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Abstract

Memory impairment, characterized by reduced ability to recall facts, information, and experiences, is increasingly recognized as
amajor public health concern. This trend is largely driven by the rising prevalence of age-related cognitive decline and Alzheimer’s
disease within the aging population. Aluminium chloride (AlCls), a well-established neurotoxicant, induces neurobehavioral and
biochemical alterations that mimic key features of neurodegenerative disorders, thus serving as a reliable experimental model for
evaluating neuroprotective agents. This study assessed the neuroprotective efficacy of quercetin in a rat model of AlCls-induced
neurotoxicity. Fifty adult male rats (n = 10 per group) were randomly assigned into five groups. Neurotoxicity was induced by
oral administration of AICLs (100 mg/kg/day) for 14 days. Subsequently, from days 14 to 35, rats received daily treatments of
quercetin (100 or 200 mg/kg), donepezil (3 mg/kg), or vehicle control. AlCls exposure significantly impaired body weight gain,
feed intake, locomotor activity, grooming behaviour, and spatial memory performance. Quercetin treatment markedly ameliorated
these deficits, as evidenced by improved performance in Y-maze and radial-arm maze tasks. Biochemical analysis revealed that
quercetin significantly reduced lipid peroxidation, enhanced total antioxidant capacity, and modulated inflammatory responses by
decreasing pro-inflammatory cytokines (IL-1B, TNF-a) and elevating anti-inflammatory IL-10 levels. Furthermore, quercetin
restored acetylcholine and brain-derived neurotrophic factor (BDNF) concentrations and preserved hippocampal cytoarchitecture,
as demonstrated by histopathological assessment. These findings highlight quercetin’s therapeutic potential in mitigating
aluminium-induced neurotoxicity and suggest its utility in the management of neurodegenerative disorders.
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There is ample evidence that AICls exposure induces neuronal
degeneration, characterised by cell loss, nuclear vacuolation,
and histopathological damage in various brain regions,

1. Introduction

Cognitive dysfunction and memory impairment represent early
and prominent clinical manifestations of neurodegenerative
disorders, commonly linked to structural and functional
abnormalities within key brain regions such as the hippocampus
and cerebral cortex [1-5]. Aluminum chloride (AICL), a well-
characterized environmental neurotoxicant, is widely employed
in experimental models to simulate neurodegenerative
processes, owing to its capacity to disrupt neuronal architecture
and impair cognitive functions [6].

particularly the hippocampus [7]. Additionally, AICls elevates
oxidative stress markers, impairs cholinergic
neurotransmission, and increases acetylcholinesterase (AChE)
activity; factors that collectively contribute to synaptic
dysfunction and cognitive deficits [1, 8-1]. There have also
been reports that aluminium ions (Al**) can mimic ferric ions
(Fe*") by binding to transferrin, facilitating their transport across
the blood-brain barrier and leading to their accumulation in the
brain [11]. This accumulation further exacerbates oxidative
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stress and neuroinflammation, both of which are implicated in
the pathogenesis of Alzheimer’s disease and related
neurodegenerative disorders [12, 13]. Experimental studies
have demonstrated that aluminum chloride (AICL) impairs
hippocampal function by disrupting the balance between
excitatory and inhibitory neurotransmitters, interfering with
synaptic signaling pathways [14, 15], and downregulating the
expression of essential synaptic protein; alterations that are
closely linked to deficits in learning and memory [16-18]. Both
preclinical models and epidemiological studies in humans have
consistently associated aluminum exposure with impairments in
spatial memory and performance on hippocampus-dependent
cognitive tasks [19].

Given the limitations of current pharmacological interventions,
recent research has increasingly focused on naturally occurring
compounds with neuroprotective potential [20, 21]. Quercetin,
a dietary flavonoid widely present in fruits and vegetables, has
garnered attention for its potent antioxidant and anti-
inflammatory properties, which may counteract AlCls-induced
neurotoxicity [22, 23]. Notably, quercetin exhibits selective
cytotoxicity, promoting apoptosis in damaged neurons while
sparing healthy cells. This effect is mediated through the
modulation of cell cycle regulators, including p21,
phosphorylated retinoblastoma protein (pRb), cyclin B1, and
cyclin-dependent kinase 1 (CDK1), thereby supporting
neuronal viability and attenuating neurodegenerative processes
[24]. Moreover, studies have demonstrated that quercetin
preferentially localizes to mitochondria, which is a critical site
of oxidative metabolism and vulnerability in neurodegenerative
conditions; thereby enhancing its capacity to mitigate
mitochondrial dysfunction [25]. Among the key mitochondrial
defense systems is paraoxonase 2 (PONZ2), an intracellular
antioxidant enzyme highly expressed in dopaminergic brain
regions [26, 27]. The enzyme PON2 has been reported to play a
crucial role in scavenging mitochondrial superoxide, and its
deficiency has been associated with impaired mitochondrial
bioenergetics and heightened susceptibility to oxidative damage
[28, 29]. The co-localization of quercetin and PON2 within
mitochondria would suggest a potential synergistic mechanism
underlying their neuroprotective effects against oxidative
stress-induced neuronal injury. Taken together, these findings
would underscore the therapeutic potential of quercetin as a
neuroprotective agent capable of mitigating aluminum-induced
hippocampal injury.

2. Materials and Methods

2.1 Chemicals and Drugs

Quercetin capsules (500 mg; MRM Nutrition, USA), donepezil
hydrochloride (10 mg; Sigma-Aldrich, USA), and aluminium

chloride (AICls; Sigma-Aldrich, USA) were procured for this
study. Assay Kkits for malondialdehyde (MDA; E4601),
interleukin-10 (IL-10), tumor necrosis factor-alpha (TNF-a;
K1052), and interleukin-1p (IL-1p; E4818) were procured from
BioVision Inc. (Milpitas, CA, USA). Neurotransmitter
quantification kits for acetylcholine (ACh) and brain-derived
neurotrophic factor (BDNF) were obtained from Abcam
Biotechnology (Cambridge, United Kingdom).

2.2 Animals and Ethical Approval

Adult male Wistar rats were obtained from Empire Breeders,
Orioke-Ara, Osun State, Nigeria. Animals were individually
housed in well-ventilated wooden cages under controlled
environmental conditions (temperature: 25=+2.5°C; relative
humidity: 50-60%) and maintained on a 12-hour light/dark
cycle (lights on at 07:00 h and off at 19:00 h). Rats had ad
libitum access to standard rat chow and tap water throughout
the duration of the experiment. All experimental procedures
were conducted in accordance with the ethical standards for
animal experimentation and were approved by the Ethics
Review Committee of the Faculty of Basic Medical Sciences,
Ladoke Akintola University of Technology (Approval No.
ERC/FBMS/089/2025). The study also conformed to the
European Council Directive 2010/63/EU for the protection of
animals used for scientific purposes.

2.3 Diet and Supplementation

Rats were fed a standard rodent diet (Top Feeds®, Nigeria)
formulated to contain 29% protein, 58% carbohydrates, and
11% fat per kilogram of feed. Throughout the experimental
period, animals were assigned to receive either the standard diet
alone or a diet supplemented with quercetin at concentrations of
100 mg/kg or 200 mg/kg of feed, as previously described [30]

2.4 Experimental Methods

Fifty adult, male Wistar rats (150-170 g) were randomly
divided into five experimental groups (n =10). Group A served
as the normal control and received distilled water (vehicle)
orally at a dose of 10 mL/kg body weight. Group B (AICls
control) was administered aluminum chloride (AICls) orally at
100 mg/kg/day. Groups C and D received quercetin at 100
mg/kg and 200 mg/kg body weight [30], respectively, in
addition to AlCls. Group E received donepezil at 3 mg/kg body
weight alongside AICls administration. AICls was administered
once daily from Day 1 to Day 14 to induce neurotoxicity.
Quercetin and donepezil treatments were initiated on Day 14
and continued daily until Day 35. At the end of the treatment
period (day 35), all animals underwent behavioural
assessments, including the open field test, Y-maze, and radial-
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arm maze, to evaluate locomotor activity, exploratory behavior,
and spatial working memory. Twenty-four hours after the final
behavioural test, five rats from each group were randomly
selected and euthanized via cervical dislocation. Blood samples
were collected via intracardiac puncture for the analysis of
systemic biochemical parameters, including pro-inflammatory
cytokines (tumor necrosis factor-o. [TNF-a], interleukin-1p [IL-
1B]) and the anti-inflammatory cytokine interleukin-10 (IL-10),
as well as lipid peroxidation (malondialdehyde [MDA]) and
total antioxidant capacity (TAC). Brains were rapidly excised,
visually inspected for gross abnormalities, and weighed. The
hippocampus was dissected and either homogenized for
biochemical analyses or fixed in formalin, paraffin-embedded,
sectioned at 5 um, and stained for histopathological evaluation.
Supernatants from hippocampal homogenates were analyzed
for acetylcholine (ACh) and brain-derived neurotrophic factor
(BDNF).

2.5 Measurement of Relative Changes in Body Weight and
Feed Intake
Body weight was recorded weekly, while daily feed intake was
monitored using an electronic weighing balance (Mettler,
Toledo, Type BD6000, Greifensee, Switzerland). The relative
change in body weight and feed intake for each rat was
calculated using the following equation, and the results were
then analysed to determine the statistical mean for all animals.

Final body weight (or feed intake)- Initial body weight (or feed intake)
Initial body weight (or feed intake) @

2.6 Behavioural Testing Procedure

Each rat was subjected to the behavioural test paradigms only
once to avoid learning or habituation effects. Behavioural
assessments were conducted in a quiet, controlled environment
between 07:00 and 14:00 hours. Testing followed a
standardized sequence: (1) Y-maze for spatial working
memory, (2) open field test for locomotor and exploratory
behaviour, and (3) radial-arm maze for spatial memory
evaluation. On test days, animals were transported to the
behavioural laboratory in their home cages and allowed to
acclimate for approximately 30 minutes before testing. For each
behavioural assay, the rat was gently placed in the respective
apparatus, and its behaviour was recorded for subsequent
analysis. Upon completion of each test, the rat was returned to
its home cage. To eliminate potential olfactory cues and ensure
consistent testing conditions, all apparatuses were thoroughly
cleaned with 70% ethanol and allowed to dry between trials as
previously described [31].

2.6.1 Open field Novelty induced Behaviours
The open-field test was employed to evaluate general locomotor
activity and central excitatory or inhibitory behaviors in rats,

with a particular focus on self-grooming as an index of
stereotypy. Each rat was placed in the open-field arena and
observed for 10 minutes to assess horizontal locomotion,
vertical exploration, and self-grooming behavior. The open-
field apparatus consists of a rectangular wooden box measuring
72 x 72 x 26 cm, with the floor painted white and subdivided
into 16 equal squares using permanent red lines. Behavioural
scoring was conducted according to the procedure described by
[32]. During the test, parameters recorded included horizontal
locomotion or line crossing, quantified as the number of squares
crossed, vertical locomotion measured by rearing frequency
(number of times the rat stood upright on its hind limbs or
contacted the walls) and self-grooming episodes counted as the
number of discrete grooming bouts, including body cleaning,
facial washing, and genital grooming. All behavioural data were
recorded manually or with video assistance for subsequent
analysis. The arena was thoroughly cleaned with 70% ethanol
between trials to eliminate residual olfactory cues.

2.6.2Y -Maze and Radial-Arm Maze Tests

The Y-maze and radial-arm maze tests are employed to evaluate
spatial working memory, a critical cognitive function necessary
for exploration and adaptive behaviour. In rodents, spatial
working memory is commonly assessed through spontaneous
alternation behaviour, defined as the innate tendency to explore
new arms of a maze without external reinforcement. This
behavior reflects the animal's ability to recall previously visited
locations and is typically measured over a brief exploration
period [32]. The Y-maze used in this study consisted of three
arms arranged at 120° angles, each arm measuring 50 cm in
length, 20 cm in height, and 10 cm in width. Each rat was placed
at the end of one arm and allowed to explore freely for 5
minutes. An entry was counted when all four limbs had entered
an arm. The sequence of arm entries was recorded to calculate
the percentage of spontaneous alternation, defined as the
number of triads containing entries into all three arms (i.e.,
ABC, BCA, or CAB) divided by the total possible alternations:
The percentage of alternation was calculated as {(Actual
alternations/Total arm entries — 2) x 100} over a 5-minute
period, as outlined by [33]. This metric reflects the rat’s ability
to remember and alternate between different arms of the maze,
indicating intact spatial working memory. To further assess
working memory performance, the eight-arm radial maze was
used. The apparatus comprised eight arms (33 c¢cm in length)
extending from a central platform, equidistantly spaced in a
radial pattern. During testing, each rat was placed on the central
platform and allowed to explore freely for a set time period. The
task required the animal to visit each arm without repeating
entries. A working memory error was defined as a re-entry into
an arm that had already been visited within the same trial. The
number of errors was recorded as a direct index of spatial
memory deficits.
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2.6.3  Elevated plus maze

The elevated plus maze (EPM) was employed to assess anxiety-
related behaviour in rats. The apparatus consisted of four arms
arranged in a plus (+) configuration, elevated 50 cm above the
floor. Two opposing arms were open (25 x 5 x 0.5 cm), and two
were closed (25 x 5 x 16 cm), with a central platform measuring
5 x5 x 0.5 cm. The closed arms were enclosed by opaque walls
to prevent falls, while the open arms had no side walls.
Following administration of the test compound or vehicle, each
rat was placed on the central platform facing one of the closed
arms. Behavior was recorded for a 5-minute period, as described
in previous studies [33-35]. An arm entry was defined as the rat
placing all four limbs into the arm. Between trials, the maze was
thoroughly cleaned with 5% ethanol to eliminate olfactory cues.
The percentage of time spent in the arms was calculated as time
in open arms or closed arms/total time x100. These measures
reflect exploratory behavior and anxiety-like responses, with
increased open-arm exploration typically interpreted as reduced
anxiety.

2.7 Homogenisation of hippocampal tissue

Within 24 hours following the completion of behavioural
assessments, five rats from each experimental group were
euthanized by cervical dislocation. Brains were immediately
excised, and the hippocampus was carefully dissected on an ice-
cold surface. Each hippocampal sample was homogenized in
ice-cold phosphate-buffered saline (PBS; pH 7.4) at a ratio of
1:10 (w/v) using a Teflon-glass homogenizer to preserve protein
integrity. The homogenates were subsequently centrifuged at
5,000 rpm for 15 minutes at 4 °C to remove nuclei and cellular
debris. The resulting supernatants were carefully collected and
stored at —20°C until further biochemical analyses were
conducted for the determination of oxidative stress markers,
cytokines, and neurotransmitter levels.

2.8 Biochemical Test

2.8.1  Lipid Peroxidation Assay

Lipid peroxidation was evaluated by quantifying
malondialdehyde (MDA) levels using the thiobarbituric acid-
reactive substances (TBARS) assay, as previously described
[36]. In this assay, MDA reacts with thiobarbituric acid (TBA)
under high temperature and acidic conditions to form a pink-
colored MDA-TBA adduct. The resulting complex was
measured spectrophotometrically at an absorbance of 532 nm.
The concentration of MDA in the hippocampal supernatants
was calculated using a standard curve and expressed in
micromoles per liter (umol/L), serving as an index of lipid
peroxidation and oxidative stress.

2.8.2. Total Antioxidant Capacity Assay

Total antioxidant capacity (TAC) was assessed using the Trolox
Equivalent Antioxidant Capacity (TEAC) assay, which
measures the ability of antioxidants in the sample to scavenge
or inhibit oxidized products, thereby reflecting overall
antioxidant potential. The assay was performed using a

commercially available kit, following the manufacturer’s
protocol (BioVision Inc., Milpitas, CA, USA). Results were
expressed in terms of Trolox equivalents, based on a standard
curve generated with known concentrations of Trolox, a water-
soluble vitamin E analog commonly used as a reference
antioxidant.

2.8.2  Acetylcholine and Brain-Derived Neurotrophic
Factor (BDNF) Assays

The concentrations of acetylcholine and brain-derived
neurotrophic factor (BDNF) in hippocampal homogenate
supernatants ~ were  quantified using  enzyme-linked
immunosorbent assay (ELISA) Kkits, following the
manufacturer's protocols (Abcam Biotechnology, Cambridge,
UK). Assays were conducted in accordance with the kit
instructions, and absorbance was measured using a microplate
reader. Final concentrations were calculated from standard
curves and expressed in ng/mL for BDNF and pmol/L for
acetylcholine, as appropriate

2.8.3  Cytokine Quantification
Hippocampal homogenate levels of tumor necrosis factor-
alpha (TNF-a), interleukin-10 (IL-10), and interleukin-1p (IL-
1B) were determined using enzyme-linked immunosorbent
assay (ELISA) kits, according to the manufacturer's
instructions (BioVision Inc., Milpitas, CA, USA). The assays
quantified the total concentrations (both bound and unbound
forms) of each cytokine. Absorbance readings were taken
using a microplate reader, and cytokine concentrations were
calculated based on standard curves and expressed in pg/mL
[37].

2.9 Histological Processing and Staining

Following completion of behavioural assessments, rat brains
were carefully dissected and grossly examined for visible
abnormalities. Hippocampal sections were fixed in 10% neutral
buffered formalin for 48 hours, then processed for routine
paraffin embedding. Tissue blocks were sectioned at a thickness
of 5 um using a rotary microtome. Sections were stained with
hematoxylin and eosin (H&E) for general histoarchitecture,
Cresyl Fast Violet for Nissl substance visualization, and silver
stain to assess neuronal fiber integrity. AIll histological
procedures were performed according to the methods described
by [38].

2.10 Histopathological Examination

Histologically processed hippocampal sections were examined
using a Sellon-Olympus trinocular light microscope (Model
XSZ-107E, China) equipped with a Canon PowerShot A2500
digital camera for photomicrography. Representative
photomicrographs  were  captured  for  qualitative
histopathological evaluation. All analyses were performed by
an experienced pathologist blinded to the treatment groups to
ensure unbiased assessment of tissue morphology.

2.11 Statistical Analysis

Data were analysed using Chris Rorden’s ANOVA for
Windows (version 0.98). Group comparisons were performed
using one-way analysis of variance (ANOVA), followed by
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Tukey's Honestly Significant Difference (HSD) post-hoc test
for multiple comparisons. All results are presented as mean +
standard error of the mean (SEM). A p-value of < 0.05 was
considered statistically significant.

3. Results

3.1 Effect of quercetin on body weight

Figure 1 shows the effect of quercetin on the relative change in
body weight following aluminium chloride (AICls)-induced
neurotoxicity in rats. A significant reduction in body weight
gain (p < 0.001) was observed in the AICl, AICIL/Q100,
AlC15/Q200, and AlCls/Done groups compared to the control
group. However, when compared to the AICls group, body
weight gain was significantly higher in the AICl/Q100,
AICl15/Q200, and AlCls/Done groups. Additionally, body weight
gain in the AICI/Q100 and AICI/Q200 groups was
significantly higher than in the AlCls/Done group.

Change in Body Weight {(¢)

L
.
20
20
| B
- I I I
0

Control Al AJCIL/Q 100 AICIN/Q200 ALY /Done

Treatment Groups

Figure 1: Effect of quercetin on body weight change. Data presented
as Mean + S.E.M, *p<0.05 significant difference from control. #p<0.05
significant difference from AlCls, p<0.05 significant difference from
AlCls/Done. Number of rats per treatment group =10. AICl:
Aluminium chloride, Done: Donepezil, Q: Quercetin.

3.2 Effect of quercetin on feed intake

Figure 2 shows the effect of quercetin on the relative change in
feed intake following aluminium chloride (AlCls)-induced
neurotoxicity in rats. A significant reduction in feed intake (p <
0.001) was observed in the AlCls, AIC1:/Q100, AlC15/Q200, and
AlCls/Done groups compared to the control group. However,
relative to the AlCls group, feed intake was significantly higher
in the AICL/Q100, AlCl/Q200, and AIlCl:/Done groups.
Furthermore, feed intake in the AICI/Q100 and AICI:/Q200
groups was significantly higher than that in the AlCIls/Done

group.

3.3 Effect of quercetin on horizontal locomotion

Figure 3 shows the effect of quercetin on horizontal locomotion,
measured by the number of lines crossed in the open field arena,
following AlCl-induced neurotoxicity in rats. A significant
decrease in locomotor activity (p < 0.001) was observed in the
AICl; and AlCly/Done groups compared to the control. In
contrast, the AICI;/Q100 and AICL:/Q200 groups exhibited a
significant increase in locomotor activity relative to the control.

Furthermore, when compared to the AICls group, locomotor
activity was significantly higher in both the AICI/Q100 and
AIC1:/Q200 groups. Similarly, locomotor activity was
significantly increased in these groups compared to the
AlCls/Done group.
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Figure 2: Effect of quercetin on feed intake. Data e presented as Mean
+ S.E.M, *p<0.05 significant difference from control. #p<0.05
significant difference from AlICls, p<0.05 significant difference from
AlCl:/Done. Number of rats per treatment group =10. AlCl:
Aluminium chloride, Done: Donepezil, Q: Quercetin.
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Figure 3: Effect of quercetin on horizontal locomotion. Data presented
as Mean £ S.E.M, *p<0.05 significant difference from control. #p<0.05
significant difference from AlCls, p<0.05 significant difference from
AlCls/Done. Number of rats per treatment group =10. AICls:
Aluminium chloride, Done: Donepezil, Q: Quercetin.

3.4 Effect of quercetin on vertical locomotion

Figure 4 shows the effect of quercetin on vertical locomotion,
measured by the number of rears in the open field arena,
following AlCl:-induced neurotoxicity in rats. A significant
reduction in rearing activity (p < 0.001) was observed in the
AlCls and AICl:/Done groups compared to the control. In
contrast, the AICL/Q100 and AICI/Q200 groups showed a
significant increase in rearing activity relative to the control.
When compared to the AICls group, rearing activity was
significantly elevated in the AICI/Q100, AlCl/Q200, and
AlCl:/Done groups. Additionally, rearing activity in the
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AIC15/Q100 and AICI:/Q200 groups was significantly higher
than in the AlCls/Done group.
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Figure 4: Effect of quercetin on vertical locomotion. Data presented as
Mean + S.E.M, *p<0.05 significant difference from control. #p<0.05
significant difference from AlCls, p<0.05 significant difference from
AlCl:/Done. Number of rats per treatment group =10. AICl:
Aluminium chloride, Done: Donepezil, Q: Quercetin

3.5 Effect of quercetin on the self-grooming behaviours

Figure 5 shows the effect of quercetin on self-grooming
behaviour in the open field arena following AlCls-induced
neurotoxicity in rats. A significant reduction in self-grooming
(p < 0.001) was observed in the AICl;, AICI/Q100, and
AlCl5/Q200 groups compared to the control. However, relative
to the AICls group, self-grooming significantly increased in the
AIC15/Q100, AICI3/Q200, and AlCls/Done groups. Notably,
when compared to the AICls/Done group, self-grooming was
significantly reduced in both the AICl5/Q100 and AlCl/Q200
groups.
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Figure 5: Effect of quercetin on self-grooming. Data presented as Mean
+ S.E.M, *p<0.05 significant difference from control. #p<0.05
significant difference from AlCls, p<0.05 significant difference from
AlCL:/Done. Number of rats per treatment group =10. AlClL:
Aluminium chloride, Done: Donepezil, Q: Quercetin.

3.6 Effect of quercetin Y-maze spatial working memory

Figure 6 shows the effect of quercetin on spatial working
memory, measured as the percentage of spontaneous alternation
in a 5-minute Y-maze test following AlCl-induced
neurotoxicity in rats. A significant reduction (p < 0.001) in %
alternation was observed in the AlCIs-treated group compared
to the control, indicating marked impairment in spatial working
memory. Co-administration of quercetin at both 100 mg/kg
(AIC15/Q100) and 200 mg/kg (AICI:/Q200), as well as
donepezil (AICls/Done), significantly improved % alternation
compared to the AICls group (p < 0.05 or as appropriate). Also,
spatial working memory performance in the AICI;/Q100 and
AlCI:/Q200 groups was higher than that observed in the
AICls/Done group, suggesting a potentially greater efficacy of
quercetin in ameliorating A1CL:-induced cognitive deficits.

no

70

2
Ha

6o N
50

10

10
0

10

0

AICES AICIZ/Q100 AICI/Q200 AICES /Done
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Figure 6: Effect of quercetin on Y-maze spatial working memory. Data
presented as Mean + S.E.M, *p<0.05 significant difference from
control. #p<0.05 significant difference from AlCls, ¥p<0.05 significant
difference from AlCl:/Done. Number of rats per treatment group =10.
AICl:: Aluminium chloride, Done: Donepezil, Q: Quercetin.

3.7 Effect of quercetin on radial-arm maze working memory

Figure 7 shows the effect of quercetin on spatial working
memory, assessed using the radial-arm maze and expressed as
the alternation index during a 5-minute testing period following
AlCls-induced neurotoxicity in rats. A significant reduction (p
< 0.001) in alternation index was observed in the AICIL,
AlC1:/Q100, AlC15/Q200, and AlCls/Done groups compared to
the control, indicating impaired spatial working memory.
However, relative to the AICls group, treatment with quercetin
(AIC15/Q100 and AICI3/Q200) and donepezil (AlCl:/Done)
resulted in significant improvements in alternation index (p <
0.05 or as appropriate). No significant differences were
observed Dbetween the AICL/Q100, AlICI/Q200, and
AlCls/Done groups, suggesting comparable efficacy of
quercetin and donepezil in restoring spatial memory function.
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3.7 Effect of Quercetin on Oxidative Stress Markers and
Inflammatory Cytokines
Table 1 shows the effects of quercetin supplementation on
oxidative stress parameters including malondialdehyde (MDA)
and total antioxidant capacity (TAC), pro- and anti-
inflammatory cytokines [interleukin-1p (IL-1p), interleukin-10
(IL-10), and tumor necrosis factor-alpha (TNF-a)], following
AlCl-induced neurotoxicity in rats. Administration of
aluminium chloride resulted in a significant increase in MDA
levels (p < 0.001) and a corresponding decrease in TAC
compared to the control group, reflecting elevated oxidative
stress. Similarly, levels of pro-inflammatory cytokines IL-1
and TNF-a were significantly elevated (p < 0.001), while the
anti-inflammatory cytokine 1L-10 was markedly reduced (p <
0.001), indicating enhanced neuroinflammatory response.
Co-administration of quercetin at both 100 mg/kg (AlCls/Q100)
and 200 mg/kg (AlCl/Q200) significantly ameliorated these
alterations. Specifically, MDA, IL-1pB, and TNF-a levels were
significantly reduced, whereas TAC and IL-10 levels were
significantly elevated relative to the AICls-only group (p <
0.05). Comparable effects were observed in the donepezil-
treated group (AlCls/Done).
Importantly, quercetin at both doses produced significantly
greater reductions in MDA and IL-1p levels, along with greater
increases in TAC and IL-10 levels, compared to donepezil,
suggesting superior antioxidant and anti-inflammatory efficacy.
However, no significant differences were observed in TNF-a
levels between the quercetin- and donepezil-treated groups.

Table 1: Effect of quercetin on oxidative stress and inflammatory

parameters

Groups TAC MDA  IL-18 IL-10 TNF-o
(mM) (M) (pg/ml)  (pg/ml) (ng/L)

Vehicle 9.08 7.60 38.33 65.0 50.41

+0.60 +0.19 +0.95 24201 +£1.01

AICIs 5.11 18.80 67.78 18.11 83.01

+0.90"  +0.11"  +0.78" +2.03°  £1.02°

AICI/ Qo0 25.56 7.76 31.20 96.11 52.05
+0.60"*&  +£0.10%  +£0.52"%& 200" £1.01"&

AlCL:/Q200 18.70 8.12 35.54 90.03 51.02
+0.76™&  +0.12% +0.72"& 42,01 +1.00™&

AlClL:/Done 10.02 11.70 50.50 60.00 54.90

+0.57* +0.10"% +£0.88"  +2.04*  £1.05"

Mean £ S.E.M, *p<0.05 significant difference from control. #p<0.05
significant difference from AlCls, p<0.05 significant difference from
AlCl:/Done. Number of rats per treatment group =10. AlClL:
Aluminium chloride, Done: Donepezil, Q: Quercetin.

3.8 Effect of Quercetin on hippocampal acetylcholine and
brain derived neurotrophic factor levels

Table 2 shows the effect quercetin supplementation on
neurotransmitter levels in the hippocampus. There was a
significant decrease in acetylcholine levels with AICls and an
increase with AICI15/Q100, AICI:/Q200 and AlCIls/Done
compared to control. Compared to AlCls, acetylcholine levels
increased with A1C1s/Q100, AlCIs/Q200 and AlCIls/Done, while
compared to AICl:/Done, a significant decrease in acetylcholine
levels was observed with observed with AICI;/Q200. Brain
derived neurotrophic factor (BDNF) levels decreased
significantly with AlCls, A1C15/Q200 and AlCls/Done compared
to control. Compared to AlICl;, BDNF levels increased with
AlC1:/Q100, AICI:/Q200 and AlCls/Done, while compared to
AlCls/Done, BDNF levels increased with AICl/Q100.

Table 2: Effect of quercetin on hippocampal acetylcholine
and brain derived neurotrophic factor levels

GROUPS Acetylcholine BDNF
(pmol/mg) (pmol/mg)
Vehicle 4.2+0.15 25.10+0.30
AlICL 1.34+0.12" 10.01+0.50"
AICL/Q200 6.51+0.13"#& 27.4540.60"*&
AICL: /Q200 5.62+0.13"#& 20.2040.44*#&
AICl:/Done 2.5540.12% 19.31£0.65™

Mean £ S.E.M, *p<0.05 significant difference from control. #p<0.05
significant difference from AICIs, 4p<0.05 significant difference from
AlCls/Done. Number of rats per treatment group =10. AICls:
Aluminium chloride, Done: Donepezil, Q: Quercetin, BDNF: Brain
derived neurotrophic factor.

3.9 Effect of quercetin on hippocampal histomorphology

Figures 8 (a-e), 9 (a-e), 10 (a-e), 11 (a-e) and 12 (a-e) show
representative photomicrographs of sections of the dentate
gyrus region of the rat hippocampus stained using haematoxylin
and eosin, Bielcholwsky’s silver stain and cresyl fast violet
stains. Examination of the slides of animals in the control
groups (8a, 9a, 10a, 11a and 12a) revealed triangular shaped
layer of small granule cell neurons that make up the dentate
gyrus. Also observed are numerous neuroglia and neuronal
processes in the molecular layer that lie between the compact
zones around the dentate gyrus. In the groups administered
AICIs (8b, 9b, 10b, 11b and12b), graded loss of neurons and
neuronal degeneration was observed. This is evidenced by
poorly-staining nucleoli, loss of oval to round shape of the
granule neuron, shrunken nucleus, and absence of the close-knit
arrangement of the granule neurons. In the AICl/Q100 (8c,
9¢,10c,11¢c and12¢) and AIC15/Q200 (8d, 9d, 10d, 11d and12d)
groups, amelioration of AICls-induced changes in the dentate
gyrus regions was observed. In the groups treated with
AlCls/Done (8e, 9e, 10e, 1le and 12e) although there was
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amelioration of the changes induced by AICl;. However, the
improvement observed with AlC1:/Q100 appeared to be better.

Discussion

Human exposure to aluminum is virtually unavoidable due to
its widespread presence in metal recycling, ore processing,
mining operations, processed foods, pharmaceuticals, and water
purification systems [39]. The toxicological implications of
AlCL, especially its neurotoxic effects, have prompted
increased interest in discovering compounds capable of
mitigating its adverse effects [3, 4]. Quercetin, a naturally
occurring flavonoid, has attracted significant attention for its
antioxidant, anti-inflammatory, and neuroprotective properties
[3,30]. The current study evaluated the efficacy of quercetin in
alleviating ~ AlCL-induced  neurotoxicity, focusing on
behavioural  alterations, oxidative stress  parameters,

inflammatory markers, neurotransmitter levels, and histological
changes in the hippocampus.

Figure 8: Representative photomicrographs of sections from the dentate gyrus
region of the rat hippocampus stained with haematoxylin and eosin.
Magnification: 100x. Gc: Granule cells, DePc: Degenerating pyramidal cells,
Pc: Pyramidal cells.

region of the rat hippocampus stained using haematoxylin and eosin,

magnification 400x. Ge: Granule cells, DePc: degenerating pyramidal cells, Pc:
Pyramidal cells.

The findings of this study revealed that AICl; administration led
to significant weight loss, consistent with previous reports [3, 4,
40]. This weight loss was associated with reduced feed intake,
possibly due to a loss of appetite. Quercetin administration,
especially at 100 mg/kg, significantly reversed the weight loss,
corroborating earlier studies that had demonstrated its ability to
modulate body weight [3, 30]. The observed restoration of feed
intake further supports the role of quercetin in restoring energy

balance.
)

Figure 10: Representative photomicrographs of sections of the dentate gyrus
region of the rat hippocampus stained using Cresyl fast violet stain.
Magnification 100x

Results of behavioural analyses revealed that AICls
significantly impaired exploratory activities, as shown by
decreased line-crossing and rearing frequencies in the open-
field paradigm. These behaviors are indicators of motivation,
motor activity, and anxiety. Quercetin administration
significantly improved these behaviors, with the 100 mg/kg
dose demonstrating effects comparable to/or better than those
observed with donepezil. While grooming behaviour was also
improved with quercetin treatment, the difference was not
statistically significant compared to control, highlighting a
possibly less sensitive response in this specific behaviour.

Y-maze testing demonstrated that AICls significantly impaired
spatial working memory, evidenced by reduced spontaneous
alternation behaviour. This supports existing literature linking
aluminum exposure to cognitive deficits and dementia-like
symptoms [3, 30]. Donepezil also showed memory enhancing
effects corroborating previous reports and supporting its use as
a nootropic agent [41]. Both doses of quercetin significantly
improved spatial memory performance, with greater efficacy
than donepezil, suggesting that quercetin may offer broader
neuroprotective effects.

In agreement with prior findings [30, 42], this study also
demonstrated that AICls induces oxidative stress, evidenced by
increased MDA and reduced TAC levels. Quercetin treatment
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reversed these changes, showing significant antioxidant
activity. While donepezil also conferred some protective
effects, quercetin, especially at 100 mg/kg produced superior
outcomes. Similarly, the pro-inflammatory cytokines IL-6 and
TNF-a were elevated following AICls exposure and were
significantly reduced with quercetin treatment, likely due to its
modulation of intracellular pathways such as PI3K/Akt and
MAPK/ERK [43, 44]. Neurochemical analysis revealed a
significant reduction in hippocampal ACh levels in the AlICls-
treated group, consistent with impaired cholinergic signaling
[45]. Quercetin restored ACh levels significantly, particularly at
100 mg/kg, and to a lesser extent at 200 mg/kg. Brain-derived
neurotrophic factor levels were similarly suppressed by AlCls,
and quercetin reversed this suppression. The 100 mg/kg dose
yielded greater BDNF restoration than the 200 mg/kg and
donepezil-treated  groups, indicating a dose-sensitive
neurotrophic effect.

Histological analyses revealed marked neurodegeneration in the
AlCls-treated hippocampus, with loss of pyramidal neurons in
the Cornu Ammonis region and granule cells in the dentate
gyrus. Quercetin treatment markedly restored hippocampal
architecture. Evidence from cresyl violet staining further
supported this, showing improved neuronal integrity in the
quercetin-treated groups compared to the poorly stained
neurons in the AICls group.

Figure 11: Representative photomicrographs of sections of the dentate gyrus
region of the rat hippocampus stained using Bielschowsky silver stain.
Magnification 100x

The hippocampus, known for its role in memory and spatial
navigation, was particularly vulnerable to AlCl-induced
oxidative and inflammatory injury. The behavioural deficits
observed in alternation index, line crossing, and rearing were
thus consistent with the observed histopathology. Quercetin’s
restorative effect on hippocampal structure and function
underscores its neuroprotective potential. Results of
hippocampal histomorphology following Bielcholwsky’s silver

staining revealed the presence of neurofibrillary tangles,
hallmark features of Alzheimer-like pathology, in AICI:-treated
rats. These dark brown intracytoplasmic inclusions were
significantly reduced in quercetin-treated groups, with a greater
reduction than seen in the donepezil group. NFTs, composed of
hyperphosphorylated tau protein, contribute to synaptic

dysfunction and cognitive impairment [46]. The reduction of
NFTs with quercetin suggests its potential in modulating tau
pathology.

F >

Figure 12: Representative photomicrographs of sections of the dentate gyrus
region of the rat hippocampus stained using Bielschowsky silver stain.
Magnification 400x

Conclusion

This study provides evidence that quercetin offers multifaceted
neuroprotection against AlCL-induced toxicity. It improves
behavioural outcomes, restores oxidative and inflammatory
balance, supports neurotransmitter and neurotrophic factor
levels, and preserves hippocampal integrity. Importantly,
quercetin at 100 mg/kg consistently outperformed the higher
dose and donepezil in several parameters, suggesting an optimal
therapeutic window. These findings support further
investigation into quercetin as a potential adjunct or alternative

therapy ~ for  aluminum-related  neurotoxicity  and
neurodegenerative conditions.
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