Y-
maze test

Y-maze test was conducted to assess reference spatial short-term memory. Figure 6A illus-
trates the percentage of time spent in the novel arm of the Y-maze during the test session. A
one-way ANOVA revealed a significant difference between groups (F (4, 35) = 4.139, P =
0.0075). The ALNP + Q100 mg/kg group spent more time in the novel arms compared to the
ALNP group (Fig. 6A). Although quercetin at doses of 1 and 10 mg/kg appeared to increase

A. B.
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Figure 6. Effect of ALNP with or without quercetin on Y-maze spatial reference memory. The percentage
of time (A) and entries (B) spent in the novel arm during the Y-maze test. The data are expressed as
mean £ SEM (n = 8 for each group). *P < 0.05 shows the difference between groups. The groups include:
control (saline + CMC 2%), ALNP (aluminum nanoparticles 10 mg/kg + CMC 2%), ALNP + Q1 (alumi-
num nanoparticles 10 mg/kg + quercetin 1 mg/kg), ALNP + Q10 (aluminum nanoparticles 10 mg/kg +
quercetin 10 mg/kg), and ALNP + Q100 (aluminum nanoparticles 10 mg/kg + quercetin 100 mg/kg).
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the percentage of time spent in the novel arm, no statistically significant differences were ob-
served compared to the ALNP group. Figure 6B illustrates the percentage of entries into the
novel arm during the Y-maze test session. A one-way ANOVA revealed no significant differ-
ences between the groups (F (4, 35) =4.139, P > 0.05). It seems that ALNP impairs short-term
spatial memory, while quercetin at a dose of 100 mg/kg mitigates this effect.

Quercetin mitigates the effect of ALNP on the volumes of the CAl, dentate gyrus sub-re-
gions and entire hippocampus

Figure 7 illustrates the effects of ALNP, both with and without quercetin, on the volumes
of the CA1, DG, and the entire hippocampus. One-way ANOVA results indicated significant
differences among the groups in the CA1 sub-region (Fig. 7A, F (2, 12) =5.932, P = 0.0162).
ALNP treatment resulted in a significant reduction in CA1l volume, with a 19.7% decrease
compared to control group. In contrast, quercetin administered at a dosage of 100 mg/kg effec-
tively prevented the decrease in CAl volume, resulting in a 17% increase compared to the
ALNP group. Similarly, a significant difference in DG volume was observed among the groups
(Fig. 7B, F (2, 12) = 5.371, P = 0.0216). ALNP significantly reduced DG volume, showing a
13.7% decline compared to control group, while quercetin at 100 mg/kg significantly mitigated
this reduction, leading to a 14.5% increase in DG volume compared to ALNP group. Figure 7C
illustrates the 3DR of the entire hippocampal CA regions (in blue) and the dentate gyrus (in
purple). One-way ANOVA results revealed significant differences among the groups regarding
the total volume of the hippocampus (Fig. 7D, F (2, 12) =5.222, P =0.0234). The total volume
of the hippocampus decreased by 9.6% in the ALNP group compared to the control group.
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Figure 7. The effects of ALNP with or without quercetin on the volume of cornus ammonium1 (CA1),
dentate gyrus (DG) and entire hippocampal regions. The scatter dot plots illustrate the volumes of CA1
(A), DG (B), and the total hippocampus (D) for each group. Three-dimensional reconstructions (3DR)
(C) of the CA [blue] and DG [purple]. Each dot represents an individual animal, and the horizontal bars
indicate the mean values for each parameter (n = 5 per group). *P < 0.05 indicate statistically significant
differences between groups. The groups include: control (saline + CMC 2%), ALNP (aluminum nano-
particles 10 mg/kg + CMC 2%), and ALNP + Q100 (aluminum nanoparticles 10 mg/kg + quercetin 100
mg/kg).
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Quercetin administered at a dosage of 100 mg/kg increased the hippocampal volume to a level
that was not statistically significant when compared to the control group. These results suggest

that a dosage of 100 mg/kg of quercetin mitigates the reduction in hippocampal volume induced
by ALNP in mice.

Quercetin mitigates the effect of ALNP on neural cell numbers of CAl and DG Regions

Figure 8 illustrates the results of neural cells counts of CA1 (pyramidal) and DG (granular)
regions of the hippocampus. As depicted in Figures 8A and 8D, normal neural cells exhibit a
uniform blue coloration following Giemsa staining. In contrast, the ALNP-treated group (Fig-
ures 8B and 8E) displays hyperchromatic and shrunken neural cells, with a reduction in both
the number and volume of these cells, accompanied by an increase in intercellular space, indi-
cating neural cell death in both the CA1 and DG sub-regions. However, as shown in Figures
8C and 8F, the morphological changes associated with ALNP treatment are mitigated when
quercetin is administered at a dosage of 100 mg/kg.
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Figure 8. Effects of ALNP with or without quercetin on neural cell numbers in the Cornu ammonis 1
(CA1) and dentate gyrus (DG) regions. Giemsa staining followed by stereological analysis was con-
ducted to evaluate cell numbers in the CA1 and DG regions of the hippocampus. The images illustrate
25 pm sections of the CA1 and DG (A-F). Neurons in the control group exhibited normal morphology (A
and D), whereas the ALNP group displayed a reduced neural population characterized by smaller cell
sizes, as well as the presence of dead, shrunken, and pyknotic neurons (B and E). In ALNP+Q100, the
morphological changes associated with ALNP treatment are mitigated (C and F). The scatter dot plots
of the neural cell numbers of the CA1 and DG are shown in Fig 8G and H respectively. Each dot repre-
sents an individual animal, and the horizontal bars indicate the mean values for each parameter (n =5
per group). Statistical significance is denoted as **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bar
= 40 ym, magnification 40X. The experimental groups include saline + CMC 2% (Control), Aluminum
nanoparticle 10 + CMC 2% (ALNP), and Aluminum nanoparticle 10 + Quercetin 100 (ALNP + Q100).
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The results of the one-way ANOVA indicated significant differences between groups in the
total number of pyramidal cells in the CA1 region (Fig. 8G, F (2, 12) =20.07, P =0.0001). The
total number of pyramidal cells in the CA1 region of the ALNP group decreased significantly,
showing a reduction of 16.22% compared to the control group (P < 0.001). Conversely, the
Q100 + ALNP group exhibited a 32.58% recovery in pyramidal cell numbers compared to the
ALNP group.

A one-way ANOVA revealed a significant difference in granular cells of DG gyrus (Fig.
8H, F (2, 12) = 33.60, P < 0.0001). Additionally, the total number of granular cells in the DG
region of the ALNP group exhibited a 52.04% decrease compared to the control group (P <
0.0001). Although a significant difference of 20.9% exists between the control and ALNP +
Q100 groups, the ALNP + Q100 group exhibited a significant increase in DG granular cells,
rising by 36.7% compared to the ALNP group (P <0.001). It appears that exposure to ALNP
reduces the number of neural cells in the CA1 and DG regions of the hippocampus, while quer-
cetin alleviates these reductions.

The correlation between the volumes of CAl and DG areas in relation to their respective
neural cell counts

To evaluate the potential associations between the reduction in volumes of the CA1 and
DG areas and the corresponding decrease in neural cell numbers, Pearson’s correlation analysis
was employed. The results are illustrated in Figures 9A-F. No significant association was ob-
served between the number of CA1 pyramidal cells and CA1 volume in any of the groups
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Figure 9. The correlation between the volumes of Cornu ammonis 1 (CA1) and the dentate gyrus (DG)
areas in relation to their respective neural cell counts. Correlation analyses were conducted between
the number of CA1 pyramidal cells and the CA1 volume in the control (A), ALNP (B), and ALNP+Q100
(C) groups. Additionally, correlation analyses were performed between the number of DG granular cells
and the volume of DG in the control (D), ALNP (E), and ALNP+Q100 (F) groups. The parameters were
estimated using Pearson’s correlation coefficient (r), which represents the correlation coefficient. The
experimental groups include saline + CMC 2% (Control), Aluminum nanoparticle 10 + CMC 2% (ALNP),
and Aluminum nanoparticle 10 + Quercetin 100 (ALNP + Q100).
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(Figures 9A-C). However, the number of granular cells exhibited a significant correlation with
the volume of the DG across all groups. This suggests that the loss of granular cells in the DG
area is associated with the reduced volume of this sub-region.

Quercetin influences hippocampal caspase-3 and MAPKs signaling in ALNP-treated mice

Western blot analysis revealed significant alterations in hippocampal MAPK signaling and
cleaved caspase-3 levels following ALNP treatment, both alone and in combination with quer-
cetin are presented in Figure 10. One-way ANOVA results demonstrated significant differences
among groups in the p-p38 (F (2,6) = 12.11, P =0.0078), p-ERK (F (2,6) = 11.76, P = 0.0084),
p-JNK (F (2,6)=163.6, P <0.0001), total INK (t-JNK, F (2,6) =7.120, P =0.0260) and caspase-
3 (F(2,6)=9.534, P =0.0137) between groups. ALNP at a dosage of 10 mg/kg significantly
increased the levels of both p-p38 and caspase-3 (P <0.05). In contrast, treatment with quercetin
at 100 mg/kg significantly restored p-p38 and caspase-3 (P <0.01 and P < 0.05, respectively).
No significant difference was found in total p38 levels (t-p38) across groups. Quercetin treat-
ment at a dosage of 100 mg/kg significantly increased p-ERK levels compared to the control
(P <0.01), while t-ERK levels show no significant differences among the groups. Both ALNP
and ALNP+Q100 groups exhibited significant increases in p-JNK (P <0.0001) and t-JNK (P <
0.05) levels compared to control in the hippocampus.
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Figure 10. The immunoblotting results of hippocampal MAPKs signaling (A, D, G), cleaved caspase-3
and GAPDH (J) following ALNP treatment, whether administered alone or with quercetin, are presented.
Quantitative analyses of p-p38 (B) and t-p38 (C), p-ERK (E) and t-ERK (F), p-JNK (H), t-JNK (1), and
cleaved caspase-3 (K) are illustrated. The data are presented as mean + SEM (n = 3, with subjects
randomly assigned to each group). *P < 0.05, **P < 0.01, and ****P < 0.0001 show statistical difference
between groups. control (saline + CMC 2%), ALNP (aluminum nanoparticles 10 mg/kg + CMC 2%), and
ALNP + Q100 (aluminum nanoparticles 10 mg/kg + quercetin 100 mg/kg).

720



EXCLI Journal 2025;24:708-727 — ISSN 1611-2156
Received: March 04, 2025, accepted: May 12, 2025, published: July 02, 2025

DISCUSSION

In the present study, quercetin alleviated memory deficits induced by ALNP in both the Novel
Object Recognition (NOR) and Y-maze spatial memory tasks. The findings of this study con-
firm recent investigations into the neurotoxic effects of ALNP. For instance, Sun et al. reported
that a single bilateral hippocampal infusion of ALNP at doses of 10 or 20 pg/kg in rats resulted
in memory impairment and histological alterations in the hippocampus (Sun et al., 2022).
Furthermore, recent studies indicate that a short-term oral treatment with ALNP (10 mg/kg) for
5 days in mice is associated with cognitive deficits (Esmaili et al., 2022; Izadi et al., 2024; [zadi
et al., 2023).

The doses and treatment durations of ALNP required to induce memory deficits are signifi-
cantly lower than those of Al itself. For example, Al should be administered at the dose of 100
mg/kg for 60 days to induce cognitive impairment (Firdaus et al., 2022; Zhao et al., 2020). This
difference may be attributed to the smaller size of ALNP compared to bulk Al, which allows it
to penetrate the blood-brain barrier (BBB) more easily (Mirshafa et al., 2018). Our findings are
in agreement with Shah et al.(Shah et al., 2015), who demonstrated that nanoscale alumina
could induce oxidative stress and accelerate A accumulation in the mouse brain, further sup-
porting the link between Al nanoparticles and AD-related neurotoxicity. The current study
demonstrates that quercetin, at doses of 10 mg/kg and 100 mg/kg, prevents memory deficits
induced by ALNP exposure in the NOR task. In the assessment of spatial reference memory
using the Y-maze task, the 100 mg/kg dose of quercetin (but not the 10 mg/kg dose) effectively
mitigated the impairing effects of ALNP. Given that the Y-maze evaluates short-term memory,
it can be concluded that higher doses of quercetin may be necessary to alleviate short-term
memory impairments. Therefore, it appears that quercetin, when administered at an appropriate
dose, can prevent the disruption of hippocampal function induced by ALNP. Alternatively, it
is plausible that spatial reference memory, as assessed using the Y-maze, is differentially af-
fected by quercetin compared to the NOR task, which assesses object recognition. As the dose
of 100 mg/kg of quercetin proved effective in both types of memory tasks, this dosage was
chosen for further stereological and molecular assessments. Although quercetin has relatively
low oral bioavailability due to its limited solubility and extensive metabolism, oral administra-
tion remains the most practical and clinically relevant route for long-term use. Importantly,
several studies have shown that its metabolites are detectable in the brain tissue following oral
administration (Andres et al., 2018; Dajas et al., 2015; Guo and Bruno, 2015). The neuropro-
tective effect of quercetin aligns with previous studies demonstrating the cognitive-enhancing
effects of quercetin in various animal models of neurological disorders (Nakagawa and Ohta,
2019; Sabogal-Guaqueta et al., 2015). Patil et al. reported that the administration of quercetin
(25-100 mg/kg) over a period of 7 days prevented cognitive impairment and reduced oxidative
stress in a lipopolysaccharide (LPS)-induced AD model in mice (Patil et al., 2003). Treatment
with quercetin (500 mg/kg/day, administered orally for 10 days) in 5XFAD transgenic mice
resulted in increased brain Apolipoprotein E (Apo-E) levels and a reduction in insoluble A
levels (Zhang et al., 2016). In APP/PS1 transgenic AD mice, intravenous administration of
quercetin nanoparticles at doses of 10 to 30 mg/kg for 30 days led to improvements in memory
as assessed by the Morris water maze and NOR tasks (Sun et al., 2016). In human studies, a
24-week clinical trial study on healthy Japanese individuals aged 60 to 79 found that quercetin-
rich onions may reduce age-related cognitive decline (Nishihira et al., 2021). However, in a
randomized, placebo-controlled study involving a large healthy population sample for 12
weeks, quercetin supplementation had no significant effects on cognitive function (Broman-
Fulks et al., 2012). In AL induced neurotoxicity, quercetin had been shown to prevent cognitive
impairments, cholinergic dysfunction, and oxidative damage in rats (Sharma et al., 2013). The
present study, for the first time evaluated the neuroprotective effect of quercetin in ALNP model
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of memory deficit. As mentioned previously, these findings are significant because the na-
noscale size of AL has a greater potential for neurotoxic effects compared to AL in its bulk
form. The results of the EPM task revealed that ALNP had no significant effect on the animals'
anxiety-like behaviors and general activity, which could be considered interfering factors in
memory.

The present study demonstrates that exposure to ALNP results in a significant reduction in
the volumes of the CA1 and DG sub-regions, as well as the entire volume of the hippocampus.
Furthermore, ALNP administration decreased the total number of pyramidal cells in the CA1
region and granular cells in the DG. These stereological alterations in the hippocampus, which
may contribute to the observed memory deficits, are consistent with recent findings (Esmaili et
al., 2022). The toxic effects of ALNP on the hippocampal structure observed in this study are
consistent with previous reports indicating that AL accumulation in the hippocampus can lead
to histological changes, including disorganized cortical layers, neuronal death, pyknosis, and a
reduction in cell body density (Abdelhameed et al., 2023; Bittencourt et al., 2022). Furthermore,
Atia et al. reported that ALNP treatment induced dystrophic changes in the hippocampus, char-
acterized by small cell degeneration and shrinkage, as well as large pyramidal cells with pyc-
notic and condensed nuclei in the CA1 and CA3 regions. Additionally, the cytoplasm of some
pyramidal cells exhibited significant vacuolation (Atia and Alghriany, 2021). The mechanisms
by which ALNP induces these structural changes may involve oxidative stress, neuroinflam-
mation, and the dysregulation of signaling pathways, such as the MAPKs cascade, which are
known to play critical roles in regulating neuronal function and survival (Li et al., 2009;
Mirshafa et al., 2018; Rai et al., 2024; Xue et al., 2024). The current study demonstrates that
quercetin, administered at a dose of 100 mg/kg, effectively mitigates the reductions in the
volumes of the CA1 and DG subregions, as well as the total hippocampal volume, induced by
ALNP. Furthermore, quercetin at this dosage was able to attenuate the ALNP-mediated
decrease in the number of pyramidal cells in the CA1 region and granular cells in the DG. These
findings suggest that quercetin may protect against ALNP-induced memory impairment by
preserving hippocampal stereological parameters. Quercetin treatment has been shown to mit-
igate brain histopathological alterations induced by sodium arsenate (Nageshwar et al., 2019)
or lead exposure (Musa Omoyine et al., 2021)in rats. Within the hippocampus, quercetin was
found to prevent histological changes induced by hypoxia in rats (Prasad et al., 2013). The
present study employed stereological techniques, which offer several advantages over tradi-
tional histological studies. While histological assessments can be biased due to the selection of
slides, inconsistent section thickness, non-random sampling, and inherent variability in neural
profiles, systematic random serial sampling provides high accuracy in determining tissue vol-
ume and cell numbers and thereby facilitates reliable comparisons between research groups and
laboratory findings (Brown, 2017). Significant correlations were found between DG volume
and granular cell count across all groups, which is consistent with previous findings (Esmaili
et al., 2022). It can be concluded that a reduction in granular neural cells may lead to DG
shrinkage.

The current study revealed that a 10-day treatment course of ALNP activated p38 and JNK
signaling within the hippocampus, while having no significant effect on ERK signaling. Previ-
ous research demonstrated that a 5-day oral ALNP treatment led to the activation of hippocam-
pal p38 and ERK, with no significant effect on JNK (Mehrbeheshti et al., 2022). These discrep-
ancies may be attributed to variations in protocols, such as the route of administration (which
may affect ALNP absorption) or differences in treatment duration.

Quercetin, in contrast, mitigated the increased activation of p38 induced by ALNP. Addi-
tionally, it enhanced the activated (phosphorylated) form of ERK within the hippocampus. P38
activation is believed to contribute to the pathological events associated with human AD (Asih
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et al., 2020; Lee and Kim, 2017). It has been suggested that p38 phosphorylation is positively
regulated by ERK and negatively modulated by JNK (Zaplatic et al., 2019). Previously, the
protective effect of quercetin was found to be associated with ERK over-activation (Zaplatic et
al., 2019). Therefore, it is plausible that ERK over-activation in the present study diminishes
p38 phosphorylation induced by ALNP.

The results of the current study indicate that ALNP increases caspase-3 cleavage within the
hippocampus. This finding aligns with recent studies (Esmaili et al., 2021; Mehrbeheshti et al.,
2022). Caspase-3 cleavage is recognized as a hallmark of apoptotic cell death (Falcicchia et al.,
2020; Sun and Nan, 2017). This result is consistent with the aforementioned stereological eval-
uations, which demonstrate increased neural cell death in the CA1 and DG sub-regions of the
hippocampus. Conversely, quercetin reduces the cleavage of caspase-3 induced by ALNP.
Given the proposed activating effect of p38 MAPKSs on caspase-3 cleavage, the modulatory
effect of quercetin on hippocampal p38 signaling may contribute to its neuroprotective proper-
ties (Chen et al., 2020). These findings are consistent with earlier studies that emphasize the
anti-apoptotic effects of quercetin on neural cells (Chen et al., 2021; Du et al., 2018).

In conclusion, the present study demonstrated that quercetin improved memory perfor-
mance in a mouse model of Alzheimer’s disease (AD) induced by aluminum oxide nanoparti-
cles (ALNP). The memory-enhancing effects of quercetin were associated with the restoration
of hippocampal structure, including volume and neuronal cell number, as well as modulation
of key signaling pathways such as ERK, p38, and caspase-3. Importantly, given that ALNP are
largely insoluble under physiological conditions, the observed neurotoxic effects are unlikely
to result from free AI** ions but rather from nanoparticle-specific mechanisms- such as oxida-
tive stress, mitochondrial dysfunction, and signaling pathway disruption. These findings sug-
gest that ALNP may exert distinct neurotoxic effects compared to conventional ionic Al com-
pounds like AICls. Therefore, quercetin may be considered a promising candidate for mitigating
cognitive dysfunction caused by nanoparticulate forms of Al exposure.
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